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In order to develop a compact evaporator, experiments that show characteristics of evaporat-
ing heat transfer and pressure drop in the helically coiled minichannel were performed in our
previous research. This study was focused on the performance analysis of helically coiled heat
exchangers with circular minichannels with an inner diameter=1.0 mm. The working fluid was
R-22, and the properties of R-22 were estimated using the REFPROP program. Numerical
simulation was performed to compare results with the experimental results of the helically coiled
heat exchanger. As the heat transfer rate and pressure drop were calculated at the micro segment
of the branch channels, the performance of the evaporator was evaluated. The following con-
clusions were obtained through the numerical simulations of the helically coiled heat exchanger.
It showed good performance when the flow rate of each branch channels was suitable to heat
load of air-side. The numerical simulation value agreed with experimental results within =15%.
In this study, a numerical simulation program was developed to estimate the performance of a
helically coiled evaporator. And, an optimum helically coiled minichannels evaporator was
designed
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Nomenclature
A Area (m? G . Mass velocity (kg/m? s)
Bo  Boiling number k. Heat transfer coefficient (W/m? K)
¢p - Specific heat (kJ/kg K) 7 Specific enthalpy (kJ/kg)
d ' Diameter (m) %k Thermal conductivity (W/m K)
D Curvature diameter (m) L ' Length (m)
De : Dean number (0.5Rev'd;/D ) m  Mass flow rate (kg/h)
F : Friction factor Nu . Nusselt number
P Pressure (kPa)
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E-mail : jskim @ pknu.ac.kr @ ' Heat transfer rate (kW)
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Greek symbols

é :=D/d;

a . Void fraction

¢ Density (kg/m®

Vsg . Specific volume (vg—vy)

# . Viscosity (Ns/m?)

Xtt: Lockhart-Martinelli parameter
@  humidity ratio (kg/kgDA)

Subscripts
a ' Air
do ' Dry-out

fd ' Fully developed

fo  Liquid single phase

. Gas

. Helically coiled channel
: Inlet

: Liquid

. Mean, column number
. Segment number

. Outlet

. Refrigerant

. Straight channel

. Two-phase

: Wall
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1. Introduction

It has been promoted that a minichannel and
microchannel saves energy and overcomes space
restriction through the high performance and com-
pactness of the heat exchanger, which is a main
part of air conditioning and refrigeration systems
(Mishima et al,, 1993 ; Kim and Katsuta, 1995 ;
Chaobin et al., 2001). The multi-pass heat ex-
changer has been used for automobile air condi-
tioning systems because of the high performance
and compactness. This heat exchanger used for
room air conditioner, has the advantages of re-
ducing charging refrigerant, reducing production
cost and is expected to improve heat transfer per-
formance. (Wilmarth and Ishii, 1994) But, gener-
ally, at the multi-pass branch channel {(Reimann
and Seeger, 1986 ; Kim, 1993) of a header type
heat exchanger, refrigerant flow distribution ori-
ginates unequally at each branch channel. So, at
the branch channels the liquid phase has been great-
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ly distributed. It didn’t all evaporate and partially
remained in the normal liquid state. So, the un-
equal heat transfer rate of each branch channel is
linked to a primary factor, which decreases the
ability of the evaporator. To get the highest heat
transfer rate for the evaporator, the distribution
head is designed to match the heat load of each
branch channel. The impact factors of two-phase
flow are various in multi-pass channels ; these are
main channel diameter and branch channel di-
ameter of geometric shape, flow direction , post to
which branch channel has been attached, branch
channel pitch, refrigerant circulation quantity,
quality of header inlet, heat load of branch channel,
heat load distribution and so on. But how these
factors decide flow distribution of two-phase is
hardly explained. In fact, it isn’t even known
what kinds of characteristics unequal distribution
takes on. The best design condition is required for
multi-pass branch evaporator of header shape.
So, we quantitatively should clarify factors that
affect flow distribution and organization, which
decides flow distribution. In this study, we an-
alyzed the heat transfer and pressure drop prop-
erties of multi-pass type helically coiled evapora-
tor in order to apply to room air conditioning
system. By comparing the fundamental study and
experimental results about helically coiled channel
and evaporator with calculation result through
performance projection program, we discussed
the best design for multi-pass type helically coiled
evaporator.

