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Keywards : 3753 3%7](Parallel flow type condenser), § &5~ A g9 (e-NTU)

NOMENCLATURE A, End region aspect ratio
Asi Plain leading and trailing heat
A Heat transfer area transfer area
A Area on which profile drag occurs Ago Plain turn-around heat transfer
Ae End region heat transfer area area
A Louvered heat transfer area C Heat capacity rate
Ay Outside heat transfer area Cp Specific heat
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Drag coefficient on the louvers
Hydraulic diameter

Fin depth in the air flow direction
Fin pitch

Fin thickness
Friction factor
Fin height
Mass velocity
Heat  transfer
Enthalpy
Thermal conductivity

coefficlent  or

Louver length

Louver pitch

Mass flow rate

Number of louvers
Number of Transfer Unit
Nusselt number
Pressure

Prandtl number

Heat transfer rate
Reynolds number
Leading and trailing louver length

| Turn-around section length

Tube pitch

Tube wall thickness

Tube width

Overall heat transfer coefficient
Minimum area flow velocity
Specific volume

Velocity

Quality of refrigerant

Greek symbols

Void fraction
Thickness
Variation

€ Effectiveness

n Surface fin efficiency

6 Louver angle

il Viscosity

v Kinematic viscosity

p Density

¥ Two-phase multiplier
Subscripts

a Alr

eq Equivalent

Y Vapor

i Inlet

] Liquid

lo Liquid only

max Maximum

min Minimum

0 Outlet

r Refrigerant

t Tube

1. Introduction

Heat exchangers like automotive air
conditioning condensers are manufactured
of designs, usually
flow passages with

Manufacturers are

with a number
contalning various
different fin designs.
actively working to improve thelr designs in
order to reduce the size and weight and
improve the thermal behavior. In order to
achieve these objectives, in the present
work a theoretical model has been
developed to predict the parallel flow
condensers performance under arbitrary

operating conditions.
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There is a number of studies referred to
condensing flow inside horizontal tubes
such as those of references”??
works relative to heat transfer during
condensation are described in references™ .
Cavallini and  Zecchin® developed a
semi-empirical equation that is simple in
form and correlates refrigerant data quit
well. Data for several refrigerants,
including R-11, R-12, R-21, R-22. R-113,
and R-114. So, that has been used in the
present study for the prediction of parallel
flow condensers. An wuseful method to
calculate pressure drop during condensation
are those of references®”. A more proper
method is that of Friedel”, that has been

used in the present study.
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Fig 1. Basic structure of a parallel flow type condenser.

The Louvered fin geometry is widely used
in automotive heat exchangers. For this
reason, a correlation to predict the heat
transfer and friction characteristics is of
great interest. There is a number of studies
referred to the heat transfer and friction
factor of louvered fin such as those of
references” "1V Webb et al.'? develops a

Other

semi—analytical heat transfer and friction
correlations applicable to the louver fin
that has been used in the
present study.

geometry,

The geometry of the condenser of the
present study is shown in figure 1 and figure
2. This type of condensers consists of
multiple passages for refrigerant flow with
different directions and finned cross flow

Each
considered to have three thermodynamic

passages for air. condenser 18

zones: In the first zone the refrigerant
enters In the condenser as superheated
the

condensation temperature. In the second

vapor and 1s cooled down to

zone 1t condenses loosing heat at a
saturation temperature. In the third zone
the condensate is cooled down below a

saturation temperature (subcooling).

Core length
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Fig 2. Schematic of a parallel flow type condenser.

2. Basic of the condenser model

The heat in the condenser is transferred
from the refrigerant to the wall and through
this to the air. Heat transfer coefficients
and pressure drop are then calculated as
described in the following texts.
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Fig 3. Detailed element of parallel flow type condenser
with louver fin.

2.1 Air heat transfer and pressure
drop correlations

The air heat transfer coefficient and
pressure drop of the condenser are obtained
by using a correlation proposed by Webb et
al.*” for a similar heat exchanger geometry.

