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ABSTRACT: In this study, dry and wet surface pressure drop and heat transfer characteri-
stics of heat exchangers having plain fins were investigated. Nine samples having different
fin pitches and rows were tested. The wet surface heat transfer coefficient was reduced from
experimental data using enthalpy-potential method. The wet surface heat transfer coefficients
were approximately equal to the dry surface values except for one row configuration. For one
row configuration, the wet surface heat transfer coefficients were approximately 30% lower
than the dry surface values. For the pressure drop, the wet surface yielded approximately 30
% higher values compared with the dry surface counterpart. Data were compared with exist-

ing correlations.

Nomenclature P, : transverse tube pitch [m]
Re ; : Reynolds number based on tube O.D.

A heat transfer area [m’] (=(oV max D)/ 1)
b . slope of the enthalpy-temperature curve t . thickness [m]

at saturation condition [k]J/kgK] T : temperature [K]
¢, ‘ specific heat [kj/kgKI] U : overall heat transfer coefficient [W/m’K]
D : tube outside diameter [m] V @ air velocity [m/s]
F 1 friction factor [-]
k  : heat transfer coefficient [W/m’K] Greek symbols
7 . enthalpy [k]/kg]
7 : Colburn j factor [-] AP : pressure drop [Pa]
£ thermal conductivity [W/mK] e effectiveness [-]
m : mass flow rate [kg/s] J7 : dynamic viscosity [kg/ms]
N numbe of tube row [-] / : fin efficiency [-]
NTU : number of transfer units [-] 7, - surface efficiency [-]
P; : fin pitch [m] o : density [kg/ms]
P, : longitudinal tube pitch [m] o : contraction coefficient [-]
Pr ! Prandtl number

Subscripts
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: fin collar or cross-section
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d : dry surface

D diameter or diffusion
f . fin

) : inside

m ! mean

max @ maximum

0 : outside

v . tube inside

t  tube wall

w . wet surface or water

1. Introduction

Fin-and-tube heat exchangers are exfensively
used as evaporators of household or commer-
cial air-conditioning units due to structural and
manufacturing simplicity. When the fin surface
temperature is lower than the dew-point tem-
perature of the incoming air, the moisture is
condensed on the fin surface. The condensed
moisture releases latent heat of condensation.
The wet surface heat transfer consists of the
latent heat transfer and the sensible heat trans-
fer. Traditionally, the thermal performance of
wet surface has been expressed as a wet sur-
face heat transfer coefficient. The reduction of
the wet surface heat transfer coefficient from
measured parameters requires heat and mass
transfer analysis. Depending on the heat and
mass transfer models, the reduced heat transfer
coefficients could be significantly different.

The wet surface heat and mass transfer
models have been studied by Kim et al” They
compared single and dual potential heat and
mass transfer models, and showed that the
reduced wet heat transfer coefficients were in-
dependent of the relative humidity when single
potential model was used. The single potential
model assumes that the heat and mass transfer
is driven by one single potential-enthalpy. In
this method, the wet heat transfer coefficient is
obtained from the total heat transfer (which
includes both latent heat transfer and sensible
heat transfer). This model has been recom-

