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Abstract

The present study proposes the finite circular fin method for analyzing the heat and mass transfer characteristics of wavy fin-and-tube
heat exchangers under fully and partially wet surface conditions. The analysis is carried out by dividing the wavy fin-and-tube heat
exchanger into many tiny segments. The tiny segments can be analyzed based on surface conditions, i.e. fully wet, fully dry or partially
wet surface condition. From the experimental results, it is found that the heat and mass transfer characteristics are insensitive to the inlet
relative humidity but the effect of relative humidity on mass transfer characteristic become more pronounced when the partially wet sur-
face condition takes place. The heat transfer characteristic is independent of the fin spacing. Effect of fin spacing on mass transfer char-
acteristic is small when fin spacing is larger than 2.5 mm. However, at smaller fin spacing, the mass transfer characteristic slightly
decreases when the relative humidity increases. The ratios of A /h4oCp., are in the range of 0.6-1.2. Correlations are proposed to
describe the heat and mass transfer characteristics. These correlations can describe 95.63% of the heat transfer characteristic within
15% and 95.14% of the mass transfer characteristic within 20%. Correspondingly, 94.68% of the ratios of /i o/hqoCp. are predicted

by the proposed correlation within 20%.
Published by Elsevier Ltd.
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1. Introduction

The heat exchange process between two fluids that are at
different temperature and separated by a solid wall may be
found in air-conditioning, refrigeration, power production
and many other thermal processing applications. The most
widely used device used to implement the heat exchange
process in association with the application of air-condition-
ing and refrigeration system is called a fin-and-tube heat
exchanger which is actually an air-cooled heat exchanger
with dominant resistance usually being in the air side.
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Hence enhanced surfaces are usually adopted for improv-
ing the overall heat transfer performance. Among the fin
surfaces, the wavy fin-and-tube heat exchangers are one
of the most popular fin surfaces applicable to both con-
denser and evaporator. In the evaporators, the tempera-
tures of outside tube and fin surfaces are generally below
the dew point temperature, leading to simultaneous heat
and mass transfer outside tube and fin surfaces. In general,
the complexity of the moist air flowing across the wavy fin-
and-tube heat exchangers in dehumidifying conditions
makes the theoretical simulations very difficult.

The air side performance of wavy fin-and-tube heat
exchangers had been studied by many researchers (Beecher
and Fagan [1], Yan and Sheen [2], Wang et al. [3-6], Lin
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a,max

la,in
Ia,m
la,out
Isf

is,f,b

Is fm

surface area of the fin, m>

surface area of fin of dry portion, m?

surface area of fin of wet portion, m?

inside surface area of the tube, m?

outside surface area of the tube, m>

total surface area that is the summation of Ay
and 4, ., m”

outside surface area of wet portion, m
slope of the saturated moist air enthalpy curved
between the mean inside and outside tube sur-
face temperatures, J kg ™' K~!

slope of the saturated moist air enthalpy curved
between the mean water temperature and the
mean inside tube surface temperature, J kg ' K~!
slope of the saturated moist air enthalpy curved
at the mean water film temperature of the fin
surface, J kg~ ' K™!

slope of the saturated moist air enthalpy curved
at the mean water film temperature of the out-
side tube surface, J kg~ ! K~!

moist air specific heat at the constant pressure,
Jkg 'K™!

water specific heat at the constant pressure,
Jkg 'K™!

collar diameter, m

inside tube diameter, m

outside tube diameter, m

correction factor

fin pitch, m

water side friction factor

moist air maximum mass velocity based on the
minimum flow area, kgm s~

moist air side convection heat transfer coeffi-
cient, Wm 2> K!

moist air side convection mass transfer coeffi-
cient, kgm s~

water side convection heat transfer coefficient,
Wm K™

modified Bessel function solution of the first
kind, order 0

modified Bessel function solution of the first
kind, order 1

moist air enthalpy, Jkg™!
inlet moist air enthalpy, J kg™
mean moist air enthalpy, J kg™'

outlet moist air enthalpy, J kg™

saturated water vapor enthalpy, J kg™
saturated air enthalpy at the fin temperature,
Jkg™!

saturated air enthalpy at the fin base tempera-
ture, J kg~!

mean saturated air enthalpy at the mean fin sur-
face temperature, J kg™
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1

Is.r,in

Isrm

is,r,out
is,p,i,m
is,p,o,m
Is,w
is,w,f,m
Jn

Jm

Pr,
Pr,
P,
o)
Q avg

ery

saturated air enthalpy at the inlet-water temper-
ature, J kg ™!

mean saturated moist air enthalpy at the mean
water temperature for the counter flow configu-
ration, J kg~

saturated air enthalpy at the outlet-water tem-
perature, J kg~

mean saturated air enthalpy at the mean inside
tube wall temperature, J kg~

mean saturated air enthalpy at the mean outside
tube wall temperature, J kg~

saturated air enthalpy at the water film temper-
ature, J kg‘1

mean saturated air enthalpy at the mean water
film temperature of the fin surface, J kg~!
Colburn heat transfer group or Chilton-
Colburn j-factor for the heat transfer

Colburn mass transfer group or Chilton-
Colburn j-factor for the mass transfer

modified Bessel function solution of the second
kind, order 0

modified Bessel function solution of the second
kind, order 1

thermal conductivity of the fin, Wm ' K~!
thermal conductivity of the tube, Wm ™' K~!
thermal conductivity of the water, Wm ™' K™
thermal conductivity of the water film,
Wm'K™!

tube length, m

dry air mass flow rate, kg s~
water mass flow rate, kg s~
number of tube row

wave height, m

longitudinal tube pitch, m
moist air side Prandtl number

water side Prandtl number

transverse tube pitch, m

moist air side heat transfer rate, W

average heat transfer rate between the moist air
and water sides, W

heat transfer rate for fully dry segment, W

1

Odry.convmax Maximum heat transfer rate for dry portion

Q part

in partially wet segment, W
heat transfer rate for partially wet segment,
'Y

'me,cond,,i heat transfer rate for partially wet segment

O
Qwet

evaluated at r;, W
water side heat transfer rate, W
heat transfer rate for a fully wet segment, W

