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Abstract

Airside heat and mass transfer and fluid flow characteristics of a wavy-finned-tube direct expansion air coil under cooling and
dehumidifying condition have been experimentally investigated. Experiments were carried out to study the effects of operating
conditions such as: air temperature, air relative humidity, air face velocity, and evaporator pressure on the airside performance
(cooling capacity, dehumidification capacity, pressure drop, and heat transfer coefficient) of the coil. Charts for coil wet con-
ditions, partially wet or totally wet, were conducted to identify the coil wet conditions in terms of the operating conditions. Two
techniques, enthalpy potential method and equivalent dry-bulb temperature method, were used to analyze the data and to deduce
correlations for Colburn factors for the different coil wet conditions. Comparison between the correlations predictions of the two
techniques was presented.
© 2006 Elsevier Ltd and IIR. All rights reserved.
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Performance co6té air d’un tube ondulé a ailettes dans le serpentin
d’un systeme a détente directe en application refroidissement
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1. Introduction

Finned tube heat exchangers are widely used in a variety
of applications of air-conditioning, refrigeration and process
industry. Air coil is an example of finned tube heat
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exchangers. Generally, air coils consist of tubes through
which water, oils, or refrigerants are forced to flow inside
the tubes while air is directed across the tubes. Since the dom-
inate heat transfer resistance is usually on the air-side, using
enhanced finned surface on this side is very common to effec-
tively improve overall heat transfer performance. Air coils,
heating or cooling, are usually employing different finned-
tube configurations. Extensive investigations have been per-
formed for wavy-finned-tube air coils under air-side dry con-
dition to study the effects of the fins geometrical parameters
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Nomenclature

A Area (m?)

A¢ fins heat transfer surface area (m?)

Ag coil air frontal flow area (m?)

Amin minimum air flow area (m?)

Ay total coil surface area (mz)

A tubes heat transfer outer surface area (m?)

Cpa specific heat of moist air (Cp, = Cpg, + @ Cpy)
kg 'K

Cpai specific heat of moist air at coil inlet
kg 'K

CPao specific heat of moist air at coil outlet
Jkg 'K

Cpaa specific heat of dry air J kg ' K™
Cpy specific heat of water vapour (Jkg ' K™

Cpw parameter defined for partially wet condition by
Eq. (11) (dimensionless)

Cw parameter defined for totally wet condition by
Eq. (5) (dimensionless)

Dy, coil hydraulic diameter (Dy, = 4Ly Anin/Ao) (M)

Gmin maximum air mass velocity based on minimum
flow area (kg m2sh

h heat transfer coefficient (W m 2K ')

N total heat transfer coefficient (air—water film

heat transfer), calculated based on enthalpy
potential difference method (W m 2K ™)

hpw heat transfer coefficient under partially wet
condition (calculated based on EDT method)
(Wm 2K

/. heat transfer coefficient under totally wet con-
dition (calculated based on EDT method)
(Wm K™Y

hy, heat transfer coefficient under wet condition
(calculated based on enthalpy potential
method) (Wm 2K ™)

i enthalpy (Tkg™")

ini enthalpy of moist air at coil inlet (J kgfl)

iao enthalpy of moist air at coil outlet (Jkg™")

i enthalpy of saturated air at tube surface temper-
ature (J kgfl)

J Colburn factor (dimensionless)

Jow Colburn factor under partially wet conditions (cal-
culated based on EDT method) (dimensionless)

Jow Colburn factor under totally wet condition (cal-
culated based on EDT method) (dimensionless)

Jw Colburn factor under wet conditions (cal-
culated based on enthalpy potential method)
(dimensionless)

k¢ thermal conductivity of fin material
(Wm 'K

Ky thermal conductivity of condensate water film
(Wm™ 'K

Ly coil depth (m)

M parameter defined by Eq. (7) (m™hH

iy, air mass flow rate (dry air) (kg s7h

Meond rate of water condensate (kg s_l)

Pevap evaporator gauge pressure (Pa)

Pr Prandtl number (dimensionless)

AP,  air pressure drop across the coil (Pa)

Q rate of heat transfer (W)

RH,; air relative humidity at coil inlet
(dimensionless)

Re Reynolds number based on hydraulic diameter
(Re = G paxDr/1) (dimensionless)

T radius from tube center to fin base (m)

o radius from tube center to fin tip (m)

St stanton number (St = /(G naxCp))
(dimensionless)

Tadew air dew point temperature (°C)

Tai air dry-bulb temperature at coil inlet (°C)

Tao air dry-bulb temperature at coil outlet (°C)

Taie equivalent air inlet dry-bulb temperature (°C)

Tave average fin temperature (°C)

Tip fin tip temperature (°C)

Ttiipe critical temperature to differentiate partially
wet and totally wet modes (°C)

T, tube surface temperature (°C)

AT air temperature drop across coil
(AT =T, — Tyy) (°C)

Vai air coil face velocity (m sh

Wai humidity ratio of moist air at coil inlet
(kg, kgi ")

Wai humidity ratio of moist air at coil outlet
(kg, kgz ")

Greek symbols

Nepw partly wet fin efficiency (dimensionless)

Ne.tw totally wet fin efficiency (dimensionless)

New wet fin efficiency (dimensionless)

0 fin thickness (m)

¢ parameter defined by Eq. (8) (dimensionless)

