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-Abstract
Forced convection heat transfer for air side flow across flal tubes heat cxchanger is investigated
numerically and experimentally. The effect of inclination of flat tubes on the amount of heat transfler is
investigated, Fluent 6.1 software program is used to solve this problan. Three proposed cases for
inclination of tubes ar¢ studied. The first case is to make convergent and divergent channels for air
flow (Case 1). The other two cases are tilting of flat tubes in forward (Case 2) and bachward (Casc 3).
Velocity and temperature distribution aroynd the flal tubes for the studied cases are obtained. Lis turn,
convection heat transfer coefficient and pressure drop for air side around flat wbes are calculaled.

An experimental apparatus is designed and constructed. Air is drawn through the wind wnnef from
the surroundings to flow across one column of the tested tubes with different velurcities. Two separated
heating fluid units are used in the experimental work 1o perform differcnt wall 1emperaturcs. The first
unit is a refrigeration circuit, using R406A, as a working fluid. The air cooled condenser lor this unit is
considered the test section for this work and fixed inside the wind tunngl. The sccond unit is an open
circuii, using steam as working fluid where stcam is condensed inside the 1ested wbes. Three proposed
cases for inclination of tubes in the theoretical work are manufactured and tested in the experimental
work. The apparalus is equipped with the required sensors.

The experimental and numerical results showed that the optimum angle of inclination lor the

proposed first and second cases is 4°. For convergent divergent construction of onie Tow coil withoul
fins (case 1), the obtained enhancement of convection heat transfer coefficient is aboul 46.9 %
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meanwhile in pressure drop increased by about 112%. The second proposed construction of (ilting
forward all tubes in paraitel with respect to horizontal, the enhancement in convection heat transfer
coefficient is about 46 % against an increase in pressure drop by about 95%. There is an acceptable
agreement between the numerical and experimental results. Empirical correlations to calculate average
Nusselt number from the experimental work as a function of Reynolds number at optimum inclination
angle of 4° arc oblained. tt is found that in case of convergent-divergent channels (inclination one tube
toward clockwisc direction and the next in counter-clockwise direction), and tilting all tubes in the
forward direction considerable improvements are obtained but in case of tilting all tubes in the

backward direction there is no improvement,

Key Words: Flat tube - air cooled condenser - enhancing heat transfer

. INTRODUCTION

Air-cooled finned-tube condensers are widely
used in radiators of cars, refrigeration and air-
conditianing applications ...etc. A micro-channel
flat twbes heat exchanger is ane of the potential
alternatives for repiacing the conventional finned
tube heat exchangers. These kinds of heat
exchangers are made of fat tubes with several
independent passages in the cross-section, as
shown in Fig. (1} and formed inlo a serpentine or
a parallel Row arrangement. In these heat
exchangers, a multitude of corrugated fins with
louvers are inserted into the gaps between flat
iubes. Aoki et al. (1989) performed an
experimental  study on  heat  transfer
characteristics of different louver fin arrays such
as louvers angles, louver, fin pitches, and
reported that the heat transfer coefficients at low
air velocity decreased with jncreasing fin pitch.
Also, they found that, heat transfer coefficient
increased with louver angfe, reaching a
maximum at an angle (28-30 deg.) and decreased
again. Rugh et al. (1992) investigated heat
transfer coefficients and friction losses for high-
density louvered fin and flat tube heat
exchangers, They reported that a louvered fin
heat exchanger produced a 25 % increase in heal
transfer and 110% increase in pressure drop
relative to plate fin, Oval and flat cross-sectional
tube for finned tube heal exchangers provides a
higher heat transfer perfoermance as compared to
those formed with round tube geometry as
mentioned by Chang et al, (1997). The flat tube
design offers higher thermal performance and
lower pressure drop than the finned-round tube
heat exchangers (Webb and Wu, 2002). Brazed
aluminum heat exchanger is made from micro-
channe! flat tubes in paralle! (10 each other which
is called paraflel flow heat exchanger (PFHE).
The key advantage of the brazed aluminum
design is smaller size and lower weight than
finned-round tube heat exchanger. The heat
capacity of a parallel-flow heat exchanger
{PFHE) is 150-200 % larger than that of the