Owetconvmax Maximum heat transfer rate for wet portion

y

wet,conv,max

in partially wet segment, W
maximum heat transfer rate for partially
wet segment, W

4003




4004 W. Pirompugd et al. | International Journal of Heat and Mass Transfer 51 (2008) 4002-4017

R ratio of the convection heat transfer characteris-
tic to the convection mass transfer characteristic
for the simultaneous convection heat and mass
transfer

Rep,  moist air side Reynolds number based on the
collar diameter
Rep,  water side Reynolds number

RH inlet relative humidity of the moist air

T inside fin radius for the equivalent circular area
method that equal to the outside tube (include
collar) radius, m

o outside fin radius for the equivalent circular area
. method, m

r distance from the center of the tube to the inter-

face, m

Sc, moist air side Schmidt number

Sp fin spacing, m

T. moist air temperature, K

Tain inlet moist air temperature, K

Tam  mean moist air temperature for the counter flow
configuration, K

Taou outlet moist air temperature, K

T4p dew point temperature of the moist air, K

Tr fin temperature, K

Ttp fin base temperature, K

Tty fin tip temperature, K
mean fin temperature for the counter flow con-
figuration, K

T,im mean inside tube surface temperature for the
counter flow configuration, K
T,om mean outside tube surface temperature for the

counter flow configuration, K

Tim mean water temperature for the counter flow
configuration, K

T: water temperature, K

T:in inlet-water temperature, K

outlet-water temperature, K

Tim mean water temperature for the counter flow
configuration, K

t fin thickness, m

V: water velocity, m s}

Uo,a  overall heat transfer coefficient for fully dry sur-
face condition, based on temperature difference,
Wm>T!

U,,  overall heat transfer coeflicient for partially wet
surface; coPdition, based on enthalpy difference,

kgm s

U,w  overall heat transfer coeflicient for fully wet sur-
face condition, based on enthalpy difference,
kgm 2s”!

W, moist air humidity ratio

Wain inlet moist air humidity ratio

W,m mean moist air humidity ratio

outlet moist air humidity ratio

W p.o.m mean saturated air humidity ratio at the mean

outside tube temperature

saturated air humidity ratio at the water film

temperature

W,.wem mean saturated air humidity ratio at the mean
water film temperature at the fin surface

Xr projected fin length, m

Vw thickness of the water film, m
Or water density, kg m >
e viscosity of water, kgm ™' s7!
Nrary  fully dry fin efficiency

Hepare  partially wet fin efficiency

Nepare effectively partially wet fin efficiency
newer  fully wet fin efficiency

ery,r* air temperature difference at r*, K

0ot air enthalpy difference, kJ kg™

Owerr;  air enthalpy difference at r;, kJ kg ™!

Ay, logarithmic mean enthalpy difference across the
heat exchanger for the counter flow double-pipe
configuration with the hot and cold fluid enthal-
pies, kJ kg™!

AP pressure difference, N m~

AT, logarithmic mean temperature difference across
the heat exchanger for the counter flow dou-
ble-pipe configuration with the hot and cold
fluid temperatures, K

2

et al. [7], Pirompugd et al. [8,9]). Even though many efforts
have been devoted to the study of wet-coils, the available
literature on dehumidifying heat exchangers still offers lim-
ited information to assist the designer in sizing and rating a
fin-and-tube heat exchanger. This can be made clear from
the reported data which mainly focused on the study of
the sensible heat transfer characteristics; very few atten-
tions were paid to the mass transfer characteristics. More-
over, the fin surfaces may be fully wet, fully dry or partially
wet depending on the difference between dew point temper-
ature and surface temperature. Notice that if the outer tube
surface (including collar) temperature is higher than the
dew point temperature of moist air, there is only sensible
heat transfer and is termed as fully dry condition. How-

ever, if the fin tip temperature is lower than the dew point
temperature of moist air, both sensible and latent heat
transfer occur at the same time for all fin surfaces. This
condition is regarded as the fully wet condition. Occasion-
ally, part of the fin tip temperature is higher than the
dew point temperature whereas the rest of fin surface
temperature is below the dew point temperature in such
condition the partially wet surface prevails. There are few
studies dealing with the heat transfer performance of the
heat exchangers under partially wet surface conditions.
Recently, Pirompugd et al. [9,10] presented the fully wet
and fully dry tiny circular fin method for evaluation of
heat and mass transfer characteristics under fully wet
and partially wet surface conditions. Xia and Jacobi [11]
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formulated the logarithmic mean temperature difference
(LMTD) and logarithmic mean enthalpy difference
(LMED) methods for fully dry, fully wet, partially wet
and frosted surface conditions. Pirompugd et al. [12] pre-
sented the new mathematical model namely “finite circular
fin method (FCFM)” for the plain fin-and-tube heat
exchangers under fully dry, fully wet and partially wet sur-
face conditions. The FCFM characterizes by dividing a fin-
and-tube heat exchanger into many tiny segments through
which the detailed surface conditions (fully dry, fully wet,
or partially wet surface) will be taken into account.
Although some information is currently available on the
heat transfer performance of the heat exchangers under
partially wet surface conditions, there still remains room
for further work especially research on the mass transfer
characteristics under partially wet surface condition. As a
consequence, the objective of this study to provide a
detailed method for analyzing the heat and mass transfer
performances of fin-and-tube heat exchangers under par-
tially wet surface conditions. The proposed method,
namely the “finite circular fin method” (FCFM), is used
to analyze the performance of the heat exchangers having
wavy fin configuration under dehumidifying conditions.

2. Experimental apparatus

Fig. 1 shows the schematic diagram of the experimental
apparatus. It consists of a closed-loop wind tunnel in which
air is circulated by a centrifugal fan (7.46 kW, 10 HP) vary-
ing the air velocity with an inverter. The air duct is made
from galvanized sheet steel and has an 850 x 550 mm
cross-section. To obtain a uniform flow into the tested chan-
nel, air is forced through a mixer before entering the test sec-
tion. The air flow is measured by multiple nozzles based on

4005

the ASHRAE Standard 41.2-1987 [13]. A differential pres-
sure transducer is used to measure the pressure difference
across the nozzles. The air temperatures at the inlet and exit
zones across the sample heat exchangers are measured by
two psychrometric boxes based on the ASHRAE Standard
41.1-1986 [14]. The dry-bulb and wet-bulb temperatures of
the inlet-air are controlled by an air-ventilator that can pro-
vide a cooling capacity of up to 21.12 kW (6RT).

