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Abstract

Forced convection heat transfer for air side over aluminum cxtruded micro-channel {lat tubes,
which uscd in air cooled condensers, was studicd theoretically. Malhematical modeting of air flow outside
the aluminum flat lubes were carried out (o study Lhe proposed inclination angles and evaluate the thermal
performance {or dilferent operating parameters. A computational fluid dynamic software (CED) is used to
solve this problem. Two proposed cases for inclination of the {lat 1ubes are studied, The first case is to
make convergent and divergent channcls for air Now, while the second casc is tilting of all tubes in
parallel to cach other. Inclination for the flat tubes by a certain angle improves the convection side and in
turn improves the overall thermal performance of the air cooled condenser. The theorctical results show
(hat the optimum angle for the proposed two cases was about 4° with cormresponding aspect ratio of 0.58.
This leads 1o enhancementl the heat transfer coefiicient by factor (Kh) of 1.469 and 1.46 against increase in
pressure drop factor (KPY of 2,12 and 1,95 for case-1and case-2, respeclively,
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Nomenclature

Ar  Aspect ratio =H/L, - Nu  Nusseht number, -

C COIIS(OI'I[, Eqs. 5 and 6. P Pressure, Pa

C; Constant, Eq. 6 St Source term of heat, K/s
Cp Constant, Eq. 8 T Temperature, K

C, Constant, Eq. 7
Dy Hydraulic diameter, m
g Gravitational acceleration, m/s

u  Velocity in x-direction, m/s
v Vclocity in y-direction, m/s
u  Fluctuating velocily in x-direction, m/s

h Airside convegtive heat transfer v Fluctuating velocity in y-direction, m/s
coefficient, W/m*.K

H  Transverse pitch of parallel tubes. m Greek Symbols

1 Mixing length, m o Thermal diffusivity, m*/s

Xk Kinetic energy, m¥/s’ € Dissipation rate, m/s’

Kh Enhancement factor of h = hyh, o Constant, Eqn.s 4, 5, and 6

Kp Pressure drop factor= APy/AP,,. 1t Dynamic viscosity, kg/m.s

L Width of {lat tube, mm [ Viscous dissipation rate, kg/rn.sj"s2
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B Inchination angle of flat tubes, deg.
W Stream function, m's/m

v Kinematic viscosity, m*/s

n overall performance =Kh/KP
Subscripts

av average

f face

) Case of honizontal parallel flat tube
opt Optimum

k turbulent

T thermal

£ dissipalion

p Air density, kg/m?

i) Viscous dissipation term

1. Introduction

Air-cooled finned-tube
widely used in refrigeration and air-
conditioning applications. TFor (he same
amount of heat transfer, the operation of air
cooled condensers is more economic
compared with water cooled condensers [1].
Typically air-cooied condensers are of round
tubes and f{inned type.

‘A micro-channel {lat tubes heat exchanger
is one of the potential altematives for
replacing the conventional finned {ube heat
exchangers. This kind of heat exchangers is
made of a flat tube wilh several independent
passages in the cross-section, as shown in Fig.
(1) and formed into a serpentine or a parallci
flow arrangement. In these heat exchangers, a
multitude of corrugated fins with louvers arc
inserted into the gaps belween flat tubes. The
flat tube design offers higher thermal
performance and lower pressurc drop than the
finned-round (ube heat exchangers [2]. Brazed
aluminum heat cxchanger is made from
micro-channel flat tubes in parallel to each
other which 1s calied parallel {low heat
exchanger (PFHE). The key advantage of the
brazed aluminum design is smaller size and
lower weight than finned-round tube
condensers. The heal capacity of a parallel-
flow heat exchanger (PFHE) is 150-200 %
larger than that of the conventional heat
exchanger [3]. This high heat capacity of the
PFHE can meet (he requircments of
compactness and lightness. Oval and flat
cross-seclional {ube for finned tube heat

condensers are

Awad, M.M., Mostafa. H.M,, Sultan. G.1., Elbooz. A, & El-Ghonemy. A M.K.

cxchangers provides a higher heat transfer
performance as compared to thosc formed
with round tube geometry as mentioned by
Chang et al. [1]. The effect of tube profile
change from round to flat shape on
condensation has been  investigated
cxperimentally by Wilson et al. [4]. They
found a considerable enhancement of
condensation heat transfer coefficient inside
tube and an increase in pressure drop as the
tube profile is flattened. Also, there is a
significant reduction in refrigerant charge due
1o Natlened 1{ubes.