2. Numerical analysis

2.1 Theoretical model

For performance prediction and the optimum
design of helically coiled evaporators, a simu-
lation was performed calculating the heat transfer
rate and pressure drop. We divided refrigerant
flow channel and air channel by each column
(Fig. 1).

Micro segment partition is two-dimensional
(m, n) matrix. m corresponds the column of the
refrigerant and airside and n refers to the micro
segments (Fig. 2). In theory, helically coiled mini-
channel to straight channel for 50 parts micro seg-
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ment, and using refrigerant condition (heat trans-
fer rate, quality, pressure drop) and air condi-
tions (temperature, humidity, heat transfer rate of
airside) from refrigerant and heat balance of air-
side. The helically coiled evaporator was model-
ed on 3 column 25 branch channels. After each
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column was representatively calculated, the branch
channel number of each column was multiplied
and was calculated with regards to pressure drop
and entire heat transfer rate of heat exchanger.
Input data were shape, structure of helically
coiled minichannel, mass velocity, evaporating
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Table 1 Dimension of helically coiled heat ex-

changer
Dimension
Inner diameter (mm) 1.0
Straight length (mm) 1500
Pitch of column (mm) 11
Pitch of row (mm) 5.5
Branch channels 3X25

temperature, pressure, inlet quality, inlet air tem-
perature, humidity, and velocity distribution of
airside.

To compare with experimental results of exist-
ing helically coiled evaporator, input data of the
simulation was the same as the conditions of the
experiment. The dimension of the helically coiled
minichannel and the heat exchanger is shown in
Table 1. Heat transfer areas are calculated by
the interior and exterior channel surface of each
micro segment. Air velocity is controlled by core
velocity except in the areas of helically coiled
minichannel in each micro segment. Refrigerant
properties of R-22 standardized REFPROP 5.0
(Gallagher et al., 2000) developed in NIST.

For numerical simulation, the important facto-
rs remained unchanged according to time on the
assumption of steady state. Oil mixed in the re-
frigerant isn’t considered to have an effect on heat
transfer and pressure drop. The efficiency pre-
diction program of helically coiled evaporators
was divided into two parts. Part one’s included
minichannel decay, and refrigerant side and air-
side entrance conditions. The basic equation, pres-
sure drop, heat transfer rate of airside and re-
frigerant side were calculated in part two. First,
initial heat flux and temperature of wall surface
are assumed to calculate the program. Therefore,
it calculates the void fraction, velocity and two
phase viscosity for refrigerant R-22, Re and Bo
numbers are needed for heat transfer and pressure
drop calculation.

The pressure drop is calculated as a two-phase
flow friction factor for straight channels. And, the
friction factor is calculated with regards to the
helically coiled minichannel, friction loss and ac-
celeration loss is calculated with regards to in-
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finitesimal sections and each pressure drop in the
infinitesimal section is estimated synthetically by
the pressure drop of entire evaporator. A part
heat transfer rate of each micro segment calculates
in the heat exchange rate of the evaporator. The
heat exchange rate of micro segment is calculated
by assuming the temperature of the wall surface.
And, the heat exchange rate of airside is calcu-
lated by enthalpy and humidity ratio. The heat
exchange rate of refrigerant side and airside are
compared until error agrees within +5%. So, the
temperature of the wall surface was calculated
repeatedly.

2.2 Numerical procedure

When a helically coiled minichannel is spread
by the straight channel (Fig. 2), mass equation,
momentum equation and energy balance equation
can be shown as a general equation between cross
section 1 of micro segment (1,1) and across sec-
tion 2 of micro segment (1,2). Mass fiux and the
velocity of gas and liquid were calculated by
using quality and Smith’s void fraction.(Smith,
1969)

mzzﬁ’Z(l_X), 01=m/[‘0f(1'—ﬁ)],
WMg=Mmx, Ug:m/[prA]

(1)

The friction factor of the single phase flow of
helically coiled minichannels can use the correla-
tive Eq. (2) of Prandtl that was suggested by re-
vising relative Eq. about straight channels during
the fundamental experiment. Also, calculation of
friction factor in two phase flow was used Eq. (3)
of helically coiled minichannels that were adjust-
ed through Ito’s correlative Eq. (9)

1.6
Fre=Fuex037(De)*®, 13-< De<s00  (2)

fhc.TP:fTP|:Re<%>2:|U20, Re<%>2>6 (3)