conventional heat exchanger (Chang et al.,
2002). This high heat capacity of the PFHE can
meet the requirements of compactness and
lightness. Kim and Bullard (2002) studied
experimentally the air side heat transfer and
pressure drop characteristics for mulli-louvered
fin and flal tube heat exchanger. The louvered
angle is changed from (12-29 deg.), fin pitches
(1. 1.2, and 1.4 mm} and flow depth {16, 20, and
24 mm), Reynoids number (100-600) and
constant tube side water flow rate of 0.32
m*min, The air side heat transfer coefficient and
pressure drap for heat exchangers with different
configurations were reported in terms of Colburn
J.-factor and fanning friction factor , as a
function of Reynolds number based on louvered
pitch. The effect of tube profile change from
round to flat shape on condensation heat transfer
inside tube has been investigated experimentally
by Wilson et al. {2003). They found that a
considerable enhancement of condensation heal
transfer coefficient inside tube and an increase in
pressure drop as the tube profile is a flal shape.
Kim (2005) found theorctically that the fin pitch
should be greater than 7 mm 10 avoid boundary
layer interruption between the fins. Also, their
experimental and theoretical studics showed that,
the optitnum design of flat plate finncd-tube heat

exchangers with large fin pitches of 0.4 mm. It is

found that the air side heat transfer coefficient
decreases with a reduction of fin pitch, and an
increase of the number of rows.

Malapure et al, (2007) investigated
numerically the fluid flow characteristics over
louvered fins and flat tube in compact heat
exchanger. They found that at low Reynolds
number the flow is fin directed and at higher
Reynalds number the flow is louvered directed.
Also, both Stanton number and friction faclor
decrease with the increase fin pitch.  Although,
the PFHE has the above mentioned good thermal
performance, there is still a lot of potentials for
improving the air side convective heat transfer.
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So, the present work is mainly concentrated
convection heat transfer from air side with flat
tube condensers by inclination of its fat tubes, to
makc convergenl -divergent channels for air llow
(case 1). This can be achieved by inclination of
one tube toward clockwise direction and the next
in counter-clockwise direction by angles ranging
from zero to 16° with respect 1o horizontal
direction, Furthermore, without the need of
replacing any equipment of production line that
producing PFHE. another construction {or tilting
all tubes in forward direction (counter-
clockwise), case 2 or backward direction

Conlinuily equalion
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(clockwise dircetion), case 3 by the same ungtles
range (from zero up to 16 deg.) but all ubes are
kept in parallel with each other, as illusirated in
Fig.(2). These threc cuses are analyzed
numerically and experimentally in 1he prescnt
study and compared with parallet a0 (ubes
which are used in PFHE, to obtain the oplimum
inclination angle (Bop).

2- MATHEMATICAL MODEL

For steady state, turbulent flow, and two-
dimensional, the governing equations are
presented, [4] below as:

.......................................................................................................... (D]
Momenium equations:
)
u?E vﬂ =—a—p+;Nlu— Ju +6u e e e, (2)
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The twrbulent kincmalic viscosily is related o turbulence energy and dissipation rale us:
i k!
Vr=CpT & . E=CDT ............................................................................. 8]

Where Cp is empirical constant , and | is the mixing length.
The k-g model constants C,,. Cy, Cy, &, 64, and o, valucs are presented in table .

Table {1): The standard values of k-e model constants.

Cp G G

o L+ 1Y Fe

0.09 144 | 1.92

t 1.3 09
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Because of the symmetry of the tube bank
geometry, enly a portion of the domain needs to
be modeled. Upper and lower sides of
computational domain are taken to lie along the
centers of two consecutive iubes which are
specified as symmelry boundary conditions as
given in Fig.(3) and are specified as:

Atinlet : T=T;, u=vy;, P=Pp
Atexit :T=Tyy, U= Uy . P =P,
At the tube wall : T=T,,, u=40

The gencrated meshes for the studied cases
are prepared lirst by GAMBIT scltware. Then
modeled as a bank of tubes in cross-flow, and
ihe outside air flow is classified as turbulent and
steady. The model is used o predict the flow
and temperature fields that result from
convection heal transfer for the air side. Due to
symmetry of the tube bank, only a portion of the
geomelry was modeled in FLUENTS.| as shown
in Fig.{3).