The working fluid in the tube side of the heat exchanger
is chilled water. A thermostatically controlled reservoir
provides cold water at selected temperatures. The tempera-
ture differences on the water side are measured by two pre-
calibrated resistance temperature detectors (Pt — 100 Q).
The water volumetric flow rate is measured by a magnetic
flow meter with a precision of +0.001 L s~'. All the tem-
perature measuring probes are resistance temperature
devices, with a calibrated accuracy of 40.05°C. In the
experiments, only the data that satisfy the ASHRAE Stan-
dard 2000 [15] requirements (the energy balance condition,
]Qa - Qr] /Ousgs is less than 0.05, where O, is the water side
heat transfer rate, Q, is the air side heat transfer rate and
Qavg is the average heat transfer rate between the air side
and water side) are considered in the final analysis. A total
of 18 wavy fin-and-tube heat exchangers, having various
geometric parameters, are tested in this study. The details
of test samples are shown in Table 1. The accuracies of
the measurement sensors and the uncertainties in derived
experimental values following the single-sample analysis
proposed by Moffat [16], are given in Table 2. The geomet-
ric details of the tested wavy fins are shown in Fig. 2. The
test fin-and-tube heat exchangers are tension wrapped hav-
ing a “L” type fin collar. The test conditions approximate
those encountered with typical fan-coils and evaporators
of air-conditioning applications.

Thermostat

RTD % | T |
< Mixer Sample\\ Flow Meter
B S\ i\ IR
E o
AirFlow —=> g
: Psychrometric
ﬂ Box Manometer M H
= Mixer Nozzle Mixer il i
Air Conditioner <= AirDuct /
/
Blower
Manometer

Fig. 1. Schematic diagram of experimental apparatus.
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Table 1
Geometric dimensions of the sample wavy fin-and-tube heat exchangers
No. F, Sp t D, P, P Py X¢ N
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1 1.60 148 0.12 10.38 254 19.05 1.18 4.7625 1
2 1.64 152  0.12 8.62 254 19.05 1.58 4.7625 1
3 282 270 0.12 1038 254 19.05 1.18 47625 1
4 292 280 0.12 8.62 254 19.05 1.58 4.7625 1
5 354 342 0.12 8.62 254 19.05 158 47625 1
6 3.63  3.51  0.12 8.62 254 2540 1.68 6.3500 1
7 1.69 1.57 0.12 8.62 254 19.05 1.18 4.7625 2
8 1.71 1.59  0.12 8.62 254 19.05 1.58 4.7625 2
9 312 3.00 0.12 8.62 254 19.05 1.58 4.7625 2
10 317 3.05 0.12 8.62 254 19.05 1.18 4.7625 2
11 1.64 1.52  0.12 8.62 254 19.05 1.58 47625 4
12 170 1.58 0.12 8.62 254 19.05 1.18 4.7625 4
13 307 295 0.12 8.62 254 19.05 1.58 4.7625 4
14 314 302 0.12 8.62 254 19.05 1.18 4.7625 4
15 157 145 0.2 1038 254 19.05 1.18 47625 6
16 1.65 153 0.12 8.62 254 19.05 1.58 4.7625 6
17 28 270 012 1038 254 19.05 1.18 47625 6
18  3.06 294 0.12 8.62 254 19.05 1.58 4.7625 6
Table 2
Summary of estimated uncertainties
Primary measurements Derived quantities
Parameter ~ Uncertainty =~ Parameter  Uncertainty Uncertainty
Rep = 400 Rep, = 5000
Ty 0.3-1% Rep, +1.0% +0.57%
Tty 0.5% O: +3.95% +1.22%
AP 0.5% 0. +5.5% +2.4%
T: 0.05°C Jns Jm +11.4% +5.9%
Ta 0.1°C

The test conditions of the inlet-air are as follows:

Dry-bulb temperature of the air 27 £+ 0.5 °C

Inlet relative humidity for the incoming air 50% and 90%
Inlet-air velocity from 0.3 to 4.5ms™!

Inlet-water temperature 7 + 0.5 °C

Water velocity inside the tube 1.5~ 1.7ms™!

3. Mathematical model

The totall heat tra_lnsfer rate used in the calculation is the
average of 0, and Q;, namely:

Qa = ma(ia,in - ia,out) (1)
Qr = mrcp,r(Trﬁout - Tr,in) (2)
' avg — Qa ;— Qr (3)

In this study, a reduction method, namely the “finite cir-
cular fin method (FCFM)” published in our previous liter-
ature (Pirompugd et al. [12]) is used for detailed evaluation
of the performance of wavy fin-and-tube heat exchanger
instead of conventional lump approach. The proposed
method is capable of handling test results for fully dry,
fully wet and partially wet surface conditions. Analysis of
the fin-and-tube heat exchanger is firstly carried out by
dividing the heat exchanger into many tiny segments

P,

A
A 4

Detail A

Fig. 2. Geometric detail of the herringbone wavy fin.
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Water inlet — ]

Tﬁb> po

(c.1) Fully dry condition

Ty<Typ

Typ<Typ
Tﬁ,>po

(c.2) Fully wet condition (c.3) Partially wet condition

(c) Circular fin in fully dry, fully wet and partially wet conditions

Fig. 3. Finite circular fin method (FCFM).

(number of tube rows x number of tube passes per row x
number of fins) as shown in Fig. 3a. For calculation of
the fin efficiency, the equivalent circular area method as
shown in Fig. 3b is adopted. Depending on the surface con-
dition, different reduction method is employed to the tiny
segments. For fully dry condition, as shown in Fig. 3c.1,
in which the outside tube (including collar) temperature
is higher than the dew point temperature of the moist air,
only sensible heat transfer occurs on the whole area of this
tiny segment. The second case is the fully wet condition, as
shown in Fig 3c.2, in which the fin tip temperature is lower
than the dew point temperature of moist air. Both sensible
and latent heat transfer takes place along every tiny seg-
ment. The last one is the partially wet condition, as shown
in Fig. 3c.3, in which the outside tube (including collar)
temperature is lower than the dew point temperature of
the moist air but the fin tip temperature is opposite to that.
Therefore in the region of r; <r < r fully wet condition
prevails whereas it is fully dry in the region of < <.
In this study, we had proposed a reduction method that
can resolve these three cases.