The Eq.(3) of two phase flow about straight
channel used correlative Eq. (4) of Blasius and
viscosity of two phase flow used viscosity Eq. (5)
of Dukler.

frp=0.079[Gdi/ prp] (4)

Hrp = Q1P [XUg/lg"' (1-x) Uz/lz] (5)
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Pressure drop of the helically coiled minichannels
causes pressure drop of friction. Therefore fric-
tion loss and acceleration loss were calculated by
using Eq. (6), and pressure loss for gravity was
ignored. Also, pressure drop of the distribution
header was not calculated. The pressure drop
was calculated from inlet to outlet of generating
channel.

spothefCulit ()]

+ Gy <_ng_) x
vr

To calculate the heat transfer coefficient of in-
side the channel, the heat transfer correlation of
Schrock-Grossman’s (Tatshiro, 1989) nuclear boil-
ing and forced convection evaporation were used,
heat transfer coefficient for liquid single-phase of
helically coiled channel was estimated with the
equation that was suggested in previous research
(Kim et al., 2002) on helically coiled channel.

hn: — [ " 1 2/3:'
=039 | Box10 +1‘5<X,,> )
Pr 0.14
Nutza={0.09+0.01 (140.867°%) )} Pr*Re" <?>

D (8)
m=0.5+0.29035 %1%, 6=—d—_

12
After dry-out, heat transfer coefficient for single-
phase of refrigerant vapor was estimated with the

empiric formula of Kays.(Kays and Crawford,
1993)

re=oon 4 (GE)" (o) )

If the channel diameter was smaller, it was found
that the quality for the beginning degradation of
heat transfer rate was advanced (Kim et al., 2002).
These rtesearching results were reported. (Shizuo
et al., 2000 ; Kim et al., 2001) In this simulation,
the quality for generation of dry-out fixed 0.6
through the basic research findings of helically
coiled channel. After dry-out, heat transfer coeffi-
cient was obtained by Eq. (10) using the evapo-
ration heat transfer coefficient and vapor single-
phase heat transfer.
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hao=hp sin’ [n—(lz_—e)} +he cosh? [”—(121)} (10)

&= (x‘—xda) /(1 _xa,’o)

In view of getting done simultaneously sensible
and latent heat exchange on the outside of helic-
ally coiled channel, airside heat transfer coeffi-
cient of enthalpy basis can be represented by ex-
perimental equation. (Tatshiro, 1989) Airside heat
transfer coefficient can be represented by function
of air velocity as follows.

ho=141.405% (11)

The air is saturated on the evaporator wall and
the humidity ratio can be calculated by Eq. (12),
(13).

by
0=0.622—="2—— 12
_ 381644
Ps—exp[18.3036 (To—46.13) ] (13)

Enthalpy of air is calculated by temperature and
humidity ratio.

;= Cra(Tu—273.15)
1+ wq
 1597.3+ cua(Ta—273.15) J wa
+
1+ w,

(14)

Outlet humidity ratio of micro segment on airside
in Fig. | is calculated by Eq. (15). Outlet Tem-
perature on airside can be calculated by the same
method. ‘

((Uz'_ww)

(Z;"Zw) (io—l.w)+ww (15)

Wo=
If the wall temperature is assumed for the per-
formance evaluation, heat exchange rate of refri-
geration can be calculated by Eq. (16).

On the assumption that the wall temperature can
be calculated by enthalpy, heat exchange rate on
airside and enthalpy of outlet are calculated by
following Eq.(17) and (18) with simultaneous
equations. The wall temperature calculation is
repeated until a point of agreement between heat
transfer rate of refrigerant side and that of airside
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is achieved.

Qa=GA (i:—io) (17
Qa=hm<ii—io)/ln% (18)

When heat exchange rate on airside and refri-
gerant side is the same, heat exchange rate, air
temperature of outlet and outlet quality of re-
frigerant are calculated. Also, the quality of the
micro segment is calculated by Eq. (19) using
latent heat of vaporization in refrigerant heat
transfer rate on airside.

Ax=ﬁ?ﬁ (19)
Heat exchange rate of branch channels can be
summed as the heat exchange rate of each micro
section. When calculation of the first column is
finished, Fig. 1 represents the outlet air condition
of the first column and sets up the inlet air con-
dition of second column, calculating total heat
exchange rate and pressure drop. The third column
is calculated by the same method to discover the
entire heat exchange rate of helically coiled eva-
porators. The thermal load on the air side of
helically coiled evaporators is different from each
column. Inlet air temperature of each column is
lower, as the third column extends. Because ther-
mal load on airside is decreased, the proper flow
distribution is realized in the thermal load of each
line on airside. So, the optimum ability of helic-
ally coiled evaporator makes manifest.

