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ABSTRACT: An experimental investigation was made to study two-phase flow distribution
in a T-type distributor of slit fin-and-tube heat exchanger using R-22. Experiments were
carried out under the conditions of saturation temperature of 5C and mass flow rate varying
from 0.6 to 12kg/min. The inlet air has dry bulb temperature of 27T, relative humidity of
50% and air velocity varying from 0.63 to 171 m/s. A comparison was made between the
predictions from the previously proposed tube-by-tube method and the present experimental
data for the heat transfer rate of evaporator. Results show that 82.5% increase of air velocity
is needed for T-type distributor with four outlet branches than that of two outlet branches
under the superheat of 5C, which resulted in increasing of air-side pressure drop of 130% for
the former as compared to the latter.

Nomenclature cal : calculation

R 8o v =
%’\}m 3

e . evaporator
C,  specific heat at constant pressure exp : experiment
[k}/(kg K] fg : latent heat capacity
© enthalpy [k]/kg] { ¢ inlet
: mass flow rate [kg/s] / : latent
: pressure [Pa] o ! outlet
© heat transfer rate [kW] p ¢ auxiliary heat exchanger
. relative humidity [%] r @ refrigerant
: temperature [C] S . sensitive heat
: absolute humidity [kg/kgail sat - saturate
: quality sup : super heat
p ' two phase
Subscripts v vapor
w . water

D air

1. Introduction
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air-conditioning appliances adopt multi-refrig-
erant circuits to reduce the refrigerant pressure
drop. Especially when EEV (Electronic Expan-
sion Valve) whose throttle angle is varied ac-
cording to the number of electronic pulse is
used, the refrigerant enters into each circuit in
two-phase (x=0.1 or 0.2) through a distributor.
Since distributor configuration, establishment lo-
cation, air velocity, and temperature profile in-
fluence a degree of superheat on the evapo-
rator outlet side and a temperature glide of a
fin by conduction, uniform distribution of a re-
frigerant flow rate is very important for a per-
formance of heat exchangers.(m) If the distri-
bution of refrigerant flow rate in each circuit
in a multi-circuit evaporator is not equal, the
refrigerant at the outlet side of the outdoor coil
will go through both single phase and two-
phase, inducing an nonuniform profile of air
temperature. Consequently, the evaporator with
multi-circuit is less efficient because of the
widening of superheated vapor region. There-
fore if the evaporator with multi-circuit is
used, superheated vapor region must reduce as
much as possible and uniform distribution of
the refrigerant is required at the distributor so
that superheated vapor region is evenly distri-
buted.

Kim® and Park et al“ conducted experi-
mental studies on the distribution of mass flow
rate and refrigerant pressure drop in a multi-

3)

circuit heat exchanger using R-11 and R-22.
Recently, Tae and Cho" presented fundamental
data for design of a multi-circuit heat ex-
changer. They investigated the two-phase flow
characteristics of refrigefant R-22 in T-type
distributor with a horizontal and vertical inlet
tube. Domanski® developed a program, EVSIM,
which incorporates some of the most relevant
features of existent models including quasi-
local heat transfer analysis of heat exchangers.
Youn et al.® suggested a model for analyzing
cross-flow finned-tube heat exchanger which
predicted heat transfer rate of heat exchangers

with various circuit configurations within +4%.
Lee et al” developed program that calculates
all information related to heat and mass trans-
fer at any local point of heat exchanger to im-
prove the efficiency of zeotropic mixture refrig-
erant evaporators. The program showed similar
trends with experimental results and the devi-
ation between the simulations and test data
was a maximum of 54%. Beyond these, many
analytical attempts have been made for conve-
nient design of a finned-tube heat exchanger
increasing the confidence of prediction. For most
analytical methods for multi-circuit heat ex-
changers, mass flow rate of refrigerant flowed
in each circuit is assumed uniform just by

" dividing the total mass flow rate by the num-

ber of circuit. However, each mass flow rate
of refrigerant at multi-circuit is nonuniform in
practice which cast a doubt on the confidence
of simulation result. Pressure drop in each cir-
cuit is different, because effects of gravity and
friction operating in each circuit are different.
Pressure difference induces non-uniform mass
flow rate of refrigerant.