mended by ARI.Q) In the dual potential model,
the sensible heat transfer is assumed to be
driven by the temperature difference, and the
latent heat transfer is assumed to be driven by
the humidity difference. In this method, the wet
heat transfer coefficient is obtained from the
sensible heat alone. This model was proposed
by MCQuiStOI’l.(B) Kim et al” also showed that
enthalpy—based fin efficiency model yielded rela~
tive-humidity-independent fin efficiencies. When
humidity-based fin efficiency model was used,
resultant fin efficiencies were strongly depend-
ent on the relative humidity. The enthalpy-based
fin efficiency mode! assumes that the heat and
mass transfer between air and fin is driven by
a enthalpy difference. This model is in line
with the single potential model. In the humid-
ity-based model, the latent heat transfer is
linked with the sensible heat transfer through a
humidity-temperature relationship. The enthalpy
model has been recommended by ARI, and the
humidity model was proposed by McQuiston.(a)
The literature shows contradictory trends for
the relative magnitude of the wet surface heat
transfer coefficients ( #,) and the dry surface
heat transfer coefficients ( #2,). Existing studies
are summarized in Table 1. McQuistonm tested
four row plain fin samples, and reported that
h, was larger than k, for P>3.175mm. For
the smaller fin pitches, h,; was approximately
the same as #,. McQuiston” used the dual-
potential model for the heat and mass transfer
analysis, and the humidity model for the fin
efficiency calculation. Wang et al.(S) tested plain
fin heat exchangers of 2, 4 and 6 row configura-
tion, and reported that %2; was approximately
the same as %,. They used the single-poten-
tial model for the heat and mass transfer anal-
ysis, and the enthalpy model for the fin effi-
ciency calculation. Additional data on wave fin
configuration(H) shown in Table 1 show contra-
dictory trends, probably due to the different heat
and mass transfer, and fin efficiency models.
Several correlations to predict heat transfer
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Table 1 . Previous studies on wet surface heat transfer of fin-and-tube heat exchangers

Investigators Heat and WeF fin Fin Row Fin pitch Résult
mass transfer efficiency shape [mm] .
McQuiston'® Dual Humidity ~ Plain 4 181~635 1> Ru(Py>317mm)
By h,( P,<317 mm)
Wang et al.” Single Enthalpy  Plain 2,46 182~32 hy=h,
Eckels and Rabas®  Single Enthalpy ~ Wavy 3 197~3.13 hy>hy
Mirth et al.” Single Enthalpy ~ Wavy 4,8  161~32 hy=h,
: Humidity Wavy
Hong and Webb™ Dual (Wu & Bong Lanced 2,3 149~212 hy>hy,
modification) Louver
Kim et al.” Single Enthalpy Wavy slit 2,3 159~212 hy=hy,
coefficients and friction factors of plain finned- 13 2P,
tube heat exchangers have been developed. They [ . .
include Wang et al,’® Kim et al,"" Gray and B __::\.___ e ~ Pl
Webb'? for the dry surface, and McQuiston' ~ P = = o. ~ -~ T E,
and Wang et al.(m for the wet surface. Mc- ';/ - - t;j i - 17 —; |
Quistonm) devloped correlations based on his '”';} '_'”’:;? «l “T
four-row sample data. Different correlations were " - o
developed depending on the wet surface char- 1 row 2 row 3 row

acteristics (droplet or film). Wang et al™ test-

ed 2, 4 6 row samples, and developed correla-
tions based on the test data.

In this study, nine samples having different
fin pitches and rows were tested at dry and
wet surface conditions.
heat transfer coefficient, single potential model
was used for the heat and mass transfer anal-
ysis, and enthalpy-based model was used for
the fin efficiency evaluation following the sug-

For the wet surface

Fig. 1 Shape of the plain fin.

gestion by Kim et al® Figure 1 shows the
schematic drawing of the plain fin samples
tested in this study.

2. Test apparatus and methods

Geometric details of the samples are listed in
Table 2. Nine samples having three different

Table 2 Geometric details of heat exchanger samples

D, Fin shape P,

P, P, t

Sample no. ) [mm] [mm] [mm] [mm] [mm] N
1 7.3 plain 21 125 1.49 0.115 1
2 73 plain 21 125 1.34 0.115 1
3 73 plain 21 125 1.21 0.115 1
4 73 plain 21 125 1.49 0.115 2
5 73 plain 21 125 1.34 0115 2
6 7.3 plain 21 125 121 0.115 2
7 7.3 plain 21 125 1.49 0.115 3
8 73 plain 21 125 1.34 0.115 3
9 73 plain 21 125 121 0.115 3
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fin- pitches (1.21, 1.34, 149 mm) and three dif-
ferent rows (1, 2, 3 row) were tested. All the
samples had same tube O.D.(D_.=7.3mm), tube
pitghes(P,=21.0 mm, P;=125mm). The height
of the sample was 252 mm, and the width was
400 mm. The fin surface was hydrophilic-coated
to facilitate the condensate drainage.