3.1. Tiny circular fin under partially wet condition

3.1.1. Heat transfer
The overall heat transfer coefficient, U, ,, is based on the
enthalpy potential and is given as follows:

Opart = UopdoAinF (4)

where Ai,, is the mean enthalpy difference for a counter
flow coil:

Aim = ia,m - is,rAm (5)

According to Bump [17] and Myers [18], for the counter
flow configuration, the mean enthalpy is

ia,out)(ia,in - l‘sAr,out)

M) (l.ajn - is,r,out) - (ia,out - ism,in)

Ia,out 7is‘r,in

lajin — laout (la,in -

ia,m - ia,in +
In
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ls‘r.,out - ls‘r,in

is‘r‘m = is‘r,out + (

_ (l.s‘r.,out - is,r‘in)(ia,in - is,r‘oul)
M) (ia,in - is,r,out) - (ia,out - is,r,in)

iaout —Isyrin

For the FCFM, Fis the correction factor accounting for a
single-pass, cross-flow heat exchanger for one fluid mixed,
the other fluid being unmixed, as described by Threlkeld
[19]. The overall heat transfer coefficient is related to the
individual heat transfer resistance as follows:

U o4, bl (%) . 1 .
- . Agr.
Uo,p hrAp,l 27Tkap ho,w (b:i;o_’_ b"(jff;(:()
where
1
h04w = Cpa Ve (9)
B heo | kw

w,f’

yw in Eq. (9) is the thickness of the water film. A constant
of 0.005 in. was proposed by Myers [18]. The water side
heat transfer coefficient, 4, is evaluated from the Gnielinski
correlation [20]:

(f:/2)(Rep, — 1000)Pr, K,

P = C— 10
1.07 + 12.7\/£,/2(P?? — 1) Di (10)
and the friction factor, f; is
1
Jr= (11)

(1.58In Rep, — 3.28)

The Reynolds number used in Egs. (10) and (11) is deter-
mined from Rep, = p,V:Di/p,. It is based on the inside
diameter of the tube. In Eq. (8) there are four quantities
(b;, by, b, , and by ;) involving enthalpy—temperature ratios
that must be evaluated. The quantities of 4] and b, can be
calculated as

Ispim —
b/ _ ‘spim s,r,m 12
r Tpii,m - Tr,m ( )
Is — Ispi
b/ _ ‘spom s,p,i,m (13)
P Tp,o,m - iji,m

the values of b,  and b/,  are the slopes of saturated enthal-
py curves evaluated at the outer mean water film tempera-
ture at the base surface and the fin surface, respectively.
Without loss of generality, b(v‘p can be approximated by
the slope of the saturated enthalpy curve evaluated at the
base surface temperature (Wang et al. [21]). Evaluation
of by, requires a trial and error procedure. For the trial
and error procedure, i, rm must be calculated using the
following equation:

. . CP~ah0~W”If,part
Lswfm X lam — — 7 5
‘ by theo
De
X |1 —=Uspd b b; i (E)
oo hedp; 2nkyL,
X (ia,m - isAr,m) (14)

Hence, the corresponding fin efficiency is calculated by
the equivalent circular area method as depicted in
Fig. 3b. The partially wet fin efficiency (Pirompugd et al.
[12]) can be written as

Qpart‘cond,ri ( 1 5)

"f,part Qwet,conv,max + ery,conv,max

where Qpamond,,i is the heat transfer rate evaluated at rj,
Qwel,mmmax is the convective heat transfer rate of wet por-
tion that assumes the temperature of wet surface equal to
fin base temperature whereas erywconv_,max is the convective
heat transfer rate of the dry portion that assumes the tem-
perature of dry surface equal to the dry/wet interface tem-
perature that is in fact equal to the dew point
temperature. However, the partially wet fin efficiency ob-
tained from Eq. (15) is not applicable for the Threlkeld’s
method. Because the heat transfer rate from Threlkeld’s
method is based on the enthalpy difference and cannot be
directly applied to Eq. (15). In that respect, we had defined
the effectively partially wet fin efficiency based on the en-
thalpy difference, and is given as

’ _ Qparl,cond,ri _ Qwel,conv,max + ery,conv,max 16
anpart Sy - 2 nf‘part ( )
wet,conv,max wet,conv,max

where Q) convmax IS the convective heat transfer rate that

assumes the temperature of all surface area equal to the

fin base temperature. Then, the partially wet fin efficiency is
o 27‘1

Tt part = M1(r+® — 12)O0gerr, + M1Cpaldry . (r2 — r%?)

BK (M ~ri) — ol (Mrr;)

"\ Mady (M) Ko (M) + Mlo(Mr)Ky (Mors)
(17)

where
o = Ouery MTK 1 (M) + Ko (M775) (18)
B = Ower Ml (Myrs) — plo(Mrr;) (19)
7y = by Oary M

Ki(Muro) Iy (Myrs) — It (M) Ky (M)

{K1(Mml”o)[o(Mm”*) + I (M yro)Ko(Mpr*) (20)

h
My = [2on (21)
ke,

th o
My = |—= 22
ot (22)
Owet,; is the enthalpy difference evaluated at r; and Oy, is
the temperature difference evaluated at r*.
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The corresponding partially wet fin efficiency is given as

, 2 — riz n
Nepart = \ =2 2
f,part 72— r?

o 1

0 Iy, r* i 2
CP-,'d dryre Lo - )nfpart (23)

gwelir, r 2 r

Eq. (17) can be applied to the fully wet condition by assign-
ing r, to r*. An algorithm for calculation of the partially
wet surface condition (Pirompugd et al. [12]) is given as
follows:

1. Calculate the tube side heat transfer coefficient of 4,
using Eq. (10).

2. Assume an outlet-air enthalpy of the calculated
segment.

3. Calculate i, ,, by Eq. (6) and i, by Eq. (7).

4. Assume values of T}, im and T, o m.
b Ay In | e
5. Calculate ;=== and —_——*
Ap i TkpLp
6. Assume wam
7. Assume r .
%
8. Calculate Owet at r from Owet =

olo(M1r)+BKo(MTr)
Ml (Mrr)Ko(Mrri)+Mrlo(Mrri) Ky (MTrs)"

9. Calculate is ¢ from 0y, at .

10. CalculateTy from i¢ at r .

11. If T; obtained in step 10 is not equal to the dew point
temperature of the moist air, the calculation steps 8—
10 will be repeated with a new r* until Tt is equal to
the dew point temperature.