In this study, it is examined experimently
that the effects of maldistribution of refrigerant
have on the performance of a multi-circuit
finned-tube evaporator. The results are com-
pared with simulation result from the tube-
by-tube analysis by Domanski.” The tube-by-
tube method analyzes heat exchanger by com-
bining results of single tube analysis based on
counter flow, mixed refrigerant flow and un-
mixed air flow for each tube enabling the pre-
diction of performance for the circuit and com-
bining junction.

Experiment is carried out on a heat ex-
changer with a T-type distributor with R-22
as a working fluid. The number of the circuit
adopted is 2, 3 and 4. Air and refrigerant tem-
perature profile, and the degree of superheat of
refrigerant at the evaporator outlet are mea-
sured by varying the mass flow rate of refrig-
erant and the number of circuits.
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2. Experiment
2.1 Experimental apparatus

The schematic diagram of the experimental
apparatus is shown in Fig. 1. The system mainly
consists of an air loop, a refrigerant loop, and
a test heat exchanger. The air loop is a close-
circuit wind tunnel. Its airflow is driven by a
3.7kW axial fan to be controlled with an in-
verter. To avoid or minimize the effect of non-
uniform flow distribution, a honeycomb and 4
screens are provided. The temperature and hu-
midity of the air-stream are controlled in a
flow conditioning chamber. The magnetic gear
pump instead of a compressor circulates the
refrigerant to eliminate the effect of the re-
frigeration oil. The magnetic gear pump is
driven by a variable speed DC motor. The re-
frigerant used in this test, R-22, must achieve
the subcooled liquid state before entering the
magnetic gear pump. A brazed plate heat ex-
changer is used as an additional cooler to pre-
vent incomplete condensation of the refrigerant
before passing through a test heat exchanger.
Both the pressure and the temperature regu-
lating tank constantly maintain the pressure
and temperature of the refrigerant which enters
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into the heat exchanger. The degree of super-
heat of the refrigerant is controlled by the
counter flow type double-pipe heat exchanger
using water as heat transfer medium. Refrig-
erant temperature is measured by T-type ther-
mocouples at the test heat exchanger inlet and
outlet. Pressures are measured by the pressure
transducers with an accuracy of *2% placed
near thermocouples. The mass flow meter is
installed in liquid line to measure the refrig-
erant mass flow rate. Its accuracy is *1%.
The test heat exchanger is the cross count-
er-flow type with 3 row circular copper tubes
and aluminum slit fins. Its overall dimensions
are 400X 400 X 80 mm (width X hight X depth). The
finned-tube heat exchanger is installed such
that tube is horizontal and fins is vertical. The
outside diameter of the tube is 9.52 mm. Also a
micro-fin is machined inside the tube. The cir-
cuit arrangement of a test heat exchanger is
lower portion type in which the location of the
refrigerant inlet position is lower and the loca-
tion of the refrigerant outlet position is upper.
Refrigeration and air flow directions and the
configurations of distributor for each circuit is
shown Figs.2 and 3. As shown in Fig.3, the
angles of branch tube at each circuit are 180°
(2-circuit), 120° (3-circuit), 90° (4-circuit), re-
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Fig. 1 Schematic diagram of experimental apparatus for evaporator test system.
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(a) Distributor for 2-circuit  (b) Distributor for 3-circuit (c) Distributor for 4-circuit
Fig. 3 Schematic drawing of refrigerant distributor configurations (all dimensions in mm).
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Fig. 4 Schematic drawing of combining junctions and slit fin-and-tube heat exchanger configura-

tions (all dimensions in mm).
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spectively. To measure the pressure and tem-

perature of refrigerant in the evaporator exit,

T-type thermocouples and pressure transducers

are installed at each circuit exit and combining

junction as shown in Fig. 4.

