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Abstract

In this paper, mini-channel type evaporator which is new in mobile air conditioning (MAC) or automotive air
conditioning (AAC) systems is thermally modeled. The performance of mini-channel evaporator is also compared with
the laminated evaporator which is being currently used in automotive industries. The mini-channel evaporator was
constructed of two rows of parallel flow mini-channel tubes with inlet and outlet headers. The numerical results of
modeling the laminated and mini-channel evaporators validated with the corresponding experimental data which was
obtained from experiments performed on mobile air conditioning system in calorimeter test bench. The comparison of
modeling results of two evaporators showed good agreement with experimental data. The performance of laminated
and mini-channel evaporators were also compared under various operating conditions. The mini-channel evaporator
had higher cooling capacity (7.2%) and higher refrigerant pressure drop (45%) in comparison with the corresponding
values in laminated evaporator assuming the same external geometry. The outlet air temperature and enthalpy of mini-
channel evaporator was also lower, 11% and 8% respectively, than that for laminated evaporator. This cause to reduce

the time period as well as power/fuel consumption for reaching the comfortable cabin temperature.

Keywords: "Mini-channel evaporator”, "Modeling", "Laminated evaporator", "Performance”

1. INTRODUCTION

Development of compact heat exchangers with high
effectiveness is one method for improving the efficiency
of vapor compression refrigeration systems and
reducing their environmental impact by lowering the
power consumption to provide specific cooling effect.
According to Kandlikar’s heat transfer tube
classification, the hydraulic diameter (Dj,) range of mini-
channel tube is between 0.2 mm and 3 mm (Kandlikar
& Grande [1]). Mini-channel heat exchangers with Dy,
less than 3 mm are widely used in modern air-
conditioning, heat pumps, and refrigeration systems for
a variety of residential, industrial and process industry
applications. One of the principal ideas behind using
mini and micro (microchannels with Dy, less than 0.2
mm) scales heat exchangers is their potential for
enhanced heat transfer coefficients. Mini-channel tube
technology is currently used in R134a automobile air
conditioning systems.

Plate type evaporators are widely used as a
conventional device in automotive industry. Many
researchers investigated the performance of this type
of evaporators. Corberan & Melon [2] and Horuz et al.

[3] developed the thermal modeling of plate type
evaporator to predict the performance of this type of
evaporator. Lee & Yoo [4] modeled the automobile air
conditioning system using plate type evaporator. They
developed a mathematical model to study the effects
of various operating parameters on the performance of
the plate type evaporator. Wellsandt & Vamling [5]
investigated experimentally and theoretically this type
of evaporators. Their modeling results had a good
accuracy in comparison with the experimental tests.

The mini-channel heat exchangers are more compact
and have higher heat transfer rate in comparison to the
conventional compact heat exchangers such as plate
type heat exchangers for the same external geometry.
Since mini-channel heat exchangers have much less
internal volume than the conventional compact heat
exchangers, the system using mini channel evaporators
requires less refrigerant charge.

The Modeling of the mini-channel heat exchangers
is investigated by several researchers. Yin et al. [6]
developed a CO, mini-channel gas cooler model. In
their model, each pass was separated into 10 equal-
length element. The model predicted the gas cooler
capacity with a good accuracy. Asinari et al. [7]
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developed a mini-channel gas cooler model based on
predicting the hot and cold sides flow convection heat
transfer coefficients. They reported that the accuracy
of modeling results of evaporator cooling capacity
prediction could be improved if thermal conduction
inside metal was included in the gas cooler model.
Shao et al. [8] developed a numerical model for
serpentine mini-channel condenser. The results of
their modeling showed a good match with
experimental results.
The number of literature on thermal modeling of
mini-channel evaporators is not too many. Kim &
Bullard [9] developed a model for CO, microchannel
evaporator. The model was based on using the finite
volume analysis of air-side heat and mass transfer
processes. They neglected the tube wall thermal
resistance in the proposed model. Qi et al. [10]
experimentally studied the mini-channel evaporators
in a refrigeration system test bench and compared the
results of two mini-channel and conventional
laminated evaporators (compact heat exchangers with
hydraulic diameter bigger than 3 mm) in mobile air
conditioning system.
In this paper, the thermal modeling of mini-channel
and laminated evaporators for applications in
automotive industry were performed. The modeling
results validated by the results of empirical tests for
both mentioned kinds of evaporators. The advantages
of mini-channel evaporator in comparison with
laminated evaporator are discussed.
The contributions of this paper with the subject are:
. Proposing a new form of modeling mini-
channel evaporators applying overall heat
transfer coefficient and e-NTU method for both
wet and dry air conditions.