12. Calculate the #¢pare and #'rpare using Eqs. (17) and
(23), respectively.

13. Calculate U, ;, from Eq. (8).

14. Calculate s rm by Eq. (14).

15. Calculate Ty, from iy gm.

16. If T, ¢m obtained in step 15 is not equal to that
assumed in step 6, the calculation steps 7-15 will be
repeated with T, obtained in step 15 until Ty, rm
is constant.

17. Calculate Qpar[ from Eq. (4) of this segment.

18. Calculate Ty im and T} o m from the inside convection
heat transfer rate and the conduction heat transfer
rate.

19.1f Tpim and T}, obtained in step 18 are not equal
to those assumed in step 4, the calculation steps 5-18

2

21. If the outlet-air enthalpy obtained in step 20 is not
equal to that assumed in step 2, the calculation steps
3-20 will be repeated with the outlet-air enthalpy
obtained in step 20 until the outlet-air enthalpy is
constant.

3.1.2. Mass transfer
The cooling and dehumidifying of moist air by a cold
surface involves simultaneously heat and mass transfer,

and can be described by the process line equation from
Threlkeld [197]:

di, R (fa — Isw) L

.~ Ry —jp o+ e = 25018) (24)

where R represents the ratio of heat transfer characteristic
to mass transfer characteristic:

hc,o

hd,o Cp,a

R= (25)

However, Eq. (25) did not correctly describe the dehumid-
ification process on the psychrometric chart for the present
fin-and-tube heat exchanger. This is because the saturated
air enthalpy (i) at the mean temperature of the fin surface
is different from that at the fin base. In this regard, a mod-
ification of the process line on the psychrometric chart cor-
responding to the fin-and-tube heat exchanger is made. In
this study, we had proposed a method to resolve the par-
tially wet condition. From the energy balance of dehumid-
ification process one can arrive at the following expression:

madla = ﬁdAp,o(la,m - ls‘p‘o‘m) + édAf,wet(la,m - ls,w‘f,m)
+ hc,odAf,dry(Ta,m - Tf.m) (26)

Note that the first term on the right hand side denotes the
heat transfer from the outside tube, the second term repre-
sents the heat transfer from wet part of the fin and the third
term is the sensible heat transfer from dry part of fin. Con-
servation of mass of the water condensate leads to

madWa = hd,odApo(Wa,m -
+ hd,odAf‘wet(W

W&p,o,m)
m Ws,w,f‘m) (27)

Dviding Eq. (26) by Eq. (27) yields:

2_

di. R (am —ispom) +R- (7) (6= 1) - (i — dssm) + R - ( ) (6=1) - Cy(Tam — Trm)
= — (28)
a (Wa,m - Ws.,pio,m) + ( g rzl) : (8 - 1) : (Wa,m - Ws,w,f,m)
will be repeated with T,;., and T,,n obtained in  where
step 18 until 7}, ;, and T}, , ,, are constant.
20. Calculate the outlet-air enthalpy and the outlet-water ~ ; — Ao (29)
temperature from Oy, obtained in step 17. Apo
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By assuming a value of R, Eq. (28) can be integrated. The
mass transfer coefficient can be obtained accordingly. Pro-
cedures for obtaining the mass transfer coefficients for the
partially wet condition are given in the following:

1. Obtain W, o m and Wy rm from is , o m andig v ¢m from
the calculations of heat transfer.

2. Assume a value of R.

3. Calculations are performed from the first element to the
last element, employing the following procedures:

3.1 Assume a humidity ratio at the exit of heat
exchanger.

3.2 Calculate the outlet humidity ratio of each element
by Eq. (28).

3.3 If the calculated outlet humidity ratio obtained from
step 3.2 is not equal to the assumed value from step 3.1,
repeat the calculation step 3.2.

4. If the calculated outlet-air humidity ratio for each ele-
ment of the last row is not equal to the measured out-
let-air humidity ratio, assume a new R value and
repeat the calculation step 3 until the calculated outlet
humidity ratio of the last row is equal to the measured
outlet humidity ratio.

3.2. Tiny circular fin under fully wet condition

3.2.1. Heat transfer

Analogous to those reduction method for the foregoing
partially wet condition, the overall heat transfer coefficient
is based on the enthalpy potential and given as follows:

Ovet = UowAoNinF (30)

The overall heat transfer coefficient is related to the indi-
vidual heat transfer resistances (Myers [18]) as follows:

L o, bdoln (%) 1
Uo,w hrApji 27Ekap ho,w (b:;.:“ + “2&71{;:\1)

The quantities 4] and b, can be calculated from Egs. (12)
and (13), respectively. The values of b  and b, ; are the
slopes of saturated enthalpy curves evaluated at the outer
mean water film temperature at the base surface and the
fin surface, respectively. Without loss of generality, bfw
can be approximated by the slope of the saturated enthalpy
curve evaluated at the base surface temperature (Wang
et al. [21]). Evaluation of b, , requires a trial and error pro-
cedure. For the trial and error procedure, iy rm must be
calculated using the following equation:

(31)

. — Cp,ahojwnf,wet
Lswfm = lam — 77 7
- by, theo
/ D,
b bp In (HC)
X | 1= UgwAo L .
o Ay 2mkyLy
X (ia,m - is.ram) (32)

The use of the enthalpy potential equation, greatly simpli-
fies the fin efficiency calculation as illustrated by Kandlikar
[22]. However, the original formulation of the wet fin effi-
ciency by Threlkeld [19] was for straight fin configuration.
For a circular fin, the wet fin efficiency is given by Wang,
et al. [21] as follows:

}’] _ 21”1 K] (MTI”i)[](MTI”O)—K] (MTI"O)Il(MTI"i)
Fowet MT(Fgfl"iz) Kl(MT}"O)]o(MTI"i)+K0(MT7’1)[1(MTI"0)
(33)

An algorithm for solving the heat transfer characteristic for
the fully wet condition (Pirompugd et al. [8-10,23]) is given
as follows:

1. Calculate the tube side heat transfer coefficient of A,
using Eq. (10).
2. Assume an outlet-air enthalpy of the calculated
segment.
. Calculate i, ,,, by Eq. (6) and i, ., by Eq. (7).
. Assume values of T),; ,, and T} o m.