The domain is discretized inte a finite set of
cells. General transport equations for mementum
and energy are applied to each cell and
discretized. The governing equations are solved
for the studied flow field at constant wall
temperature case for the f{lat tubes. The
numerical selution is conducted to investigate the
influence of inclination angle {p) for different air
velocities on the performance of air cooled
condensers.

The following values which are applicable to
window and split air conditioning systems are
used as input data in solving the studied problem;

1- Air flow is steady, two dimensional and
turbulent.

2- Air face velocity, V¢=0.5, to 7.5 m/s,
3- Condenser wall temperature =323 K.
4- Ambient air temperature=308 K

5- Fiat tube condenser configurations:
Tubé height (b) =1.8 mm,
Tube width {L} = 18 mm,
‘Tubes transverse pitch (H} = 10.4 mm.

The flow and heat transfer characteristics are
obtained for forced cenvection of air flow across
flat tubes at different operating parameters. By
using CFD software, the flat tubes condensers
shown in Fig, {2) has been studied first, which is
called paraliel flow heat exchanger (PFHE).
Then, the proposed modifications sequences are
presented as:  construction  of convergent-

Awad. M.M., Mostafa. H.M., Sultan. G.I., El-Booz. A and El-Ghonemy.

divergent channels for air flow (Case 1). Tiling
of all tubes in parallel to each other by angles up
to 16 deg. with respect to horizontal either
forward (Case 2) or backward (Case 3), as
illustrated in Fig, (2).

3. EXPERIMENTAL APPARATUS

The present experimental apparatus has been
designed and constructed to investigate the air
side convection heat transfer coefficient and
pressure drop over the condenser flal tubes. The
schematic diagram of the experimental apparatus
is shown in Fip.(4).

Air is drawn to the wind tunnel (1) from the
surroundings 1o flow across the test section (3)
through a flexible connection (4) by using air
blower {5) with different volume flow rates up to
1700 m* /r by using the gate plate (7). Wind
tunnel dimensions are 51 cm wide, 30 ¢cm height
and Im long. To insure good distribution for air
over the test section, the mesh screen (2) is fixed
in the eatrance of wind (unnel.

Two separated heating fluid units are used in
this work. The first unit is usual refrigeration
circuit which using R406A as working fluid
{valves no. 27, 28 are closed while valves no. 25,
26 are opened). The air cooled condenser for this
umit (3) is considered the test section for this
work and is fixed well inside the wind tunnel.
The heat input 10 the refrigeration system is
provided from evaporator (14) which loaded by
ambient air. The compressor {15) is choosen 2
kW to accommeodate the required loads in
condenser within the test range. The second unit
is using dry and saturaled steam as a working
fluid (valves no. 25, 26 are closed while valves
27, 28 are opened). Dry and saturaled sicam is
supplied from boiler {16) which is heated by an
electrical heating element {17) 1o flow through an
insulated water separator (19) before entering the

-flat tube condenser (test section) to ensure that

the steam is dry and saturated. The manual
valves (21, 22, 23} are used 10 purge owt the
separated water, make-up water. and drain of
boifer water, respectively. The boiler is thermaly
insulated by a glass wool insulation (18) o
decrease the heat loss to tht surroundings to a
negligable value. A pressure control valve (20} is
fitted to the boiler to control the steam pressure
to the desired value "1.5 bar". Sleam is
condensed inside the tested flat tubes, then
collected into graduated glass vessel (24).

The test section is constructed to be
removable and replaceable to allow for testing
different cases. Three tested cases for flal tube
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condensers with differcnt inclination ungles
(from @ up to16 deg) are investigated. The three
tesied cases of condensers are of one-column (fat
tubes construction.

s The first case is fabricated by tilting the first
flal tube forward and the next backward and
so on to achieve the convergent-divergent
shape, as shown in Fig.(2).

¢ The second case is parallel flat tubes tilted
forward as a whole.

e The third case is parallel flat tubes tilted
backward as a whole.

The second and third cases are tested with and
without fins as shown in Fig.(3). The fin iype is
louvered fins which are practically in use with
flat tube condensers.

A summary of the three tested cases, test
runs, and working fluids are given in table (2).

Table(2) :Summary of the tested cases.