. Improving the modeling results with the
experimental tests performed in the hot test
room at various operating conditions.

2. THERMAL MODELING OF AUTOMOTIVE
EVAPORATOR

The laminated evaporators are widely used in
mobile air conditioning system (MAC). The laminated
type plate-fin evaporators are constructed as a
sandwich of U-type plates and internal fins to enhance
refrigerant side heat transfer with louver fins in
between the plates. The refrigerant and air are carried
between alternate pairs of plates in cross flow. Figure

1 shows this type of evaporators.

The new design of evaporators namely mini-
channel was used by automotive industries. Figure 2
shows the schematic diagram of mini-channel
evaporator which is composed of louver fins and mini-
channel flat tubes. There are two rows of parallel flow
mini-channel tubes with inlet and outlet headers in this
design. The refrigerant flowing to the flat tube is
divided to mini-channel tubes (Figure 2(b)) in order to
enhance refrigerant heat transfer coefficient.

The main shortcoming of laminated evaporator is
its complicated manufacturing process and huge
tooling fees [11]. The tooling machine for the plate
and internal fins (refrigeration side) should be
specially designed. Therefore the dimensions (such as
length, width, height and thickness) of the plate as
well as the internal fin geometry and specifications
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Fig. 1. Typical structure of laminated type evaporator
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Fig. 2. The schematic view of a parallel flow evaporator. (a) Front view of parallel flow evaporator. (b) mini-channel cross
sections

change from one evaporator to another. This is while
that the length of evaporator and mini-channel tubes in
mini-channel evaporators could be changed easily by
their adjusting as well as their cutting.

e-NTU method was used for thermal analysis of
ACC evaporator in this paper. Two wet and dry cases
of air flow through the evaporator were investigated.
When the refrigerant temperature was below the air
dew point temperature, the process was named "wet
condition" for which, air water vapor condensation
occurs. Special concerns such as using air enthalpy
instead of air temperature and latent heat in heat
exchanger analysis should be taken care of when -
NTU relations are used in wet condition. In "dry
condition", the refrigerant temperature is above the
dew point temperature.

It was assumed that the distribution of refrigerant in
the mini-channels of flat tubes is uniform.

In order to exert the e-NTU relations, flat tubes in
each pass were divided into number of elements equal
to the number of air fins each was named the kt
element.

3.&-NTU METHOD UNDER DRY CONDITION [12]

The heat transfer rate from the kth element under
dry condition is:

(Q=¢Cy(Tr ~Top), (1)

For single-phase regions (superheat), & the

effectiveness may be explained as:

_1_ 1 022 o 078
g=1 exp{(c*)(NTU) {exp( C*(NTU) 1}} @

For two-phase regions (saturation condition
including evaporation), € is:

e=1-exp(-NTU) 3)

where the number of transfer units and their
corresponding parameters are:

NTU = [U—gl @)
-z 5)
C, =thyey, ©)
Ca=PaVaCpa (7)

The overall heat transfer coefficient (UA) was
obtained from:

1 1 1
Ua Aa ¢ ha Aa Ar hr ( )

where the fin efficiency (M ) was:
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Nr =
(Fh j oh, (|t ©)
——tr 1+

4. £NTU METHOD UNDER WET CONDITION
[13]

The heat transfer rate from the kth element under
wet condition is:

[Q=2Qimax |, (10)

w

[Qmax =1y (ig,j _is,r,i)Jk’W (11)

Where k and w denotes for the kth element and wet
condition respectively.

For single-phase (superheat) and two phase
(saturation-evaporation) regions, the estimation of
effectiveness in wet condition had the same relations
as equations 2 and 3 respectively.