2.2 Experimental conditions and method

Refrigerant flow rate distribution for each cir-
cuit isn’t uniform due to the effects of friction

and gravity. This study analyzes effects of re-
frigerant maldistribution by exit air tempera-

ture of each circuit instead of mass flow rate

of refrigerant. Table 1 shows experimental con-

ditions and Table 2 specifies measuring devices,

respectively. Air velocity and pressure drop are

measured to estimate the required values in

maintaining the degree of superheat of 5C at

combining junction of circuit at the evaporator

exit, while keeping the mass flow rate of re-

Table 1 Experimental conditions

Dry bulb temperature of air at the evaporator inlet 27°C
Air-side Standard relative humidity at the evaporator inlet 50%
Face velocity at the evaporator inlet 0.63~1.71 m/s
Refrigerant R22
Quality at the evaporator inlet 0.1
Refrigerant-side Refrigerant mass flow rate 0.6, 0.8, 1.0, 1.2 kg/min
Evaporation temperature 5T
Degree of superheat 5C
Table 2 Specification of measuring device
Manufacturer Model Range (F u%rrsoc;l e)
T-type thermocouple Omega FF-T-30 —-60~200TC +01C
Micro manometer Furness controls Inc. FCO12 0~19.99 mmHz0 | £1%/1.95 Pa
Mass flow meter Oval D0255-55-200 0~ 10 kg/min +0.2%
Volume flow meter Kytora Gear meter 2950 | 0.04~4.0 L/min +1%
Pressure transmitter Setra C230 0~3447 kPa 10.25%
Thermocouple reference unit ISOTECH 1310 0cC +0.01%
Humidity transmitter Sam won Eng. d; :10mm 0~100% +3%
L : 250 mm

(a) Test section
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frigerant constant. As shown in Fig.5, the air
temperature at the exit of the test section is
measured with nine T-type thermocouples which
are installed 10 mm behind the evaporator, each
located at the center of equally divided nine
flow area of whole flow cross section. The
airside pressure drop which occurs at the main
test section is measured with 24 static pres-
sure taps, each half of them is placed on the
front and rear acryl wall of the evaporator, re-
spectively. Refrigerant temperatures at each cir-
cuit and combining junction are measured by a
T-type thermocouple inserted in the tube. The
measurement starts when the air and the re-
frigerant inlet state come to be within 3T of
temperature and +2% of pressure. Data from
each sensor are recorded at 3 seconds intervals
for 5~10 minutes by the data acquisition equip—
ment. Moist air properties are calculated based
on ASHRAE Fundamentals Harldbook,(S) and
the properties of R-22 are based on REFPROP
Ver 6.01.°

3. Simulation

The simulation was performed based on the
tube-by-tube analysis suggested by Domanski,
using a complete set of correlations for the

heat transfer and pressure drop in the evapo-
rator (Table 3). The tube-by-tube analysis re-
peatedly calculates data of each tube to find
exit state from inlet state of finned-tube heat
exchanger, and inlet air temperature of second
row is obtained from the arithmetic mean tem-
perature of adjacent two tube of the front row.
The prediction is made for the performance of
the finned-tube heat exchanger (evaporator) by
evaluating individual tube in this way. The
program used for the simulation consists of
three subprograms. The first program calcu-
lates the property of air and refrigerant ac-
cording to terﬁperature and pressure of each
tube. The second program calculates the heat
transfer coefficient and pressure drop from re-
sults of the first program. The final third pro-
gram calculates degree of the superheat and
saturated pressure of refrigerant in the com-
bining junction of evaporator exit.

The evaporator simulation program using the
tube-by-tube analysis should insert the shape
function of a heat exchanger, degree of super—
heat, and operation conditions, together with
the assumptions for the saturated temperature
and mass flow rate of R-22. The degree of
superheat and saturated pressure obtained from
the simulation program are compared with the

Table 3 Correlations used for the simulation of evaporator

Items

Applying zone

Correlations Remark

Two-phase
Single-phase

Refrigerant-side
heat transfer coefficient

(1o Smooth tube

Micro-fin tube

Gungor and Winterton
Wang et al ™

Heat transfer enhancement factor

Schlager et al1?

Two phase

Haraguchi et al®

Straight tube . s Micro-fin tube
Refrigerant-side Single phase Carnavos
pressure drop Two phase Geary™
Bend tube . P al:ﬂ;) Smooth tube
Single phase Ito
Penalty factor for micro—fin tube Schlager et al”
Air-side heat transfer coefficient Wang et al.’® Slit fin
Fin efficiency McQuiston and Parker™®
Contact conductance Natio®

Air property
Refrigerant property

ASHRAE handbook®
REFPROP 6.01®
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previous pressure condition. If the difference is
within 107°, the calculation is ended, or the
computations are repeated until convergence is
obtained. The calculation of ‘pressure drop at
the refrigerant-side takes into account the effect
of gravity and friction between the straight
tube section and U-bend tube section. The
simulation results were compared with experi-
mental results.