For seeking the best heat exchange rate of the
evaporator in the performance calculation, per-
formance of the helically coiled evaporator is cal-
culated by identifying refrigerant flow and con-
trolling refrigerant flow of Eq. (19), when outlet
superheat is around 5C.

3. Results and Discussion

The input simulation conditions are used to
compare calculation results with experimental re-
sults. These conditions are shown in Table 2.
Other conditions were used with the same mass
and air velocity with the test of the helically coil-
ed evaporator. It was calculated for heat transfer
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rate, outlet air temperature and humidity ratio on
the air side, and heat transfer rate, pressure drop
and outlet quality on the refrigerant side.

3.1 Heat transfer rate and pressure drop

The heat transfer rate of the simulation result
and the experimental value in helically coiled eva-
porator is compared in Fig. 3 for the same input
conditions ; evaporating temperature=>5C, inlet
quality=0.2, inlet air temperature=27C and in-
let humidity ratio=0.01115 kg/kgDA. The heat
transfer rate in the experimental results is about
1.6 kW at 1 m/s and 24 kW at 1.5m/s. When
heat transfer rate in the simulation result was
compared with the experimental result, it was
confirmed within +15%. The heat transfer rate of
one branch channel for each column is shown in
Fig. 4. When the refrigerant mass velocity is the
same for each channel, the heat transfer rate
shows a tendency to decrease marginally.

Table 2 Simulation conditions

N Refrigerant mass velocity | Air velocity
[o]
(kg/m’) (m/s)
1 1
— 150
2 1.5
3 1
200
4 1.5
5 1
250
6 1.5
3.0
® 150 kg/m?s. 071 m/is
O 150 kg/m®s, 0.86 mis
- 150 kglm:s. 1.6 mie
20 1.8 mi
28 % f 208 ::;:’:, 1.;3mm'ls *>
A& 200 kgim®s, 1486 mis
w 250 kg/m3s. 1.3 m/s +15%
& 250 kgim?s, 1.5 mis
2.0 }» & 250 kgim3s. 1.7 mJs A
g g
3 is ’; - 15%
& )
(-]
L
1.0
0.8
0.0 L " N "
0.0 0.5 1.0 1.6 2.0 25 3.0
G-exp. (kW)

Fig. 3 Comparison of heat transfer rate between
experiment and calculation



A Study on Performance Analysis of the Helically Coiled Evaporator with Circular Minichannels

When the refrigerant mass velocity is controll-
ed as the outlet superheat (5°C) of the branch
channels, the heat transfer rate of the first column
increased greatly because the heat load of airside
is the highest at first column. In Fig. 5, it was
compared pressure drop of unit length between
experiment and calculation results. The pressure
drop between experiment and calculation results
is within +15% under 200 kgm®. But experi-
mental results are lower than calculation results
by about 20~30% over 200 kg/m?. Calculation
results were different from experimental results
because pressure drop from pressure measurement
point to distribution header and through distri-
bution header was not considered. So, as the mass
velocity grew higher, the distribution header grew

45

G\ @ 150 kyim?s(uniform)
40 —v— 200 kg/m’s(uniform) |}
\ - 253 kglm;a(uniiorm)
—& - 150 kg/m“s{optimum)
g 35 ~N —= - 200 kg/ms{optimum) 1|
'\ —& - 250 kg/m*s(optimum)
@
2
o
~ 30
5 N =
w
& 2
& s
pet ~ ~ \-
s " ~ ~
I 20 e T .
~ ~ v
15 =~
~e
10 L
1 2 3

Column number
Fig. 4 Comparison of heat transfer rate with column
number. (Air velocity : 1.5 m/s)

80

106 kgim’s, 0.6 m/s
124 kgim's, 0.75 mis
150 kg/m’s. 0.97 m/s
170 kgim’s, 1.0 m/s
218 kgim®s, 1.35 mle
233 kg/m’s, 1.6 m/s
250 kg/m?s, 1.7 mis

[ gul le] ]

50 ¢

40 +

+1,

30 | *
5%

AP-cal. (kPa/m)

20

0 \ L s L L
[} 10 20 30 40 50 80

AP-exp. (kPa/m)

Fig. 5 Comparison of pressure drop between experi-
ment and calculation
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bigger and the differences between experiment
and calculation results increased.