Therefore the number of transfer units and their
corresponding parameters under wet condition are:

NTU:( aA.a)W (12)
min

¢ (13)

Cinin =Min(Cy,C3) (14)

Cinax =Max(C,,Cz) (15)

C =, (16)

Cy =1, (17)

Where the wet overall heat transfer coefficient

(U,A,),, Was obtained from:

1 J by Cpr
( = + (18)
L T L

a

where the fin efficiency (My,,) under wet condition is:

2h
tanh [ Fi -tp ) AWy e

New= (19)
w (Fh " j 2ha,w l+t—f
2 T kety U Fy
1
A —
W ( 1 ky ) (20)
bW ha YW

where y, /k,, is the thermal resistance (0.1 m2.KW-!
in this paper) of water droplets generated on the
evaporator air side fins [9].

5. AIR SIDE HEAT TRANSFER AND PRESSURE
DROP COEFFICIENTS

The air side convection heat transfer coefficient (h, )
for the flow over the louver fins was computed from [14]:

0.26712 ZRe k, Pr} Rej%y! >
hy= =
h,a

5

20

where the Z is defined as:

0.0257 -1.9045 1.7159
90 L, L,
-0.5177 0.2127 -0.05
Lp Lp Lp

In order to calculate the air side pressure drop, the
f factor for flow over the louver fins was computed
from [14]:

L0 [ 0.5458
£=0.54486 Re 53068 (i) —h
90 L,

L -0.2003 F -0.9925 P 0.0688
LP Lp LP
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Fig. 3. The schematic view and geometrical parameters of louver fins

Then the pressure drop was estimated from:

2
E, Vv
p, — (24)
h,a 2

AP =f

The parameters used in equations. (21), (22), (23)
and are illustrated in Figure 3.

6. REFRIGERANT SIDE HEAT TRANSFER
COEFFICIENT

6. 1. Single Phase Flow

For the laminated evaporator, heat transfer in the
refrigerant plates is enhanced by fins. The geometry of
fins resembles elongated dimples (Figure 1(c)). For this
type of plates, the refrigerant heat transfer coefficient at
single phase region is obtained from [15].

1
h, = 0.02106£Re%62 Pr3 (25)
Dy, h

The D, for plate evaporators as shown in Figure
1(a) is defined as [16]:

Dh _ 4thfo (26)
2(Sfo + hfo + tfhf ) + thf

For mini-channel tube, the refrigerant side
convection heat transfer coefficient is [17]:

08503 K
h, = 0.023Rey Prf 27)
h

6. 2. Two Phase Flow

For laminated plates, the two phase heat transfer
coefficient was based on correlations proposed in [18].
The two phase heat transfer coefficient is the larger of
either the nucleate boiling or convective boiling heat
transfer coefficient. These heat transfer coefficient are
determined as follows.

hnp=0.6633C0™2 (1-x)%8 hy, Ecp+

Ecp+1058BO%7 (10" Fyhj Exg  (28)

hep=1.136CO™%? (1-x)%¥ hy, Ecp+
66.7B0%7 (1-x)°® Fy hy, Exp (29)

Ey is a fluid dependent parameter that is equal to
1.63 for R134a. The definition of convection number,
Co, and boiling number are as follows:

0.5 1x \08
CO= [P_v] (_XJ (30)
Py X
Qi /Ar
BO=—L""1
Gy (31)

Kandlikar determined that augmentation factor for
convective boiling, E-5 and nucleate boiling, Eyg, is
1.2 and 0.77 respectively.

For mini channel tubes, the two phase heat transfer
coefficient is [19]:
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h, =770(BoRep, (1-X)Neong )0‘62 (Zﬂ[;;] (32)

where:

0.5
1 c
Nepotf o (33)
cont Dh[g(pl—pv)]

7. REFRIGERANT PRESSURE DROP
7. 1. Laminated Plate Type

Due to the complicated plate-fin geometry and no
published documentation for frictional pressure drop
for this type of geometry, the pressure drop of
laminated plate fin type of evaporator was measured
experimentally.

The refrigerant pressure drop in evaporator versus
vapor Reynolds number (Re, in Eq. 31) is plotted in
Figure 4:

— thrDh

Re
g “gA

(34
where x is the inlet refrigerant quality and D, is the
hydraulic diameter. It is quite noteworthy that the
pressure drop under various operating conditions can
be expressed in terms of only one parameter, the
Reynolds number:
AP = AReg (35)
A and B were obtained experimentally.