Case Deseription Working Fluid
1 Convergent-divergent Steam,
Nat tubes.
Parallel Nat tubes with | R-406A.

fins tilted forward

2 Parallel  flat
without  fins
forward.

tubes
tilted

R-406A and steam,

Parallel flat tubes with
fins tilted backward

R-406A

3 Parallel  flat  tubes
without  fins  tllted
backward.

R-406A and steam.

4, MEASUREMENTS TECHNIQUE

Each run is carried out for certain fixed
valucs of the problem parameters (air face
-velocity, inchination angle for certain case and
surface temperature of flat tubes). Before starting
a new rum, the apparatus is adjusted to prevent
leakage of air. The experimental procedure for
each run can be described as; switch on the
motor of fan, adjust the air face velocity 10 obtain
the desired flow rate for air, switch .on the
refrigeration unit or heating steam unit and adjust
the surface temperature to a certain value. The air
is flowing inside the tunnel till steady state
condition is reached. The steady state condition
is achieved after about 60-90- minute. The air
face velocity is measured by using Pitot tube (6)
which has a pressure difference gave a
corresponding resolution of 0.1 m/s (in ten grid
points across the duct). The temperatures of air at
up-stream and down-siream are measured by
using calibrated thermocouples (11) (copper-
constanian) which has a resolution of 0.1 °C and

accuracy of £1.5% of reading. The pressures ol
refrigerant are  measured using calibrated
bourdon tube pressure gauges. The refrigerant
temperature at inlet and outiet of condenser is
measured by two calibrated thermocouples. All
thermocouples are connecled to a lemperature
recorder (12). The refrigerant flow rale is
measured using rotameter (13) placed at outlet of
the condenser. It has an accuracy of £0.5 % of
fufl scale. While for steam, the condensate
volume flow rate is measured and estimated by
dividing the collected volume of condensate by a
graduated glass vessel (24) through a certain
time.

The air side pressure difference at inlet and outlet
of the test section is measured by a water U-tube
manometer through a pressure taps {8} which has
an accuracy of £1 mm H;0.

In order tc obtain a measure of the reliability
of the experimental data, an uncertainly analysis
is performed for the parameters of interesi. The
root-rogan-square random  ¢rror  propagation
analysis is carried out in the standard fashion
using uncertainties of the basic independent
variables, The maximum uncertaintics are fcss
than 6.1% for convection heat transfer coeflicient
and 4.9% for pressure drop.

5. DATA REDUCTION

The average convection heat  transfer
coefficient and pressure drop for air which Nows
over flat tubes can be calculated as follows:

1. The average air face velocity V¢ through the
wind tunnel is obtatned through 1he
integration of local velocity downstrcam of
the test section as:

[v,.a4,,
V = i=1
! A

€

(9}

In terms of average air face vclocily (V). 1est

section face area (A(), and air density (p,,), the
air flow rate is calculated as; '
My, =P VA (10)
2. The rate of heat transfer required (or
calculating air side heat (ransler coclTicient can
be expressed as;
. +
Q=Q8|r2 Qh {”]

Where: @, and @, are heat transfer rates of

air and refrigerant or steam sides, respectively.
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For air side;
Qnir = Mair Cpllr (Tnlr,o - Tlir.i) (12]
For refrigerant or steam side;
Q, =mi{i,~i,) (13)

). Effectiveness and number of transfer unit,
NTU method can be used for obtaining air-side
heat transfer coefficient. The overall heat
transfer coefficient for test section is calculated
as;

UA=m., Cp,, NTU (14)

The NTU/ is obtained from the following relation
for condensation:

NTU::]n(l—c) (15

Where £ is the effectiveness which is defined as;

The maximum rate of heat transfer is given by:

Qo =';'“" o (Th.f - T.m.r) (17)

4. For heating fluid side, the condensation heat
transfer coefficient (hyp) can be calculated
from Shah correlation, (3, 10, 11].