The louver fin geometry is shown in figure 3.
The fin area is divided into four regions.
These areas are Ae, Asi, Asz, and Aj, which
represent the end
regions, the plain leading and trailing
the plain middle areas, and the
internal louvered areas respectively. these
areas are defined as follows:

non-louvered and

areas,

Ae=2Fd[(Tp—‘ Tw_L1)+ (Fp'_Fm)]

.......................................... (1a)
A =4 L,S, wreem, (1b)
A= 2L, L, (N4 1) oo, (1c)
A gy = 2L,S,N gy rwereeesessmsrsessssasnnnn, (14)

Using these areas, the heat transfer

correlation is given by

32

ah,A, = h,A,+0. 7447, KL,Bx ...

0.195{ F —0.0522 .
R (22) () @

where Re;, = &;;_p_.
_L=-7,-L; _
A?’M F Frh < 1
4(T,= Ty= L)(F, = Fy)
Dh

e~ 2(T,— T,— L+ F,— Fy)
S1v05 N (02 05
B= 2(L—p) ' +(N;+N-SZ)+N52(E) :

heD he
k

= 10.81 + 12.63 A4,
—1.61A%2—-18.86.4%°

The heAe term refers to the unlouvered
end regions shown in figure 3.

The friction factor correlations for the two
Reynolds number regions are given by

FA, = f.A,+ CpA pt 6.242L L, B
Re; 759( 29)“0‘233(51‘;_)_0'628

Vo H -
400 < Re ;< 1000 (3a)
fAO :fA + CDIADE+ 0.876LngBX
Rez) 5528 )”-521(_&)‘0'”2 ..........
T H (3b)
1000 < Rep, < 4000
where A, = N,L,F,
CDg = 27Z'Sin9 80 < @
Cp = 0.8 8 < 0< 12
g 2\ aee
Cp = — 8 e 6 > 12
0.222 + D—Sin S
f, = (32.72 + 18.73A,
cD;w
— 37.04A4%° - 0.164 A, Y
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The profile drag term, CplAp;, 1s caused
by pressure drag on the finite thickness of
the louvered fins.

2.2 Refrigerant heat transfer and

pressure drop correlations

As indicated, three zones are considered:
cooling condensation and sub-cooling. This
Justifies the use of three different heat
transfer correlations in the refrigerant side,
one for each cooling zone.

In the first zone, the Nusselt number is
calculated {rom standard expression of
Dittus and Boelter'”, and the heat transfer
coefficient 1s then computed by the
expression that defines the Nusselt number.
In the second zone, the Cavallini-Zecchine”
correlation that accounts for the phase
change i1s used:

)

Nu = 0.05 Rel} Pr’?

where Reeq 1s an equivalent Reynolds
number that 1s a function of vapor Reynolds
number Rev and liquid Reynolds number
Rel and is computed as:

[y, O
Re, = Re [ " X p: )+ Re,

In the third zone, the heat transfer
coefficient is calculated in the same manner
as In the first zone but using liquid
refrigerant properties in this case.

The single phase frictional pressure drop
is calculated by applying Darcy-Weisbach'®
formula as follows:

where friction factor f depends on the
respective Reynolds number. One such

relationship is the Blasius equation:
f=10.079Re *%®

A  separated flow model has been
considered for the calculation of frictional
two-phase pressure change. It 1s based on
the model developed by Lockhart and
Martinelli® relative to their studies of
air-water flows. The concept behind the
separated flow model is to calculate the
two-phase frictional pressure drop based on
a multiplier, ¢, and the frictional pressure
gradient that would result if each phase
flowing alone in the tube. Single-phase
pressure gradients can be calculated by
using the Darcy-Weisbach formula. Either
one of the two single-phase pressure
gradients liquid or vapor phase can be used
to solve the two-phase pressure gradient.

The equation used has the form

dp _ cdby 2
dL = Car)e?

The two-phase frictional multiplier lo,
was proposed by Friedel® .

#°,= E+3.23 FHFr"" W™

2 ‘O[fvo

1 N2
where E=(1—x)"+x o f

F= x0.78 (1 __x)0.224
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In two-phase flow the momentum changes
of both the liquid and the vapor must be
taken into account. The pressure gradient
on an arbitrary control volume an be
expressed as:

dP GZ d x2

¢ =gy )

dL dL " o,a 0,(1—a)
where a is the wvoid fraction and
calculated by 7ivi*? correlation.
_ A e N R L
a=[1+( x ¢ Py )] (11)

Finally local pressure drops at entry and
exit of the condenser tubes are calculated
as follows:

where the coefficient K adopts a value 0.5
for entries and 1.0 for exits.