The condensation of refrigerants in mulii-
port micro-channel extruded tubes has been
investigated by many authors [5-7]. All of
them concluded (hat the micro-channel {lat
fube enhance the inside condensation heat
transfer many times than conventional round
one. In order to enhance the performance of
air cooled condensers, it is important to take
into consideration both of condensation inside
condenser tubes and conveclion outside,
where the enhancement in convection side is
the dominant onc. So the present work is
mainly concentrated on convection heat
transfer from air side for flat tube condensers.

Although, the PFHE has the above
mentioned good thermal performance, but
ihere is still a lot of polentials for improving
the air side convective heat transfer.
Thercfore, the present study is directed to
cnhance the convection heat transfer for air
side by inclination of its {lat tubes, to make
convergent and divergent channels for air flow
(casc 1). This can be achicved by inclination
onc tube foward clockwise direction and the
next in counter-clockwise direction by angles
from zero up to 16°. with respect to horizontal
direction, Furthermore , without the need of
replacing any cquipment of production line
that producing PFHE, another construction for
tilting all tubes (in clockwise or counter-
clockwise dircctions) by the same angles
range (from zero lo 16 deg.) but all tubes are
kept in parallel with cach other (case 2). These
two cases arc analysed in the present study
and compared with PFHE, and illustrated in
Fig. (2). Finally the cffect of aspect ratio (Ar)
has Dbeen investigated at the oplimum
inclination angle (Pop ).
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2- MATHEMATICAL MODEL Because of the symmetry of the tube bank
Air cooled condensers in air conditioner, can  geometry, only a portion of the domain necds
be modeled as two-dimensional for heat flow. 10 be modeled. The upper and lower sides of
For steady slate, the dimensionless goveming computational domain are taken to lic along
equations of continuity, momentum, and the centers of two consecutive tubes which are
energy through tubes can be wrilten as: specified as symmelry boundary conditions as
Continwity equation
d 3
R R M
Ox oy
Momentum_equations:
u@- v-a—“— =—‘—3£+;£V2u aL R (2)
Ox ox x dy
T aw
H— Vv — =-@+,uv2 Ou v +6v .................................................. (3)
ox oy oy %) oy
Energy equation:
ué—?:+v§£= a+ 2L VT 4 B+ S, oo (4)
ax Oy Cr
Turbulence energy equation:
ok ok ek ak? . oT
0 v o 2 [*‘T"‘_“{ +(U+U?,)¢C,E—ﬁgv—’——£ ............................... (5)
ox Oy o, hox® 0y o, Oy
Turbulence dissipation rate equation:
0 " 2 z » -
w2y % [v+ i}[‘i—ﬂa—f}[m“—f}qw —[C,ﬁgsv—‘a—T— zgz]fk .............. (6)
& & o, NO0x &y . o, O

SCRCIs

The turbulent kinematic viscosity and turbulence dissipation rate arc related to turbulent energy
and dissipation rate as:

k 2
V= o et (7)
&
k!
& -C” T ........................................................................................ (8)

Where Cp is empirical constant , and | 1s the mixing length,
The k-¢ model constants C,,, C), C;, &y, 0y, and o, values are presented in table 2-1.

Table (2-1): The standard values of k-e model constants.

Cp, Cl C2 T, Ok O
0.09 1.44 1.92 | 1.3 0.9
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shown in [1g.(3) which are specified as:
Atinlet : T=T,, u=u,, P=D
Atexit : T=Tou, u = tigu, P =Py
At the tube wall : T=T,,, u=90

All pre-generated meshes for the studied cases
were prepared first by GAMBIT soflwarc.
Then modelled as bank of tubes in cross-flow,
and the ouiside air flow is classified as
turbulent and steady. The model is used 1o
predict the flow and temperature fields that
result from convection heat transfer for air
side. Duc to symmelry of (he tube bank, only a
portion of the geomelry was modelled in
FLUENT. Domain s discretized into a finile
set of control volumes or cells. General
transport equations for mass, momentum and
energy are applied to each cell and discretized.
The governing equalions are solved for the
sludied flow field at constant wall temperaturc
casc {or the (lat tubes. The numerical solution
wus conducied 1o investigate the influcnce of
inclination angle {B) and aspect ratio (Ar) for
differcnt air velocities on the performance of
air cooled condensers.