7. 2. Mini-Channel Tube

The pressure drop relations for the refrigerant side

in the parallel multi-channel flat tube evaporator in
single and two-phase regions are:
For single-phase region [20]:

2
aP=2f = BLged, (36)
Dh P1
where L is the fin length along the refrigerant flow.
GD
Repy, =— (37)
u
f, the friction coefficient for single-phase region was:

f=0.079Re) > (38)
h

The pressure drop for two-phase (boiling) region
was [21]:

AP = AP, 02, (39)

where APy, is the pressure drop for treating the total
two phase mixture as liquid alone.

_2f,,G’L

APy, = 40
°  pDy (40)

where fj, is the friction factor for treating the total
two phase mixture as liquid alone [22].

-2
fi, =(0.79Re},—1.64) 1)

The two phase multiplier, , is expressed as [21]:
0 :1+(4.3F2 *1)[Nconf’<_0'875 (17X)0.875 . X1.75} (42)

where:

250
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o
=}
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Fig. 4. Variation of pressure drop with the Reynolds number in the laminated evaporator
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8. THE EXPERIMENTAL SET UP

A group of tests were conducted and the measured
data were obtained to validate the evaporator thermal
modeling. Two types of evaporators, laminated and
mini-channel, with the specific dimensions and
geometries were tested in the experimental set-up and
their operating parameters were measured under
various designed conditions.

The test set-up of AAC system included: an
evaporator, condenser, compressor, expansion valve.
As is shown in Figure 5, the test set-up included three
circuits: refrigerant, the air flowing through the
condenser, and the air flowing through the evaporator.
The required air to flow through the condenser was
provided by a turbofan. The velocity of the air flow
through the condenser was controlled by the nozzles,
and the condenser inlet air temperature was controlled
by a heater installed at the condenser down stream.
The refrigerant mass flow rate was controlled by a
thermal expansion valve. The compressor clutch only
turns the compressor on and off. The refrigerant used
in the empirical test set-up was R-134a.

For the evaporator in the test room, the sensible
thermal load was provided by a heater, and the non-

sensible thermal load was provided by a humidifier
installed at the evaporator down stream. The refrigerant
temperature, pressure, and mass flow rate were
measured at locations shown in Figure 5. The
refrigerant mass flow rate was measured by a Coriolis
meter located at liquid refrigerant region. The
thermometers were T type thermocouple, and
barometers were pressure transducers. The compressor
rotational speed and torque were measured by a
tachometer and torque meter respectively. The accuracy
of measuring devices is listed in Table 1.

To perform the tests, the evaporator input
parameters were applied in the system settings and the
evaporator output (operating) parameters were
adjusted after reaching the steady state condition.

Table 1. The accuracy of measuring devices

ITEM ERIIISION
Refrigerant mass Flow Rate 0- 400 kg/h 1 kg/h
Air volume flow rate 200-700 m’/h 0.5 m’/h
Rotational Speed 0- 5000 RPM +40 RPM
Torque 0- 50 N.m +0.1 N.m
Thermocouple 0- 100°C +0.4°C
Pressure Transducer 80- 3500 kPa +10 kPa

o
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Fig. 5. A schematic view of evaporator test set-up
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The evaporator steady state condition reached
when the heat transfer rate of refrigerant and air sides
were matched with the difference percent points of
less than 5%.

The refrigerant and air side heat transfer rates were
computed from the following equations:

Qr =, (hr,o - hr,i ) (44)

Qu =puyA(hy; —hy ) (45)

75
The reported heat transfer rate is:
5 _Q+Q
Qep=—"5— (46)

9. DISCUSSION AND RESULTS
9. 1. Algorithms for Thermal Modeling

Based on relations mentioned in section (2), the
flow chart of modeling procedure was developed as is
shown in Figure 6. The input parameters into the
evaporator model could be divided into two main

Inputs

number of rows
Thermodynamic parameters:

TuiTuas Vaies heicxews Prixews my 5 ATy

sh,output

Geometric parameters: mini-channel dimension, tube dimension, fin
dimension, length, width and height of evaporator, number of passes,

Divide each plate to N elements on the basis of air fin pitch

A

Update Py;

A

Npass=1
=1
-
Calculate AP;
Calculate Q; from effectiveness-NTU method
4 P oj=Prij—AP;
Q;
hyoi=h;; -
,0,]) T.L) .
ml‘
NO
i=N
YES
hy;=h,,
Ta,l = lao

Npass=Npass+1

YES

NO _KNi..=numbe
of passes

NO
Al =AMl gy
YES
Output
ha,o’ Pr,nsTa,o’ mr
Qtot = ZQNpass

'

Fig. 6. Flowchart for the modeling of evaporator
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groups:

I. Geometric parameters such as length, width and
high of evaporator, air fin dimensions, flat tube
dimensions, mini-channel dimension, number
of tubes (plates) in each pass of evaporator and
number of passes.

2. Thermodynamic parameters such as evaporator
inlet air dry and wet bulb temperatures (T,;,
Tyai)» air volume flow rate flowing through
evaporator (V,), expansion valve inlet
refrigerant pressure (P,;rxy), and enthalpy
(h;; txv), refrigerant mass flow rate (™), and
degree of superheat of refrigerant flowing out
the evaporator (AT, output )-

In real situation the AAC system has a dynamic
operational mode. Therefore the expansion valve
adjusts the mass flow rate of refrigerant into
evaporator ( m, ) such that to keep the constant degree
of superheat at the evaporator outlet. By knowing
pressure and enthalpy flowing in to expansion valve,
the refrigerant enthalpy at the evaporator inlet was
known. This was while the process of flowing
refrigerant through the expansion value was
considered to be isenthalpic. To estimate the heat
transfer rate and pressure drop, each pass of
evaporator was divided in to many number of
elements (j) equal to the number of air-fins. Then heat
transfer rate and pressure drop were estimated in each
element from &-NTU method and the exit refrigerant
enthalpy and the exit air temperature in each element
were obtained.  During these computations the
locations of one-phase (compressed liquid and
superheat) as well as two-phase (saturated) regions of
refrigerant were detected.

The evaporator heat transfer rate in each pass was
the sum of heat transfer rate in each element and the
total heat transfer rate in one pass was the sum of heat
transfer rates of all elements in each pass. The dry bulb
temperature and enthalpy of air at the exit of each pass
was computed by using mass and energy balance
equations for the air flow.

With computing the heat transfer rate for all
elements of passes in evaporator, the refrigerant
pressure and enthalpy were obtained at the evaporator
exit with the known adjusted superheat degrees. The
modeling procedure starts with guessing the
evaporator inlet refrigerant pressure and finds the final
value of this parameter by try and error procedure to

satisfy the adjusted evaporator exit superheating
degrees. At this point, the output operating parameters
such as evaporator outlet refrigerant pressure (P, ,) and
temperature (T,,), evaporator outlet air temperature
(T,,) and enthalpy (ha,0) as well as the total heat
transfer rate (Q) and pressure drop (AP) were
estimated and saved as the final results. Otherwise
with the new inlet refrigerant pressure in evaporator,
the mentioned procedure was repeated.

10. UNCERTAINTY ANALYSIS

The experimental uncertainty analysis was carried
out based on concepts and relations given in [23].
Errors from the measured primary parameters
propagate into the secondary variables depending on
their relationships. If A is a secondary parameter,
which depends on other primary measured parameters
such as Al, A2, and A3, then the errors from the
measured primary parameters propagate into the
secondary parameter A according to the relationship
between A and Al, A2, and A3. The absolute
uncertainty of A (UA) is then calculated using root
sum square (RSS) method as expressed by equation
47.

2 2
0A 0A
UA =\/[6A1UA1J +[8A2UA2] +.n. (47)

The partial derivatives a/%A1 ’ 6%A2 ’ 6%A3
of the secondary or dependent parameters are derived

from their relationship with the primary or
independent parameters.

The individual uncertainties of the independent
parameters Uy, Uy,, Uys are estimated from the bias
and precision of both the experimental and instrument
(Table 1) errors. The relative uncertainty is generally
obtained by dividing the absolute uncertainty by the
mean value as shown in equation 48.