4. Data reduction
4.1 Quality of refrigerant

The refrigerant quality at the inlet of the
evaporator is calculated from transferring heat

from the hot water of an auxiliary heat ex-
changer to R-22.

@ = My Cpu(Tupi™ Tuwpo) m
Q= @yt Q, 2
Qps =my Cp (T, 40— T4 1) 3
Q1= m,hy %, (4)
xi = Xpo

o Tl ket S C T )

where, @, C,, m, T, h, x mean heat transfer
rate, specific heat, mass flow rate, temperature,
enthalpy, and refrigerant quality respectively.
Subscripts, p, w, ¢, o, s, I, fg represent an
auxiliary heat exchanger, water, inlet, outlet,
sensible heat, latent heat and latent heat ca-
pacity, respectively.

4.2 Heat transfer rate

If the fin surface temperature of an evapora-
tor is lower than dew point, condensation occurs
on the fin surface. Therefore, a heat transfer
rate of the airside is obtained by summing
sensible heat capacity and latent heat capacity.

Qo = Qo st Qus (6)
Qus =my Cy (T, i— Ta,o) )
Qat = ma(W, i— W, ) by (8)
Q, = Qpt+Q, 9
Qp =m,(1—x,)(hk,,—h,;,) (10)
Q= m,(hs,—hy ) (1)

The heat transfer rate of the evaporator is
calculated by the arithmetic mean of the heat
transfer rate of both the air and refrigerant as
in Eq.(12) and the difference between them
remained within £8%.

Q.= 00 W

5. Results and discussion
5.1 Air temperature profile

Figure 6 represents the air temperature pro-
file at the evaporator outlet according to the
refrigerant mass flow rate and the number of
circuit when evaporate temperature is main-
tained at 5C and the degree of superheat at
the evaporator outlet is maintained at 5C. The

. test range for mass flow rate of refrigerant is

0.6~1.2 kg/min.

Experimental result for 2-circuit is shown in
Fig.6(a). Each circuit has 24 tubes and angle
of branch tubes is 180°. Average air tempera-
ture in the evaporator exit is 7.1 C which is
close to 5TC, the evaporate temperature of re—
frigerant. For the overall test range of the
mass flow rate of refrigerant, the temperature
of the upper part of evaporator (No.1-3 of Fig.
5(b)) is 9~14% higher than those of lower
part (No. 7-9 of Fig.5(b)). This is because the
lower part temperature represent the tempera-
ture of refrigerant in evaporate process, while
the upper part temperature is influenced by the
temperature of refrigerant near exit stage of
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(a) 2-circuit

(b) 3-circuit

et air flow diraction

(c) 4-circuit

Fig. 6 Air temperature profile at the evaporator outlet according to the refrigerant mass flow rate

and the number of circuit.

refrigerant circuit which is at a higher tem-
perature than the refrigerant near inlet and mid
region.

Figure 6(b) represents results for 3-circuit.
For the 3-circuit, each circuit has 16 tubes and
the angle of branch tubes is 120°. The air
temperature profile in this case at the evapora-
tor exit is more uninformed than that of 2-
circuit. When mass flow rate of refrigerant is
0.6 kg/min, the air temperature of the lower
part of the evaporator is 6°C, and that of the
upper part is 17.3°C. This is because the cir-
cuit located on the upper end is more influ-
enced by pressure drop due to the friction and
gravity than the circuit located on the lower
end. At the evaporate temperature of 5C, va-
por density of the R-22 is 24.79kg/m’ and its
liquid density is 1,264 kg/m®, which is 50 times
that of vapor densfty. Therefore, the flow rate
of the refrigerant of the vapor state increases
as a circuit is located in the upper end due to
the increased vapor quantity. This also induces
reduction of latent heat capacity, a rise in the
degree of superheat at the upper circuit exit,
and a drop of cooling performance of the evap-
orator at the upper circuit. When mass flow
rate of refrigerant increases to 1.2kg/min, the
average air temperature difference between up-
per and lower of the evaporator is about 3T,

much less than that of 0.6 kg/min.