B~ W

/ D¢
bpdoIn o

bA
0 and

. Calculate ok el

. Assume Ty f .

. Calculate the #yye using Eq. (33).

. Calculate U, , from Eq. (31).

. Calculate i, rm by Eq. (32).

. Calculate T ¢ from iy fm.

.If Ty ¢m obtained in step 10 is not equal to that
assumed in step 6, the calculation steps 7-10 will be
repeated with T\, ¢, obtained in step 10 until 7 ¢
is constant.

12. Calculate Qe from Eq. (30) of this segment.

13. Calculate T}, ; , and T} o 1 from the inside convection
heat transfer rate and the conduction heat transfer
rate.

14. If T}, ; 1y and Ty, 1 Obtained in step 13 are not equal to
those assumed in step 4, the calculation steps 5-13
will be repeated with T},;,,, and T}, obtained in
step 13 until 7},; , and T, ., are constant.

15. Calculate the outlet-air enthalpy and the outlet-water
temperature from Oy obtained in step 12.

16. If the outlet-air enthalpy obtained in step 15 is not

equal to that assumed in step 2, the calculation steps

3-15 will be repeated with the outlet-air enthalpy

obtained in step 15 until the outlet-air enthalpy is

constant.

— O O 00 3 O\

—_—

3.2.2. Mass transfer

For the fully wet condition, the cooling and dehumidify-
ing of the moist air by a cold surface involves the simulta-
neous heat and mass transfer and can be described by the
process line equation (SI unit) from Threlkeld [19] as Eq.
(24). However, for the present fin-and-tube heat exchanger,
Eq. (24) did not directly describe the dehumidification pro-
cess. This is because the saturated moist air enthalpy at the
mean water film temperature on the fin surface is different
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from that at the outside tube surface. In this regard, a
modification of the process line chart corresponding to
the fin-and-tube heat exchangers is made. From the energy
balance of the dehumidification, the rate equation can be
arrived at the following expression:

. hc out hc out
madla = —dAp,out (la,m - lsp,o,m) + dAf(la,m - ls,w,.,f,m)
Cp«,a Cpa

(34)
Note that the first term on the right hand side denotes the
heat transfer of the outside tube whereas the second term is

the heat transfer for the fin part. Conservation of the water
condensate gives:

madWa = hd,ouldAp,out(Wa‘m -
+ hd,ouldAf(Wa,m -

Ws,p‘o‘m )
Ws,w,fjm) (35)

Dividing the equation of the heat transfer rate (Eq. (34)) by
the equation of the mass transfer rate (Eq. (35)) yields:

dia _ R- (ia,m - is,p.o,m) + R- (8 - 1) : (izl7m - is,w,f,m)
dWa Wa,m - Wsﬁp,o.m) + (3 - 1) ) (Wa,m - Ws,w,ﬂm)

(36)

By assuming a value of the ratio of heat transfer to mass
transfer, R and by integrating Eq. (36), the moist air side
convective mass transfer performance can be obtained.
Procedures for obtaining the mass transfer coefficients for
the partially wet condition are given in the following:

1. Obtain W, o m and Wy, m from i, o m andis  ¢m from
the calculations of heat transfer.

2. Assume a value of R.

3. Calculations are performed from the first element to the
last element, employing the following procedures:

3.1 Assume a humidity ratio at the exit of heat
exchanger.

3.2 Calculate the outlet humidity ratio of each element
by Eq. (36).

3.3 If the calculated outlet humidity ratio obtained from
step 3.2 is not equal to the assumed value from step 3.1,
repeat the calculation step 3.2.

4. If the calculated outlet-air humidity ratio for each ele-
ment of the last row is not equal to the measured out-
let-air humidity ratio, assume a new R value and
repeat the calculation step 3 until the calculated outlet
humidity ratio of the last row is equal to the measured
outlet humidity ratio.

3.3. Tiny circular fin under fully dry condition

3.3.1. Heat transfer

For fully dry condition, the overall heat transfer coeffi-
cient based on the temperature difference is given as
follows:

ery = Uo,dAoATmF (37)

The term of ATy, r can be shown as

ATm = Ta,m - Tr,m (38)

According to Bump [17], for the counter flow configura-
tion, the mean temperature difference is

Toin— T,
Ta,m _ Ta"in + a,in a,out
: ln (Tﬂ.in_Tr.out)
Tzl.oul*Tr.in
B (Ta,in - Ta,out)<Ta,in - Tr‘out) (39)
(Ta,in - Tr,out) - (Ta,out - Tr,in)
T — T
Tr,m = Triout + rout o3
ln (Tk\,in_Tr.oul)
Tz\,oul - Tr.jn
B (Tr,out - Trin)(Ta,in - Tr,out) (40)

(Ta,in - Tr‘out) - (Ta‘out - Tr‘in)

For the FCFM, F is the correction factor accounting for a
single-pass, cross-flow heat exchanger for one fluid mixed,
the other fluid being unmixed. The overall heat transfer
coefficient is showed as follows:

AO In (%) 1
: + A Agng
27Ikap hc,o ( 1;)(.)0 + 0[21:1r)’>

Kern and Kraus [24] determined the dry fin efficiency for a
circular fin as follows:

(41)

o 21”1 K] (Mml’i)ll (Mml”o) _Kl(Mmro)[l(Mmri)
ey =002 = 12) | Kt (Mo o (Mont) + Ko (Mo} Iy (Mot
(42)

An algorithm for solving the heat transfer characteristic for
the fully dry condition (Pirompugd et al. [9,10]) is given as
follows:

1. Calculate the tube side heat transfer coefficient of A,
using Eq. (10).
2. Assume an outlet-air temperature of the calculated
segment.
. Calculate T, ,, by Eq. (39) and T, by Eq. (40).
. Assume values of T}, ;,, and T} o m.