0.76 0.04
_ vg I8« {1-x)
"TP“"L{“"’ * N } (18)

Where hrp is the two-phase flow heat transfer
coefficient, x is the vapor quality, hg is the liquid
heat transfer coefficient, P is the fluid pressure,
P., i5 the critical pressure, and h is calculated as:

k
k, =0.023[ L (19)

hypd

JRe‘,’_” Pr

5. Now, the air side heat transfer coefficient is
obtained from the following relatien:

VA=| —+

na‘éoh air

20
h A, 20

Where 7, is the overall effectiveness of the
finned surface, given by;

Af

1B

Na A g
0

The louvered air side fins are assumed as plan

with rectangular profile whose efficiency is

given by the following equation:

(21)

Awad. M.M,, Mostafa. HM., Sultan. G.1., El-Booz. A and El-Ghonemy.

tanh(mL )

M = ml_‘f

Where: Lris the fin length and m is defined as;

m= th . fkd
air r
6. The friction factor can be determined by

measuring the pressure drop across the tubes
and the average velacity of the air as;

(ap/L)p,
pv, 2

(22)

(23)

f= {24)

Where:
£ is the tube length in direction of flow, m.

7. The dimensionless MNusselt number and
Reynolds number of air side is defired as:

h,D,,
Ny =t sd 2%
u “ (25)
V,D
Re="e 1 nt (26)
v

&

6. RESULTS AND DISCUSSIONS

The performance of flat tube air cooled
condensers with the proposed three cases of lube
inclination, are studied and compared wilh
parallel horizontal flat tubes at the same
operating  conditions. The results have been
compared in terms of two important parameters
heat transfer coefficient and pressure drop.

6.1 Flat and circular Tube Performance

Figure {(6) shows the average heal transfer
coefficient and pressure drop for both flat and
circular tubes, respectively. -It is found that the
average heat transfer cocfficient for flat wbe is
higher than that of circular tube by about 38%
but there is 300% increase in pressure drop.

6.2 Velocity and Temperature Contours
Contour lines for velocity and temperature in
axtal direction are shown in Figs.{7} and (8} for
convergent divergent tubes (case 1), tilted
forward (case 2), tilted backward (case 3), and
parallel horizontal flat tubes. it 35 found from
Fig.(7) that for the case of convergent divergent
tubes, the velocily in the axial direction increases
in the convergent passage and decreascs in the
divergent passage. It is observed from Fig.(8)
that there is an increase in fluid temperature
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around the hot Hat tubes for the propescd
inclined cases compared to that of paralle!
horizontal flat tubes.

6.3 Heat transfer and pressure drop for flat
tubes without-lins
6.3.1 Case 1 (Convergent-divergent)

The effect ol inclination angle {B) for both
numerical and  experimenial  results  on
convection heat transfer, and pressure drop for
air side over convergent divergent flal 1ubes
without tins (cascl}, is illustrated in Fig.(9). The
hicating Muid s steam and the air lace velocity is
4.18 mv/s. The numerical results are included
individually in these figures. It is observed that,
there is an acceptable agreciment belween the
numerical and experimental results. For the
convergent divergent tubes the increase in AP is
small in the first part up to § = 8% Also, it is
found that there is a peak value for the average
conveetion heat transfer cocfficient al inclination
angle, § = 4" and 12%, But therc is a higher value
for AP in the second part of the curve which is
not preferable practicaily. Therefore, the
optimum valuc of inclination angle for case 1 is
found at }=4°.

6.3.2 Case 2 (Tilted lforward)

Figure(10) shows the experimental and
numerical results for the average convective heat
transfer cocfficient for air side and pressure drop
across the f{lat tubes tifted forward versus the
inclination angle lor case 2 without fins. Steam is
used as a healing 1luid and face air velocity is
4.18 m/s. The same trend like case | is obtained
for h and AP versus 3. :

6.3.3 Comparison between the studied two
cases

Figure (11 shows the comparison between the
cxperimental values of convection heat transfer
coefficient for case 1 and case 2 withoyt fins.
Also, pressure drop for the studied two cases was
presented in Fig.(12). {t is clear that, pressure
drap for two cases is identical and take smaller
values at lower values of ). Therefore, at the first
peak for h the optimum incliralion angle was
obtained (B, =4" ).

6.4 Luuvered fin performance

Figure (13) presents the temperateee and velocity
contours of the louvered Nin al 3 mfs for the
studied cases. From the contours we can get the

detail information aboul the air flow, the position

of eddy and the distribution of the {low boundury
layer. The boundary layer around the louvers is
thinner and the flow is nearly aligned with the
louvers, So. the temperature ol air increascs
along the flow direction and a significant
temperature difference is maintained between air
and fins. [t can be seen that low pressure zong is
formed near the louvers duc 1o formation of
boundary layer. The air which flows through the
louvers strikes on the fat plate and is turned.
This Row direction causes high pressure zone in
the middle position. Lt is ¢lear thal louvers uct Lo
interrupt the air flow and creale a serics of thin
boundary laycrs which have fower thermal
resistance.