Figure 6(c) represents results for 4-circuit.
For this case, each circuit has 12 tubes and
the angle of branch tubes is 90°. When mass
flow rate of refrigerant is 0.6 kg/min, air tem-
perature of the evaporator at upper part is 25.2
C, which is close to 27TC, the air temperature
of the evaporator inlet. That of the lower part
is 6.3C which is similar to the temperature
profiles of the (a) and (b). For the 4-circuit
evaporator, it is hard to maintain the degree of
superheat at the combining junction at 5C be-
cause the degree of superheat largely differs in
each circuit exit, and throttle angle variation of
EEV is unstable.

These test results show that increasing mass
flow rate of the refrigerant makes the outlet
air temperature profile of the evaporator more
uniform and at the same time increasing the
number of circuits causes the non-uniformity
of the outlet temperature.

5.2 Air velocity and pressure drop of airside

Figure 7 presents required air velocity to
maintain the degree of superheat at 5T at
each evaporator for 2-circuit, 3-circuit, 4-cir-
cuit, respectively. Test results show that the
required air flow rate to maintain the degree of
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Fig. 7 Required air velocity to maintain the
degree of superheat at 5C at each
evaporator.

superheat at 5T increases as the number of
circuits and the mass flow rate of refrigerant
increase. Air velocities for 3-circuit and 4-cir-
cuit should be increased 27% and 85.2%, re-
spectively more than that of the 2-circuit to
maintain the 5C superheat condition. If the
number of circuits increases, the distribution of
refrigerant between circuits becomes more non-
uniform due to the refrigerant pressure drop.
The mass flow rate of refrigerant in the upper
circuit becomes smaller and that in the lower
circuit becomes lager, thus in the upper circuit,
refrigerant evaporates faster and the refrigerant
temperature of the circuit outlet increases. On
the other hand, the lower circuit needs the
higher air flow rate to evaporate refrigerant
and to maintain the degree of superheat due to
the larger mass flow rate of refrigerant. This
indicates that if the number of circuit in-
creases, and fan speed is constant, energy
consumption for maintaining the performance
of the system increases.

Figure 8 shows the airside pressure drop for
the air velocity given in Fig.7. For all the mass
flow rate of refrigerant, the airside pressure
drop of 3-circuit and 4-circuit is 26% and 130
% larger than that of the 2-circuit, respective-
ly. Therefore, maldistribution of refrigerant be-

60 P~ T T T T YT T
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Rz -0 3cirauit
- 4circuit

0F x=01

AP, [Pa]

0 1 1 | BTN B S S 1 1
06 0.7 0.8 0.9 1.0 1.1 12

m {kg/minj
Fig. 8 Airside pressure drop for the air velo-
city.

tween the circuits affects the fan power which
is influenced by both air velocity and airside
pressure drop.

5.3 Comparison of experiment and simulation

Figure 9 compares the experiment results on
refrigerant temperature of each circuit outlet
with simulation results by the tube-by-tube
analysis. The more the number of circuit is,
the larger the difference of results between ex-

30 e ——
R22 1
25 '_ x =01 _‘
o m, = 0.6 ~ 1.2 kg/min 4
T,,=5°C )
2 [ 8T,,=5C ]
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2 ]
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10 | N
51 O 2-circuit
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A d-cireuit

0 Li-o 1 1 1 Los wa sl
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Fig. 9 Comparison of experiment and simula~
tion results for refrigerant temperature
at each circuit outlet.
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Fig. 10 Comparison of experiment and simu-
lation results for heat transfer rate at
each circuit outlet.

periment and simulation. There was 35% dif-
ference between results for the outlet refrig-
erant temperature of the upper circuit in the
case of a 2-circuit heat exchanger. But, for
that of the lower circuit, the difference was
only 2%. For a 3-circuit heat exchanger, outlet
temperature of the second circuit from the test
is 55% smaller than that of the simulation. For
the third circuit of a 4-circuit heat exchanger,
the difference was 68%. In Fig. 10, the heat
transfer rate obtained from experiment was
compared with that from the simulation. Gen-
erally, the average deviations between experi-
ment and simulation results increases as the
circuit number increases, but they differs de-
pending on the refrigerant mass flow rate and
the number of circuit. When mass flow rate of
refrigerant is 0.6 kg/min, the differences between
the experiment and simulation results in the
case of 2-circuit, 4-circuit were 0.4%, 31.6%
respectively. When mass flow rate of refrig-
erant is 1.2kg/min, the trend is reversed and
the differences for 2-circuit, and 4-circuit were
50.5%, 13.5%, respectively. Thus, the more mass
flow rate of refrigerant is, the larger the differ-
ence between experiment and simulation results
at the 2-circuit evaporator, while the smaller