A schematic drawing of the apparatus is
shown in Fig.2. It consists of a suction-type
wind tunnel, water circulation and control units,
and a data acquisition system. The apparatus
is situated in a constant temperature and hu-
midity chamber. The airside inlet condition of
the heat exchanger is maintained by controlling
the chamber temperature and humidity. Dry
and wet bulb temperatures in the inlet and the
outlet are measured by the sampling method
as suggested in ASHRAE Standard 41.1."7 A
diffusion baffle is installed behind the test
sample to mix the outlet air. The water-side
inlet condition is maintained by regulating the
flow rate and inlet temperature of the constant
temperature bath situated outside of the cham-
ber. Both the air and the water temperatures

room air- conditoning unit t

o

% £
H T

S air sempling
unit

e e

o / auliet air 1
7 J{mﬁm

Const, Temp,
Humidity Chamber 3

air flow
measunng
nozzies

water flow meter

2 O
e BT Canst, Temp,
pump

refrigerant heater Bath

Fig. 2 Schematic drawing of the experimental
setup.

are measured by pre-calibrated RTDs (Pt-100Q
sensors). Their accuracies are #0.1C. The wa-
ter flow rate is measured by a positive :dis~
placement type flow meter, whose accuracy is
£0.0015 liter/s. The airside pressure drop across
the heat exchanger is measured using a differ-
ential pressure transducer. The air flow rate is
measured using a nozzle pressure difference
according to ASHRAE Standard 41.2."® The
accuracy of the differential pressure trans-
ducers is 1.0 Pa.

The chamber temperature was maintained at
27T with 60% RH for wet surface tests, and
21C with 50% RH for dry surface tests. The
water inlet temperature was maintained at 6°C
for wet tests, and at 60C for dry tests. Ex-
periments were conducted varying the frontal
air velocity from 0.75m/s to 25m/s.

The energy balance between the air-side and
the tube-side was within *3%. The discrep-
ancy increased as the air velocity decreased.
All the data signals were collected and con-
verted by a data acquisition system (a hybrid
recorder). The data were then transmitted to a
personal computer for further manipulation. An
uncertainty analysis was conducted following
ASHRAE Standard 415"
listed in Table 3. The major uncertainty on the

and the results are

friction factor was the uncertainty of the dif-
ferential pressure measurement (£10%), and the
major uncertainty affecting the heat transfer
coefficient (or j factor) was that of the tube-
side heat transfer coefficient (+10%). The un-
certainties decreased as the Reynolds number
increased.

Table 3 Experimental errors

Parameter Max. uncertainties
+1.0C
+1.0Pa

-6 3

£15x10 m/s

Temperature
Differential pressure
Water flow rate

Rep 2%
f +10%
7 +129%
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3. Data reduction
3.1 Dry surface

The data reduction details are provided by
Kim et al.,m and short summary is provided

here. For the present cross-counter circuits,
. T
the &-NTU relationship is

UA ={(mc,),,NTU,} (1)
NTU,=—-2In(1—-K) @)

Here, K is obtained from

1—1RP (2row) (3)

ool

+(1— )exp(ZKR) =

nofx

K[1—§—RK(1—§)]exp(KR)+

(1 - %)Zexp(BKR) =

T,,—T
R — . in r, out (5)
Tair, in— Tair, out

P= Tair out _ Tair in (6)

roin Tair, out

4)

1 (3 row)

1-FRP

For a 1-row configuration, cross—flow &-NTU
relationship is used. The air-side heat transfer
coefficient is obtained from Eq. (7).