6.5 Heat transfler and pressure drop lur case 2
and case 3 with lguvered fins:

The experimental  results  of  heat  twansler
coefficient and pressure drop  varialion  al
different inctination angles for finned Nat tubes
filted forwurd {case 2) lested with R406A al
certain value of air face velocity is shown in
Fig.(14). The numerical resulis for tilted iarward
fal tubes without-Nins and tilted lorward [lai
tubes with louver [ins are included in the [igures
for comparison purpose. It is observed that, there
is an acceplable agreemient  between  (he
numerical and experimental  resulls and  a
remarkable increase in the value of average
cenveclion heal transfer coefticient about 20% at
inclination angle, B = 4° is obtained.

By the same way the results for tilled
backward tubes (Case 3) is shown in tig. (15). I
is observed from the figure, the effect of
inclination angle on values of h and AP was
small. Therefore, there is no remirkable change
for this case (tilting backward) compared with
the horizontal one.

6.6 Verification of the presenl numerical
results

To verify the obtaincd numerical resulls, a
comparison with the previous  experimental
works is shown in figures (16) and (17). Lhe
cffect of inclination anglc on the performance off
aluminum  brazed heat  exchanger  was
investigated experimentally by Kim e al,
(2002). Figure (16} shows a comparison between
present experimental and nuinerical results lor
convective heat transfer coelticient of parallel
flat tubes at B-=0, casc (1) at B- 14" and
experimental results for Kim et al 2002 at 3=0,
14°. 1t is clear that the comparison is in
acceplable agreement.
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As shown in Fig.(17), Nusselt number (Nu) is
plotied against . for both 1he present numerical
results and the experimental results for case (1)
and the resulils obtained by Arid et al., (1986). It
is observed that, good agreement is observed
only for # < 10". But for large values of B, the
difference between the present results and the
previous experimental results is noticeable. Also,
experimental results obtained by Arid et al., 1986
showed thai. the optimum value of § was about
5.5% which is fairly agree with the present results

{al P —4").

6.7 Empirical corrclations

The present experimental results for heat and
fluid Now characicristics on a uniform heat flux
tube condenser of different cases are reported in
forms of Nusselt number and friction factor as;

N“z Cl (l{emax )MI (2?}

/=€ (Re,,, )™ (28)

The validity of these equations are
500<Re<4500,

The coefficients of equations 27 and 28 are given
in table (3) and the maximum deviations of these
cortelations are +5% as shown in Fig. {18).

Table {3): cocfiicients of equations (27, 28).

Casc .
cl mi c2 mz
Circular tube T.6782 | DAB42 | 71363 | -0.2761
Parzllel iube 1L,2167 | L3666 | 7.6379 -0,2404
_ Cwsed]) 0.2106 | 0.6851 | 1.678¢ | -0.2322
Con-div passage
Case (2)
“Tilted forward 0171 | 0.68 [.594 -0,24

6.8 Performance Evaluation
A useflul comparison between different
types of tesled condensers, which are used is
made by comparing heat transfer coefficients at
equal pumping power, since this is relevant to the
operalion cost.
The relationship between friction factor

and Reynolds number for the same pumping
power can be cxpressed as, [14]:

A Re’ A Re’
J : L L (29)
Hrd o Dkyu‘ N

Where a and r denoles 10 augmented cases and
reference case, respeclively.

For the known values of Re, and friction
factor f, or the augmented case, the equivalent

Awad. M.M., Mostafa. H.M., Sultan. G.1., El-Booz. A and El-Ghonemy.

Re. for the reference case is calculated using
eqn.(29) and the corresponding Nu, is calculated
and the enhancement ratio (R) which is defined
as the ratio of Nussell number ol the condenser
for different cases to the plain tube case which
can be writlen as:

R=Nu, [Nu, (30)

It is found that in case of inclination onc tubc
toward clockwise direction and the next in
counter-clockwisc direction (convergent-
divergent channels for air flow. case 1) and
tilting all tubes in the forward direction (counter-
clockwise, case 2) a considerable improvements
are obtained as shown in Fig{19).