2 2
0A O0A
—U ——Up_ | +ul
UA_\/[aAl Al] +[5A2 AZJ " (48)

A f(ALA,....)

The estimated relative uncertainties for the
refrigerant pressure drop of laminated type evaporator
obtained from experimental results (equation 34), heat
transfer rate and enthalpy of air in the current study are
tabulated in Table 2.
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Table 2. Relative uncertainty of key parameters

parameter Uncertainty Parameter Range
Pressure drop (AP) 6.1% T (©) 2050
Heat transfer rate (Q) 4.3%
Tyai(C) 14-40
Enthalpy of air (i,) 2.2%
\'/a (m*/h) 300-500
P.: (kPa) 270-600
11. MODEL VERIFICATION ATgpro (©) 510

To validate the presented model, two types of
evaporators with the characteristics presented in Table
3 were designed, manufactured and tested. The
modeling results were compared with the
experimental results wunder various operating
conditions (Table 4).

The results of modeling and estimating the heat
transfer rate for two types of evaporators were valid

Table 3. Experimental test operating conditions

within 10% range with of experimental data (Figure
7). The maximum difference between the modeling
results for pressure drop and the experimental values
of measured pressure drop was 12% (Figure 8). Figure
9 shows that the results for refrigerant mass flow rate
obtained from the evaporator modeling agreed within

Table 4. The detail geometry of mini-channel and the laminated evaporators

Evaporator Type Laminated Mini-channel
Core volume (m°) 0.003 0.002
Face area (m?) 0.0405 0.0408

Tube/Plate size

41 mm % 3.3 mm

19 mm x 1.7 mm- 14 holes

Fin Height (mm) 7.9 5.8
Fin pitch (mm) 2.1 2.6
Louver height (mm) 6.3 4.5
Louver pitch (mm) 1.3 1.3
Louver angle (°) 30 30
Weight (kg) 24 1.92
e mini-channel evaporator 4 laminated evaporator
10000
8000 Lt
0, S
gm 6000 o /‘.
£ e
3 [)
g 4000 1 -10%
<]
2000
0 " T " T
0 2000 4000 6000 8000 10000
Qexpen‘mental (W)

Fig. 7. Comparison of modeling and experimental evaporator heat transfer rates for

evaporators

mini-channel and laminated
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Fig. 8. Comparison of modeling and experimental evaporator refrigerant side pressure drop for mini- channel and laminated

evaporators
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Fig. 9. Comparison of modeling and experimental refrigerant mass flow rate passing through the mini-channel and
laminated evaporators
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x
-
3 280 A
2
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Ta,u,experimentaI(K)

Fig. 10. Comparison of modeling and experimental evaporator outlet air temperature for mini-channel and laminated

evaporators
8% range of experimental data. Figures 10 and 11 enthalpy at the evaporator outlet respectively.
show the comparison of computed modeling results Evaporator exit air temperature and enthalpy are
with experimental values for the air temperature and important parameters for predicting the inside cabin
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air temperature. Figures 10 and 11 show that the
model predictions are in good agreement with
experiment values in the range of 2% and 6% for
outlet evaporator air temperature and enthalpy
respectively.

These results show that the numerical values of
operating parameters obtained from the model under
various condenser operating conditions are reliable
with a reasonable accuracy.

Mini-channel  evaporator  performance  in
comparison with laminated evaporator performance

Figure 12 shows the evaporator heat transfer rate

of the laminated evaporator with lower weight (80%).

Based on modeling results (equations 1 and 11),
with increasing the air volume flow rate passing
through evaporator, the heat transfer rate was
increased. Results show that the average heat transfer
rate of mini-channel evaporator was about 7.2 %
higher than the corresponding value of laminated
evaporator for all air volume flow rates. Figure 13
compares the results of estimating the refrigerant side

Table 5. The input parameters for comparison of the
performance of laminated and mini-channel evaporators

versus air volume flow rate for laminated and mini- Parameter value
channel evaporators with the same input operating Prirxv (kPa) 2000
conditions. The input parameters of this comparison T (©) 30
a,i
are listed in Table 5. The frontal surface areas of two .0 5
evaporators are almost the same while the core -
. . ATspo 5
volume of the mini-channel evaporator was two-third
@ mini-channel evaporator + laminated evaporator
120