B W

/ De
prO In D;

i bd, |
. Calculate W and o

. Calculate the #¢q4ry using Eq. (42).

. Calculate U, 4 from Eq. (41).

. Calculate ery from Eq. (37) of this segment.

. Calculate T im and T, o m from the inside convection

heat transfer rate and the conduction heat transfer rate.

10. If T}, ; y and T}, , 1, Obtained in step 9 are not equal to
those assumed in step 4, the calculation steps 5-9 will
be repeated with T}, ; 1, and T}, Obtained in step 9
until Ty m and T, m are constant.

11. Calculate the outlet-air temperature and the outlet-

water temperature from ery obtained in step 8.

O 0 3N W
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12. If the outlet-air temperature obtained in step 11 is not
equal to that assumed in step 2, the calculation steps
3—11 will be repeated with the outlet-air temperature
obtained in step 11 until the outlet-air temperature is
constant.

In this study, detailed evaluation algorithm of the heat
transfer coefficient /4., with the present FCFM relative to
conventional lump approach is given as follows:

1. Calculate the moist air side heat transfer rate and the
water side heat transfer rate by Egs. (1) and (2),
respectively.

2. Calculate the total heat transfer rate from Eq. (3).

3. Assume A, for all segments.

4. Calculate the heat transfer performance for each seg-
ment with the following procedures.

4.1 Calculate the dew point temperature.

4.2 Assign T, to Tpim and Tp o m.

4.3 Calculate the fin tip temperature for the fully wet
condition from Oyt = w77z ity iy T
by assigning r, to r .

4.4 1f T, ., is higher than the dew point temperature,
the algorithm of the fully dry condition is done.

4.5 If the fin tip temperature is lower than the dew point
temperature, the algorithm of the fully wet condition is
adopted.

4.6 If T;, o m 1s lower than the dew point temperature but
the fin tip temperature is higher than the dew point tem-
perature, the algorithm of the partially wet condition is
used.

47 1f T,im and T}, obtained in step 4.4-4.6 are not
equal to those assumed in step 4.2, the calculation
steps 4.3-4.6 will be repeated with T,;,, and T, m
obtained in step 4.4-4.6 until Tp;,, and T,,., are
constant.

5. If the summation of the heat transfer rate for all ele-
ments is not equal to the total heat transfer rate
obtained in step 2, &, will be assumed with a new value
and the calculation step 4 will be repeated until the sum-
mation of the heat transfer rate for all elements is equal
to the total heat transfer rate.

The FCFM also provides a detailed evaluation of the
performance of fin-and-tube heat exchanger that is supe-
rior to the conventional lump approach. An algorithm
for solving the mass coefficient /4, is given as follows:

1. If T}, o m is higher than the dew point temperature, The
outlet humidity ratio is equal to the inlet humidity ratio.

2. If the fin tip temperature is lower than the dew point
temperature, the algorithm of the fully wet condition
is employed.

3. If T}, o.m is lower than the dew point temperature but the
fin tip temperature is higher than the dew point temper-
ature, the algorithm of the partially wet condition is
done.

3.4. Chilton—Colburn j-factor for heat and mass transfer (j,
and jy,)

The reduced results of the heat and mass transfer char-
acteristics are in terms of dimensionless groups:

h
P C,0 Pr2/3 43
M GG @
h
jm — d.o SC§/3 (44)

a,max

4. Results and discussion

The j;, and jy, is the dimensionless parameters represent-
ing the heat and mass characteristics, respectively. The
results by FCFM are compared with those by the original
Threlkeld method, and are shown in Fig. 4a and b. For
the heat transfer characteristic, Fig. 4a show the agreement
of 97.67% of j, between those obtained by the original
Threlkeld method and those obtained by the present FCFM
falls within —15% to 30%. However, j,, obtained by the
FCFM is not consistent with those obtained by the Threl-
keld method. The major deviation is because that the Threl-
keld method is applicable to the fully wet surface only.
Hence from the comparison one can see the major devia-
tions are mainly pertaining to the partially wet surface. In
addition, the mass transfer characteristic obtained from
the original process line approach derived by the Threlkeld
based on pure counter flow arrangements. For comparison
with the fully wet and fully dry tiny circular fin method pro-
posed by Pirompugd et al. [9,10], as shown in Fig. 5a and b,
the j, and j,, for fully wet condition obtained by the present
method is identical to those obtained by the previous
method. However, for the partially wet conditions, a notice-
able difference occurs between those obtained by the present
method and the previous method. This can be describe that
the tiny segments for FCFM can take care of all surface
conditions (including the tiny segments with the partially
wet condition) but the tiny segment for the previous method
(fully wet and fully dry tiny circular fin method) can manage
only either fully dry or fully wet surface condition.

Fig. 6a—d show the influences of inlet relative humidity
and of fin spacing on the heat transfer characteristics.
When 500 < Rep_ <5000 and 2 < N < 4, the j, are insensi-
tive to change of the inlet relative humidity. However,
when Rep <500, a level-off for j, is encountered. This is
in connection with the condensate retention phenomenon
at very low Reynolds number region, in this situation the
water condensed is easily hanging between the fin spacing
and give rise to a drop of the heat transfer characteristic.
For N =1, j;, decreases when the fin spacing is increased.
This phenomenon can be described from the flow field
within the fin passage. From the numerical simulation
(Torikoshi et al. [25]), the entire flow region can be kept
laminar and steady and the vortex forms behind the tube
can be suppressed for the tight fin. The cross-stream width
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(Pirompugd et al. [9,10]).

of the vortex region behind the tube will be taken place
when the fin spacing increases. Then, the j,, decreases with
the increasing of fin spacing for one-row configuration,
indicating a detectable influence of fin spacing. The effect
of fin spacing on j;, can be negligible when the number of
tube rows is increased. This is because with the increasing
number of tube row the subsequent row can block the con-
densate blow-off phenomenon from the preceding row.
Moreover, when N = 6 and RH = 50%, one can see the sig-
nificant decline of ji, at low Rep (Rep_ < 2000). This can be
made clear from Fig. 6d, it shows that at a low inlet relative
humidity most of the surface is actually dry for no conden-
sation takes place. As a result, the outside surface is under
the partially wet condition that leads to a drop of heat
transfer characteristic.