the difference between experimental results at
the case of 4-circuit evaporator. From the above
discrepancy between expeﬁmeﬁtal and simula-
tion results for multi-circuit heat exchanger, it
is required that the refrigerant distributor for
the evaporator be chosen to distribute refrig-
erant between circuits as to satisfy the refrig—
erating load at each circuit. Also in the simu-
lation, the refrigerant distribution characteristics
in each circuit should be considered for the
accurate prediction of evaporator performance
with high reliability.

6. Conclusion

Experiment is carried out with R-22 to see
the effect of maldistribution of refrigerant on
the performance of the evaporator. Three types
of evaporators were used in this test; 2-circuit,
3-circuit, 4-circuit and distributor was T-type.
The results are compared with simulation re-
sults, and can be summarized as follow.

(1) The maldistribution of refrigerant between
the circuits increased with less mass flow rate
of refrigerant and with the number of circuit.
The maldistribution of refrigerant caused the
instability of degree of the superheat at the
combining junction of the evaporator.

(2) Air velocity of 3-circuit and 4-circuit re-
quired to maintain the degree of superheat at
5C was 27%, 85.2% higher than that of the
2-circuit, respectively. At this air velocity, the
airside pressure drop of 3-circuit and 4-circuit
was 26%, 130% larger than that of the 2-cir-
cuit, respectively. Maldistribution due to the
increase of the number of circuits brought the
increase of fan power consumption, indicating
lower performance.

(3) The average deviations between experi-
ment and simulation results increases as the
circuit number increases, but they differs de-
pending on the refrigerant mass flow rate and
the number of circuits.

(4) It is required that the refrigerant distri-



Effects on Refrigerant Maldistribution on the Performance of Evaporator 117

butor for the evaporator be chosen to distribute
refrigerant between circuits as to satisfy the
refrigerating load at each circuit.

Appendix A

The uncertainty analysis for experiment is
performed by the method which is suggested
by Kline and McClintock.” The calculation
divides by air side and refrigerant side. The
heat transfer rate for airside is calculated
using the measured temperature and flow rate
of air. The uncertainty for that is represented
as following

8Qu _ [[8my\t [ 8C,\? [ OTui\’ (0T, \2
Q"_‘/( m, ) +( CD ) +( Ta.i ) +( Ta,o)

(A1)

where specific heat, C,, is obtained by tem-
perature and pressure. The mass flow rate of
air, m,, is estimated by multiplying the den-
sity, cross sectional area and air velocity, and
uncertainty for that can be represented as fol-
lows,

2 2 2
%z\/(fp_) +(§A_) +(6Va) (A2)

m, Pa

The measurement uncertainty level of thermo-
couple and micro manometer are *0.1C, 1%
for 1.95Pa after calibrating the thermocouples
and the micro manometer and the date acqui-
sition system, as shown Table 2. The uncer-
tainty for mass flow rate of air is 4%, and the
uncertainty of specific heat and teinperature are
0.98% and 0.4%, respectively. Therefore overall
uncertainty of heat transfer rate for air is 4.2%.

The heat transfer rate of the refrigerant side
was estimated by multiplying the mass flow
rate and the enthalpy difference. The heat trans-
fer rate for the refrigerant side was lead to
Eq. (A3).

2 2 2
%ﬂ/(‘:") +((Z‘) +((Z‘) (A3)

where mr is the refrigerant mass flow rate.
The mass flow meter has a measurement error
of £0.2%. Since the enthalpy of the refrigerant
is calculated using the measured temperature
and pressure, the source of uncertainty for the
enthalpy difference is related to the error of
the temperature and pressure measurements at
the inlet and outlet of the evaporator. The
uncertainty of the enthalpy is estimated 0.5%.
Therefore, the uncertainty for the heat transfer
rate of the refrigerant side is 0.7%.
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