T 100 -

g

o 80 1

<

£ 60 -

2

3 40 -

£

£ 20 1

T 0 ; ‘ . ; ;

0 20 40 60 80 100 120
i2,0ut,experimental {(Ki’kg dry air)

Fig. 11. Comparison of modeling and experimental evaporator outlet air enthalpy for mini-channel and laminated
evaporators
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Fig. 12. Variation of evaporator heat transfer rate with the air volume flow (modeling results) for mini-channel and
laminated evaporators
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Fig. 13. Variation of refrigerant side pressure drop with refrigerant mass flow rate(modeling results) for mini-channel and
laminated evaporators
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Fig. 14. Variation of evaporator air outlet dry bulb air temperature with air volume flow rate (modeling results) for mini-
channel and laminated evaporators

pressure drop for two types of evaporators. The mini-
channel evaporator showed an average 45% higher
pressure drop than that of laminated evaporator for all
refrigerant mass flow rates (this increases the
compressor power consumption while cycle
COP=cooling capacity/compressor power increases).
The outlet air temperature and enthalpy are
important parameters for predicting the inside cabin
air temperature. Figures 14 and 15 show the
evaporator outlet air temperature and enthalpy of
mini-channel and laminated types for various values
of air volume flow rates respectively. As shown in
Figures 14 and 15, the outlet air temperature and
enthalpy for mini-channel evaporator are 11% and 8%
(on average) lower than that for the laminated
evaporator for various values of air volume flow rate
respectively. Therefore the mini-channel evaporator
reduces the inside cabin air temperature to a

comfortable degree faster than the laminated
evaporator. Furthermore, the temperature sensor of
on/off compressor clutching is located at the
evaporator outlet air flow, hence, with faster reduction
of evaporator outlet air temperature to an adjusting
level, the compressor power consumption and engine
fuel consumption reduce when the mini-channel
evaporator in AAC are used.

12. CONCLUSION

A new type of mini-channel evaporator was
thermally modeled. The performance of this mini-
channel evaporator was compared with the laminated
evaporator which is currently used in mobile air
conditioning systems. The performance characteristics
of mini-channel and laminated evaporators were
validated with experimental results. The modeling
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Fig. 15. Variation of evaporator air outlet enthalpy with air volume flow rate(modeling results) for mini-channel and
laminated evaporators

results showed that the mini-channel heat transfer rate
was higher than that of the laminated evaporator in all
operating conditions. Furthermore the air exit
temperature for mini-channel evaporator was lower
than that for laminated one which causes to reduce the
inside cabin air temperature to a comfortable degree
faster when the first evaporator type were used. This
provides shorter operating time and lower power
consumption of compressor when mini-channel
evaporator was used as well as lowers vehicle fuel
consumption. The mini-channel evaporators have
further advantages of 33% more compactness and
20% lighter weight than that of laminated evaporator.
Thermal modeling of evaporator helps designers to
compare the performance of mini-channel evaporator
with the other types of evaporators and investigate the
effects of wvariation of design and geometrical
parameters in providing the required cooling load.
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P pressure (kPa)
P, Prandtl number
Q heat transfer rate (W)
Re  Reynolds number
Sg spacing between adjacent fins (mm)
T temperature (°C)
te fin thickness (mm)
U overall heat transfer coefficient (Wm-2K-2)
l{TA relative uncertainty (%)
u velocity (m s1)
vV volume flow rate (m3 s-1)
X refrigerant quality
yw  condensetion film thickness (mm)
Greek Abbreviations
AP pressure drop (kPa)
€ effectiveness
n dynamic viscosity (Pa s)
surface tension (N m-1)
P density (kg m-3)
Ny fin efficiency
¢ two phase multiplier
Subscripts
a air
CB convective boiling
exp experimental
f fin
fg  saturation region
g gas
h hydraulic
i inlet; inner
1 liquid
lo liquid only
NB nucleate boiling
0 outlet
refrigerant
s saturation
TXV Thermostatic expansion valve
v vapour
W wet or water
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