The following vatues which are applicable
to window and split air conditioning syslems,
are used as sput data {or solving the sludied
problem;

1- Air flow is slcady, lwo dimensional and
turbulent.

2-Air face velocity (V)=2.5, 5 and 7.5 n/s.
3- The condenser wall (cmperalure =323 K.
4- Ambient air temperature=308 K

5- The Nat tube condenser confligurations ;

Tube height (b) =1.8 mm,

Tube width (L) = 18 mm,

Tubes {ransverse pitch= 10.4 mm.
Flow and heat (ransfer characleristics arc
obtained for forced convection of air flow
across flat 1{ubes at different operating
parameters. By using CFD software, the flat
tubes condensers shown in Fig. (2.a) has been
studied first, which is called parallel flow heat
exchanger (PFHE). Then the proposed
modifications in the following sequence;
construction of convergent and divergent
channels for air flow (Case 1), as shown in
Fig. (2.b). Tilting of all tubes in parallel to
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each other Dby angles up to 16 deg. with
respect to horizontal) either forward or
backward (Case 2), as illustrated in Fig. (2.c).

3. RESULTS AND DISCUSSIONS

The performance of air cooled condensers,
which used flat tubes with the proposed two
cases of inclination, was studied and
compared with parallel horizontal flat tubes at
the same operating conditions.

3.1: Flow and Temperature Contour Field

Contour lines for temperature and
velocity in axial direction are shown in Figs,
(4) and (5) for parallel horizontal flat tubes,
convergent divergent passages (case 1), and
tilted onc (case 2). It is observed from Fig.(4)
that there is an increase in fluid temperature
around the hot flat tubes for the proposed two
inclined cases compaced with parallel
horizontal fat tubes. Also, it is found {rom
Iig.(5) for the case of convergent divergent
passages, lhe velocity m the axial direction
increases in thc convergent passage and
decrcases in the divergent passage.

3.2: Heat transfer and pressure drop

3.3.1: Casc-1 (Convergent-divergent)

The cflect of inclination angle (B) on the
convection heat transfer for air side, and
pressurc drop of flat tube air cooled condenser
(cascl), is illustrated in figures (6). For the
convergent divergent passages the increase in
AP is small in the first parl up to 8° then
gradually increascs. Also, it is found that there
is a peak value for the average conveclion heat
trapsfer  cocllicient Nusselt number at
inclination angle, B = 4° and there is a higher
values for both of Nu , and AP in the second
part of the curve which is not preferable
practlically.

To obtain the optimum value of B, it is
important to collect and draw the values of Kh
and Kp in one graph as shown in Fig.(7) at
different face velocities. It is clear that, for
different values of face velocities (ug), the
enhancement heat transfer factor, Kh increases
until it reaches a certain value at f=4° and then
decreases and reach a minimum value at p=8°
after which it begins to significantly increase
as [} increasc from 8” to 16°. On the other hand
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the pressure drop factor, Kp increases with
increasing inclination angle [ and the
optimum value of inclination angle B is equal
to 4 ° in this case.

3.3.2; Case-2 (Tilted tube configuration)

Figure(9) shows the average conveclive
heat transfer expressed by the Nusselt number
and pressure drop across the tubes versus the
inclination angle for case-2. The pressure
drop Ap increases to some degree up to 8° and
then dramatically increases with [ while
Nusselt number has two peaks value for the
convection heat ftransfer coefficient Nu at
inclination angle, B =4° and 12° respectively.

The enhancement factor of convective heat
transfer coefficient, Kh and pressure drop
factor, Kp are plotted against inclination angle
at different face velocity as shown in Fig.(9).
It is clear that the enhancement faclor of heat
{ransfer is significantly increased up to reach a
certain value at 3 = 4° after which it remains
almost constant up to B = 8° . A {urther
increase in [ will lead to a great increase in
Kh and reaching a maximum value at p = 12°
afler which it starts to decrease. This decrease
in Kl is due to bad contact between inlet air
and flat tubes (for 3 greater than 12 deg.).
Also, the pressure drop factor is slightly
increasc until it reaches a certain value at 8°
afler which the pressure drop factor has a
rapid increase.