1 1 1t @
A, . UA  mA, kA,

The tube-side heat transfer coefficient is
obtained from appropriate correlations. For the
present smooth tube, Gnielinski(lg) correlation
was used. The surface efficiency 7, in Eq. (7)
is obtained from

ﬂo——“l——%ﬁ(l—o) . 8

[

The fin efficiency is obtained from Schmidt™

equation. The heat transfer coefficient is ex-
pressed as the j-factor.

V max D
Re0=% Q)
ke poop
j= 0uV o o Pr; (10)

The friction factor is obtained from

o

3.2 Wet surface

Kim et al” provide data reduction details
for the wet surface heat transfer coefficient,
and short summary is provided here. When
enthalpy potential is the driving force, the def-
inition of & and NTU is different from those of
the temperature driving system, and they are
provided by Kim et al.m For the cross—counter
configuration of this study,

UA = in ,NTU, 12)
NTU,=—-2In(1-K) (13)

The K equations [Eqs. (3) and (4)] remain the
same. However, R and P [Eqgs. (5) and (6)] are
re-defined using enthalpies instead of tempera-
tures.

R= l:, in—.it' out (14)

Lo, 0ut™ la,in

P= Z.a out _ 'la in (15)

Ly in" Ya,in

In Egs.(14) and (15), ¢, is the saturated air
enthalpy at the tube-side water temperature.
Once UA is obtained from an appropriate &-
NTU relation, the sensible heat transfer co-
efficient is calculated from Eq.(16).
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1 _ br —- btt
WA, EA,

w, m —_

n.h,A, UA

(16)

Here, b,, b;, b, ,, are the saturated-air enthal-
py-temperature slope at the water, tube wall,
and water film temperature, respectively. The
wet surface fin efficiency is obtained from

g =-tanlml) (17)

h P 2h
2 Tefff ~ STeff
me = kA, = Tkt (18)

19)

m"s[%]T 20

4. Experimental results and discussions

Figures 3 to 5 show the dry and wet sur-
face j and f factors. For the dry surface, the
effect of fin pitch is not significant for one-
and two-row configuration. For the three-row
configuration, at low Reynolds number, the heat
transfer coefficient slightly increases as the fin
pitch increases. Many previous investigators(s'zl)
also reported that the effect of fin pitch on the
heat transfer coefficient and the friction factor
is not significant.

The wet surface heat transfer coefficients are
compared with those of the dry surface in
Figs.3 to 5. Similar to the dry surface case,
the effect of fin pitch is not significant. The
wet surface heat transfer coefficients are ap-
proximately the same as those of the dry sur-
face, except for the one row configuration. For
the one row configuration, the dry surface heat
transfer coefficients are approximately 30% larg-
er than those of the wet surface. The wet sur-
face friction factors are approximately 30% larg-
er than those of the dry surface for all con-
figurations.

Figure 6 illustrates the row effect of the dry
surface. All three samples have the same fin

trow]l wet)  diy(P)

—— 1.49mm —0— 1.49mm

] : oo —a—1.34mm —&— 1.34mm
> ] —o— 1.21mm —0— 1.21mm

- e g L
FA : »

LoXig ]

0.005 F
200 1000 4000

ReD

Fig. 3 Effect of fin pitch on the dry and wet
surface 7 and f factor (one-row).

1 —_— ——

"1 2-row wet(P) dry (P)

: : —&— 149 mm —0— 1.49 mm
—A— 1.34 mm —&— 1,34 mm
—&— 1.21 mm —O0— 1.21 mm

0.01

0.005

200 1000 4000

Fig. 4 Effect of fin pitch on the dry and wet
surface j and f factor (two-row).