3. Procedure of calculation

The analysis of condenser is done using
the NTU(Number Units)
method. In this method, the heat exchanger

of Transfer

34

effectiveness is obtained from Kays and
London™.

Depending on whether the hot refrigerant
or cold air has the minimum C=mc,, the

heat exchanger effectiveness may be either

_ T?’,z'_ Tr.o
¢ Tr,z'— Ta,o

; for C ., =C, " (13a)

e = Ta,o_ Ta,z'
Tr,z'_ Ta,o

. for Cpy = C, - (13b)

For the refrigerant-to—air condenser with

finned tubes, the refrigerant 1s inside the

tubes and the air is on the outside. Both
the refrigerant and air inlet temperatures
and pressures, air velocity, and refrigerant
mass flow rate are known or can be

- calculated. The heat transfer rate of a heat

exchanger segment 1s
qd — Ecmin ( T:r, i Ta, i)

where € value can be obtained by the
NTU approach. Expression for several flow
configurations are available in Kays and
London'® . For cross flow with both streams
unmixed and refrigerant with single-phase,

e =1—exp{C;NTU"? ... (152)
[exp(— C,NTU"™)—11]}
For refrigerant with two—-phase,
e=1— exp(—NTU) ............................ (15b)

where C,= Cmin/ Crnax
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The NTU parameter is defined as UA/Cuin
and may be thought of as a heat transfer a
heat transfer sizing factor. Because the
tube length is subdivided, the heat transfer
area A of each segment can be calculated.
The overall heat transfer coefficient, U, for
a finned tube

core length

core hight

— e — |
oDt I T i S tEcT T -
ERCINCIE
!

a'

<= Refrigerant Flow Direction

Fig 4. Arrangement of segment.

condenser, assuming no fouling, is given by

where 11 is the surface efficiency.

[f state of refrigerant is single-phase, the
outlet temperatures for air and refrigerant
of a heat exchanger segment is calculated
by the heat transfer rate of that. If that is

two-phase, quality of the refrigerant is
calculated.

For calculated outlet condition of
segment, the condenser is subdivided as
figure 4 and & NTU method is applied as
figure 5 The simulation program consists of
a main program with several subroutines that
are called sequentially. The flow diagram of

the simulation program is shown in figure 6
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Fig 6. Flowchart of condenser simulation.
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and thermo-
physical properties of the tube and fin are
The inlet conditions of the working fluids,

needed as input data for the computer
program. Internal changes to this program
can be very easily made to suit a particular
application. For example, to change heat
transfer coefficient

heat exchanger geometry,

correlation only one
subroutine requires rewriting. The program is
also provided with subroutines to print and
plot the results.
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Fig 7. The comparison of the experimented and calcula-
ted refrigerant mass flow rate.
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Fig 8. The comparison of the experimented and calcula-
ted heat transfer rate.
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Fig 9. The comparison of the experimented and calcula-
ted air-side pressure drop.
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Fig 10. The comparison of the experimented and calcul-
ated refrigerant-side pressure drop.

4. Discussion

The model formulation presented above

has In a computer

been implemented
program. The operating conditions are:
input temperatures, air velocity, and design
parameters(geometrical dimensions).

The results of the model have been
compared with experimental data provided
by the condenser manufacturer. Figure 7 to
10 show the comparison of model results

with experimental data for the refrigerant
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mass flow rate, heat transfer rate, air-side

pressure  drop, and  refrigerant-side
pressure drop. The deviation between the
results of the model results and
experimental data for the refrigerant mass
flow rate and the heat transfer rate is
about 10%. For air-side pressure drop and
a refrigerant-side pressure drop, it is about
15%. The agreement between model results
and experimental data is good for the

operating conditions.
5. Conclusions

A prediction model for the performance of
automotive parallel flow condensers has
been developed. The real geometry of the
condensers has been modelled. Proper heat
transfer are used for
calculating Nusselt number or heat transfer
coefficient in air and refrigerant sides.
Expressions for the Nusselt number that
accounts for the phase change inside the
condenser have been used successfully.
Single-phase and two-phase frictional, local
pressure drops and momentum exchanges
correlations have been used properly. The
model shows a good prediction capabilities
in the rage of operating conditions covered
by test procedures.

correlations
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