3.2 Local heat transfer coefficient and var-

iation of quality

Figure 6 represents the local heat transfer co-
efficient of the micro segment that was corre-
sponding quality. In this case, superheat of the
branch channel for each column was controlled at
5C and the mass velocity was optimum for the
heat road of the air side. The first column had the
highest local heat transfer coefficient, the second
column, then the third.

Figures 7 and 8 represent the variation of quali-
ty corresponding to the length of branch channels
for each column. When mass velocity flew con-
stantly at 200 kg/m’s, superheat began about 1 m

—@— 1m/s, 1 Column
81| ~#— 1mfs, 2 Column
e 1 mis, 3 Column -

- & 0.97 mfs, 1 Column Fa ~
—EF 0.87 mfs, 2 Column j> ®
81—~ 0.97ms, 3 Column s \

Heat transfer coefficient (RW/m?K)

Quality (x)

Fig. 6 Comparison of heat transfer coefficient with

column number

1.0
0.8
=
=
2 06
©
p-)
(]
0.4 oo | —® V=15 ms, 1 Column(uniform)
) e V1.5 mfs, 2 Column(uniform)
—#- V= 1.5 mss, 3 Column(uniform)
=~ V51,33 nvs, 1 Column{optimum)
0.2 —&r— ¥ = 1,33 nvs, 2 Column(optimum}
—&— V= 1.33 nis, 3 Column(optimum}

0.0 0.2 04 08 0.8 10 12 14 16
Length of tube (m)

Fig. 7 Quality vs. length of channel
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in the first column at about 1.3 m in the second
column. In the third column, superheat occurred
at the outlet. When mass velocity flew 42~43%
more at branch channel of first column, 4~5% in
the second column, and decreased 37~38% in the
third column. Therefore, outlet superheat of each
column was controlled at 5°C. Through, regulat-
ing mass velocity of the branch channel for each
column, we could obtain equally superheat and
the highest heat exchange rate in the helically
coiled heat exchanger.

3.3 Superheat

The superheat at the branch channels is re-
presented in Fig. 9. When mass velocity is uni-
form for each branch channel, superheat is more

Megsionuen’ Muntorm
®
.

08+

06

04 4 - .
1 2 3

Column number
Fig. 8 Comparison of optimum mass velocity with
row number

MR 150 kg/m®s, 1.0 ms(uniform)
200 kg/m?s, 1.5 nvs(uniform)
250 kg/m’s, 1.5 mvs(uniform)
B 150 kg/m’s, 0.97 ms(optimum)
W 200 kg/m%s, 1.33 mvs(optimum)
IR 250 kg/m?s, 1.7 mis(optimum)

Outlet superheat (°C)

1 2 3

Column number

Fig. 9 Comparison of outlet superheat with column
number
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than 10°C in the branch channel of first column.
In case of 150 kg/m’s and 200 kg/m?, superheat
exceeds 10°C at the branch channel of the second
column. If mass and air velocity have the opti-
mum condition, we could obtain the equal outlet
superheat of branch channel for each column.

4. Conclusions

The following conclusions were obtained through
a performance analysis of the helically coiled heat
exchanger with circular minichannels.

(1) In this study, a numerical simulation pro-
gram was developed to estimate the performance
of the helically coiled evaporator. This program
confirmed the accuracy and reliability from the
comparisons with the experimental results.

(2) When heat transfer rate was compared be-
tween the simulation results and the experimental
results, it was confirmed within 315%. The ex-
periment and calculation results of pressure drop
were united in low mass velocity range within
+15%, but due to the pressure drop of the dis-
tribution header, those results were different in
the high mass velocity range.

(3) Maintaining the outlet superheat at 5C to
fit mass velocity and inlet air velocity of the
branch channel for each column, we acquired the
optimized heat exchanger.

(4) By increasing mass velocity flowing in the
branch channel of the first column by 40%, 5% in
the second column, and decreasing flow by 35%
in the third column, we could obtain the appro-
priate refrigerant distribution for heat load of air
side, and optimize the performance of the helic-
ally coiled evaporator.
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