3-row wet(P) d'ry( P)

—&—1.49 mm —O0— 1.49 mm
—A— 1.34 mm —A— 1.34 mm
—8— 121 mm —O0—1.21 mm

0.01

0.005

Fig. 5 Effect of fin pitch on the dry and wet
surface j and f factor (three-row).
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Fig. 6 Effect of tube row on the dry surface
7 and f factors for 1.3 mm fin pitch.
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Fig. 7 Effect of tube row on the wet surface
j and f factors for 1.34 mm fin pitch.

pitch ( P,=134mm). The heat transfer coeffi-
cient decreases as the number of row increases.
The difference decreases as the Reynolds num-
ber increases. These trends are typical for fin-
ned-tube heat exchangers, and may be attrib-
uted to the thin boundary-layer on the fin sur-
face for small row samples. The friction factor
also decrease as the number of row increases.
Figure 7 shows the wet surface j and f
factors for different tube rows at 1.34mm fin
pitch. Similar trend to the dry surface—in-
crease of j and f factors for decreasing row
number—is noticed. As the Reynolds number
increases, the row effect on the heat transfer

coefficient diminishes.

The literature reveals several wet surface
data. McQuistonM) tested four-row samples, and
reported that the heat transfer coefficient de-
creased as the fin pitch increased. For the 6.4
mm fin pitch, the wet surface heat transfer
coefficient was larger than that of the dry
surface. However, the trend was reversed for
25mm fin pitch. Eckels and Rabas(ﬁ) tested
three-row samples, and reported that both the
heat transfer coefficient and the friction factor
were larger for the wet surface compared to
the dry surface. Idem et al.(zg) tested four-row
circular finned-tube samples, and reported that
the wet surface heat transfer coefficient was
larger than that of the dry surface. Wang et
al.(S) tested 2, 4, 6-row samples, and reported
that the wet surface heat transfer coefficient is
approximately the same as that of the dry
surface. They also reported that the effect of
fin pitch was negligible, and the effect of num-
ber of row was smaller for the wet surface.
Wang et al.’s results are in close agreement
with those of the present study. Wang et al.(S)
used the same data reduction method as those
used in the present study.

One notable thing of the present data is that
the drop-off of the j factor at low Reynolds
numbers, which is typical for the dry surface
7 factor, is not observed for the wet surface.
Similar trend was reported by Wang et al”®
They explained that, for the wet surface, con-
densates were hung on the tubes, which en-
hanced the downstream heat transfer.

4.1 Correlations

The present data were compared with exist-
ing correlations — Gray and Webb,(m Kim et
al.,m) Wang et al.(w) for the dry surface, and
McQuiston,m) Wang et a].(w for the wet sur-
face. Figure 8 compares the dry surface data
with the correlations. For the j factor, Kim et

al.m) correlation predicts the data best. The
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Fig. 8 The present dry surface j and f data compared with existing correlations.
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Fig. 9 The present wet surface j and f data compared with existing correlations.

data are overbredicted by Wang et al.(w) corre-
lation, and underpredicted by Gray and Webb?
correlation. The friction factors are well pre-
dicted by Wang et al.(w) correlation. Kim et
al.(m and Gray and Webb(m correlation under-
predicts the large friction data. Figure 9 com-
pares the wet surface data with the correla-
tions. Wang et al " correlation adequately pre—
dicts the j and f factors. McQuiston(B) corre-
lation overpredicts or underpredicts the data.

5. Conclusions

In this study, dry and wet surface pressure

drop and heat transfer characteristics of heat
exchangers having plain fins were investigated.
Nine samples having different fin pitches (1.21,
1.34, 1.49 mm) and rows (1, 2, 3row) were tested.

(1) The effect of the fin pitch on the heat
transfer coefficient and the friction factor is
not significant.

(2) The heat transfer coefficient and the
friction factor decrease as the number of tube
row increases.

(3) For one-row configuration, the wet sur-
face heat transfer coefficient is smaller than
that of the dry surface. However, the difference
decreases as the number of row increases.
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(4) The drop-off of the j factor curve at
low Reynolds numbers does not occur for the
wet surface.

(5) The wet surface friction factor is ap-
proximately 30% larger than the dry surface
friction factor.

(6) The present dry surface heat transfer
coefficient is well predicted by Kim et a’
correlation. The wet surface heat transfer is
well predicted by Wang et al.(m correlation.
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