3-4: Comparison between the studied cases

As shown in Fig.(10), the average Nussell
number in casel (convergent-divergent (ube
passage) is higher than case2 (tilted tube). The
average Nusselt number, Nu of convergent-
divergent fube geometry is about 2.74 time
higher than that of the tilted tube condenser.
To compare between the two studied cases,
the enhancement factor for heat transfer and
pressure drop factor are presented in Fig.(i1).
It is clear that the enhancement factor of heat
transfer, Kh and the pressure drop factor in
case-2 (tilted tube) is higher than that of case-
I (convergent-divergent tube).

The overall performance (which is
defined as n=Kh/Kp} is plotted against [} for
the studied two cases in Fig. (12} at di(ferent
values of air face velocities (uy). It is clear that
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the effectiveness of tilted tube is belter than
the convergent-divergent tube for the studied
face air velocily. Varying ur from 2.5 up to 5
m/s leads to a considerable change in the
overall performance (n). But with increasing
ur from 5 to 7.5 m/s, there is a small change in
the performance as the two curves are nearly
coincident. So, the value of face velocity of
5 m/s is considered as the maximum limit for
operation.

3-5: Effcct of aspect ratio

The cffect of aspect ratio (A;) on the values
of h,, and Ap was shown in Fig. (13). Easily,
the optimum aspecl ratio, (A,) is found to be
0.58 which corresponds to H=10.4 mm.

3.6: Verification of the present data

Finaily, To verify the obtaincd theoretical

resulls, a comparison with previous researches
experimental result are shown in Figs.(14) and
(15). For case |, the convective heat transfer
to air flow in converging-diverging tubes were
studied experimentally by Ariad et al. {8).
Their study was based on constant wall
temperature at different values of f3 from 0 up
10 16 deg., which is similar to the proposed
studied cases. They reported that (he oblained
enhancement comparing te equivalent straight
tube at the same mean diameter is Kh=1.45
against KPP of 2.2 value. The corresponding
values (at 4° Vi=5m/s) for the present
proposed case 1 are, Kh=1.469 against
KP=2.12 for convergent divergent passages.
Also, experimental results obtained by [8]
shows that, the oplimum value of § was 5.5°
which is fairty agreed with the present
theoretical results (4°).
As shown in Fig.(14), Nusselt number (Nu)
are plotied against §, for both the present
theoretical results and the experimental results
oblained by [8}. It is observed that, good
agreement is observed only for § < 10°. But
for large values of fi, the difference between
the expenmental and theoretical results is
noticeable.

The effect of inclination angle for case 2 on
the performance of aluminium brazed heat
exchanger was investigated experimentally by
Kim et al. [10]. It is ¢lear from Fig.(15) the
comparison between the oblained theoretical
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results for h, and experimental results
obtained by [10] is acceptable agreement.
Also, Kim et al. {10} reported that, there is
enhancement in h,, with increasing p up to 12
deg. which agreed with the present results.

4. CONCLUSION

A theoretical study was done to obtain the
optimum inclination angle for flat tubes which
used in air cooled condensers. It is concluded
that, using the proposed convergent divergent
construction with optimum angle of 4 deg
offers the best enhancement in convection
heat transfer coefficient and in turn improves
the overall thermal performance. For onc row
coil which is used in car air condition, the
enhancement factor is about Kh=1.467 with
increase in pressure drop, KP=2.12.

The second proposed construction of tilling
the all tubes in parallel by 4 deg with respect
to horizontal s recommended also to keep the
production fine that manufacturing the PFHE
without any changing., This leads to
enhancement factor of Kh=1.46 with increase
1n pressure drop of KP=1.9.
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Fig.(12) The effectiveness of condenser
versus telting angle.
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comparison with experimental results

Calculated resuM, case-1
== = = =  Experimental result, [8]

100

IIIII

50

Nu

30

ZOL

10IIll|lllll]lll|llll

0 4 8 12 16
Angle{deg)

Fig.(14) Comparison of present data with
the published experimental data.
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Fig.(15) comparison of the present data with
experimental results for case-2,