7. CONCLUSIONS

Experimental and nuimerical studics are donc
10 obtain the optimum inclination angle Tor Mt
tubes, which are used with air cooled condenscrs.
it is concluded that, wusing the propascd
convergenl divergent construction with aptimum
angle of 4 deg offers the best enhancement in
convection heat transfer cocfficient. For one row
coil which is used in car air conditioning, (he
obtained enhancement in convection heat transler
coefficient is about 46.9 % against increasc in
pressure drop by about 112% for case |
{convergent-divergent  tubes)  comparing (o
equivalent parallel flat tubes &t the same
operaling condilions.

The second proposed construction of tilting
forward (counter clockwise) all wibes in parallel
by 4 deg with respect (o horizontal s
recommended. This leads to enhancemcntl in
convection heat transfer coefficient by aboul 46
% against increase in pressurc drop by aboul
95% for case 2 comparing to equivalenl parallel
horizontal flat tubes al the same operating
conditions.

The experimental results for finned Rat (ubes
tilted forward (Case 2) gave an enhancement
about 20%, but there is no remarkable change lor
tilted flat tube backward case{3).

There is an acceptable agreement between (he
numerical and experimental results. Also. good
agreement between the obfained results with the
previous work was found. Empirical corrclations
from the experimental work were obtained.
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Nomenclature

a Tube cross-sectional area, m’

A Surface area, m*

A,  Total air side surface area, m’

A Wind tunnel cross-sectional arca, m’
Ar  Test section face area, m’

Ar Aspect ratio =H/L., -

b Height of flat tube, m

C Constant, Eqgs. 5 and 6.

C; Constant, Eq. 6

Cp Constant, Eq. 8

Cp  Specific heat, ki/kg K

C, Constant,Eq. 8

Dia Hydraulic diameter (Dyys =4a/F), m
{f Friction factor, -

e Gravitational acceleration, m/s’

h Heat transfer coefficient, W/m®.K
H Transverse pitch of parallel tubes. m
i Specific enthalpy, kl/kg

1 Mixing tength, m

L Tube width, m

L¢ Fin length, m

k Kinetic energy, m*/s’

k Thermal conductivity, W/m.K

Kh  Enhancement factor of h = hy/h,
Kp  Pressure drop factor= APy/AP,.

L Width of fal tube, mm

NTU  Number of transfer unit, -

m Parameter, Eq. 23

Mass flow rate, kg/s

Pressure, Pa
Tube Perimeter, m

Source term of heat, K/s
Temperature, K

m

p

P

O  Rate of heat transfer, kW
Sy

|

u Velocity in x-direction, m/s
U

Overall heat transfer coefficient,
Wim?.K

v Velocily in y-direction, m/s

Vi Face velocity, mis

x,¥ Co-ordinaies, m

by Dryness fraction

Dimensionless Groups:

Nu  Nusselt number, (Nu=h D, s/k)

Re  Reynolds number, (Re= p V¢ Dya /1)
Pr Prandle number, (Pr=C wk}

Greek Symbols

a  Thermal diffusivity, m*/s

B inclination angle of flat tubes, deg.
p Density, kglm3

&  Finthickness, m

a Constant

m Viscosity, kg/m.s

y  Stream function, m’s*/m

v Kinematic viscosity, m%/s

nr Finefficiency, -

e overall performance ~Kh/KP
up  Viscous dissipation term, K/s
E Dissipation or effectiveness, -
Subscripts

av  average

cr critical

f face

h heating steam

hyd hydraulic

i inlet, inner

k turbulent

L liquid

max  maximum

) out, case of horizontal paratlel flat tube
opt  optimum

T thermal

TP  two-phase
B case of inclined flat tube
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Fig (1): Micro-channel flat tube.
L=18 mmand b=1.8 mm.
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Fig.(2) Layout of flat horizontal tubes for the proposed three cases of modification.
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Fig.(3) Symmetry boundary conditions
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Fig.(4) Schematic diagram of the experimental apparatus ,
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Figure(5) Details and dimensions of test sections No. 1 and 2, respectively.