Fig. 7a—d show the effects of inlet relative humidity and
fin spacing on the j,,. The results indicate that the effect of
inlet relative humidity on j, is negligible when the fin spac-
ing is larger than 2.5 mm,. However, for a smaller fin spac-
ing, one can observe that the j,, increases when the inlet
relative humidity is reduced from 90% to 50%. The decline
of j, for a tighter fin configuration can be attributed to the
condensate retention phenomenon. As can be seen from
the observation of flow patten conducted by Yoshii et al.
[26], they had clearly indicated that the blockage of the
tube row by the condensate retention when performing
the experiment about the air flow across a tube bank. As
a result, it may deteriorate the performance of the heat
exchanger and show a slight drop in the j,,. However, a
considerable rise of j, is encountered when RH = 0.5 and



4014

.075
1 Row ® B AV ¢e Fully wet conditions
05 oo Partially wet conditions
.025
=
=
.
[
014 4 #3
v o #4
00751 & 45 RH=05
® #6 —— RH=09
.005 w
250 500 7501000 2500 5000 7500
Rep,
(@) jn (1 Row)
.05
4 Rows RH=0.5 ® O #]1
m O #]2
025 A A #13
‘ v v #14
=
™ 0l
.0075
.005
o m AV Fully wet conditions
OO0 AV Partially wet conditions
.0025 w
250 500 7501000 2500 5000 7500

Re,,

(c) jn (4 Rows)

W. Pirompugd et al. | International Journal of Heat and Mass Transfer 51 (2008) 4002-4017

075
2 Rows o m A v Fully wet conditions
05 ©O0AV Partially wet conditions
.025
3
011 ® O #7
B O #3
00751 & & 49 RH=0.5
v vV #10 —— RH=09
.005 w
250 500 7501000 2500 5000 7500
Rep,.
(b) jn (2 Rows)
.05
6 Rows RH=05 ® O #I5
—— RH=09 W 0 #6
025 A L #17
’ vV #18
~ 014
.0075
.005
o m A v Fully wet conditions
OO0 AV Partially wet conditions
.0025 :
250 500 7501000 2500 5000 7500
Re,,.
(d) j» (6 Rows)

Fig. 6. ji, obtained from the present method.

Rep_>750. This is related to the blow-off condensate
caused by flow inertia, thereby making more room for con-
densation of water vapor to take place. Performance drop
for j, and j, subject to influence of tube row can be made
clear from Wang et al. [27]. They had conducted the flow
visualization using scale-up fin-and-tube heat exchangers,
showing that the incoming air first hits the first row tube
and then, it twists and swirls to the subsequent row. The
swirled motion is apparently stronger near the first row,
and the strength of the swirled motion is reduced by the
increase of tube row. The drop of swirled strength leads
to an overall drop of heat/mass transfer performance with
the number of tube row.

For the simultaneous heat and mass transfer, if mass
transfer data are unavailable, one would resort to the anal-
ogy between the heat and mass transfer. For an air-water
vapor mixture, the ratio of /ico/hgo Cpa is about unity.
From the results of Seshimo et al. [28] and Eckels and
Rabas [29], the corresponding values are about 1.1 ~ 1.2.
Hong and Webb [30] reported that this value is between
0.7 ~ 1.1. In this study, the values of hco/hqo Cpa are
between 0.6 and 1.2. However, the present authors found
that the results from the Threlkeld method did not entirely
support the analogy between heat and mass transfer.

By using a multiple linear regression technique in a
range of experimental data (300 < Rep_< 5000), the appro-
priate correlations of j;, and j,, based on the present data
are as follows:

e N =1 (fully wet and partially wet conditions)

) Pl —0.00085 Pt —2.1461

(~0.2636;2-0.000917L+0.15585-0.8865 )

X Rep, (45)
P\ 16741/ p \ 06715
jiy = 1.00006 ( = -t
, D. D.
" Re(—0442522—%+0,1398g—l+0.1408%—0.8472) (46)
D¢
P\ 03729 4 p \ 17698
Ry =0.9999( -1 L
D, D,
« Re (0.1786%—0.00526%—0.15065—2+0.I3ZI) (47)
De
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Fig. 7. jn, obtained from the present method.
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Detailed comparisons of the proposed correlations against
the experimental data are shown in Fig. 8a—c. It is found
that Eqs. (45), (48) and (51) can describe 95.63% of j;, with-
in 15%, Eqgs. (46), (49) and (52) can describe 95.14% of j,
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Fig. 8. Comparison between predicted data and experimental data.

within 20% and Egs. (47), (50) and (53) can describe

94.68% O he o/hq.oCh.a Within 20%.

5. Conclusions

This study proposes a new reduction method to ana-
lyze the heat and mass transfer characteristic of the
experimentally data from 17 wavy fin-and-tube heat

exchangers under dehumidifying conditions. On the basis
of previous discussions, the following conclusions are

made:

1. A reduction method that is capable of handling fully
wet, fully dry, and partially wet surface is proposed in
this study. It is found that the proposed method is supe-
rior to previous method.

. The heat transfer and mass transfer characteristics
obtained by the present method are relatively insensitive
to the inlet relative humidity. However, the effect of rel-

ative humidity on the mass transfer characteristic
becomes more pronounced when partially wet condition
takes place.

. The heat transfer characteristic is comparatively inde-

pendent of the fin spacing. Effect of fin spacing on the
mass transfer characteristic is rather small when fin
spacing is larger than 2.5 mm. However, at a smaller
fin spacing, j, slightly decreases when the relative
humidity increases.

. The correlations applicable to the present wavy fin-and-

tube heat exchanger are proposed. These correlations
can describe 95.63% of j, within +15%, can describe
95.14% of j,, within £20% and can describe 94.68% of
R within +20%.
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