I dynamic viscosity (N's m~?)

and number of tubes rows on the coil performance [1—8].
Relatively, researches on cooling and dehumidifying air coils
are quite limited due to the complication of simultaneous heat
and mass transport of the moist air over the coil surface. Most

of these studies [9—16] have been conducted on
plate-finned tube chilled water coils. Similar study has been
carried out by Theerakulpisut and Priperm [17] for plate-
finned tube direct expansion air coil. Effects of fins
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geometrical parameters and number of tube rows on fluid
flow and heat transfer characteristics were the aim of these
studies. Very limited researches on the performance of
wavy-finned-tube cooling and dehumidifying chilled water
air coils are available. Mirth and Ramadhyani [18,19] have
carried out experimental and numerical works, respectively,
to predict the performance of five samples of wavy-finned-
tube chilled water cooling coils under dry and wet conditions.
Later Lin et al. [20] carried out an experimental study on the
airside performance of herringbone wavy-finned-tube air
coils in wet conditions. Correlations of Nusselt number
were developed.

Traditionally, air coils under dehumidification condition
are analyzed by the enthalpy potential difference approach
assuming that the entire coil surface is covered by a vapour
condensate layer of uniform thickness [21]. However, under
different operating conditions, the coil surface may have three
different modes of wet conditions. These modes are totally
wet, partially wet and totally dry coil surface conditions.
When the air dew point temperature is equal to or greater
than the fins tip temperature, all fins and tube surfaces are wet-
ted and the coil becomes under a totally wet condition. When
the air dew point temperature lies between the fins tip temper-
ature and the tube surface temperature (fins base temperature),
only part of fins surfaces are wetted and the coil becomes under
a partially wet condition. When the air dew point temperature
is smaller than the tube surface temperature (fins base temper-
ature) no condensation occurs and the coil is under a totally dry
condition. Fig. 1 shows these different modes on the Psychro-
metric chart. Basically, fins performance depend on the fin wet
conditions; dry, totally wet or partially wet fins [22—25]. Thus
a large error is expected if the coil is analyzed by the enthalpy
potential difference approach without distinguish between the
different coil wet conditions modes. More recently, Wang and
Hihara [26] have described a new method, equivalent dry-bulb
temperature (EDT) method, to predict the airside coil perfor-
mance under dry, partially wet and totally wet cooling

Q Totally wet
@ Partially wet
() Totally dry

Critical fin

Humidity ratio, g,/kg,

Ts Tftipc T
Dry bulb temperature, °C

Fig. 1. Different cooling modes.

conditions. In this method, an equivalent dry process, process
1.—2.—3 (for the partially wet condition as an example) with
identical cooling capacity of the actual process, process
1—2—3, is assumed (see Fig. 1). Doing this, the heat transfer
characteristics of the coil were analyzed based on the temper-
ature difference (7. — T5). Different equations for predicting
fin surface efficiency were used in the analysis of the different
coil wet conditions. Wang and Hihara [26] have used this
method (EDT) to predict the heat and mass transfer rates and
the coil wet conditions of previous experimental data of
plain-finned tube coils which have been analyzed by the
enthalpy potential method.

The present literature review reveals that most of the pre-
vious investigations have not studied the effects of the oper-
ating conditions (air temperature, air relative humidity, and
evaporator pressures) on the airside performance of the cool-
ing and dehumidifying coils. Moreover, most of the previous
investigations analyzed the heat transfer characteristics of
the cooling and dehumidifying coils using the enthalpy
potential method without distinguish between the different
coil wet conditions. In addition to that, most of these studies
were carried out on plain-finned-tubes chilled water coils.
Investigations on direct expansion wavy-finned tube air coils
are very limited. Therefore, the present study aims to study
the effects of the operating conditions (air temperature, air
relative humidity, air velocity, and evaporator pressure) on
the airside performance of a direct expansion wavy-finned
tube air cooling and dehumidifying coil using R134a as a
refrigerant. The operating conditions were chosen to obtain
different coil wet conditions (partially wet or totally wet).
The equivalent dry-bulb temperature method was used to
characterize the heat transfer for each coil wet condition.
Moreover, the traditional enthalpy potential difference
method was used to characterize heat transfer for all data
as an aim to evaluate and compare the two methods.

2. Experimental setup and procedure
2.1. Experimental setup

The experimental setup is shown schematically in
Fig. 2a. It consisted of three sections: wind tunnel, refriger-
ation circuit, and tested air coil. The tunnel was an open
circuit, delivery type rectangular duct of 390 mm
(width) x 335 mm (height) and had an overall length of
5130 mm. Air was forced through the tunnel using upstream
variable speed centrifugal fan. The fan was connected to the
diverging section of the tunnel through a flexible section to
avoid noise and vibration of wind tunnel. The tunnel walls
were thermally insulated by 1-inch thick glass wool insula-
tion. The air, delivered from the fan, flow through the follow-
ing tunnel sections: heating section, humidification section,
mixing and turbulence eliminating sections and test coil sec-
tion. The heating and humidification sections were used to
adjust the air temperature and humidity at the coil entrance
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Fig. 2. (a) Schematic diagram of experimental setup and thermocouples distribution, (b) test coil views, and (c) geometry of wavy fins.

to the required value. The heating section consisted of three
electric heaters; each had a power of 3 kW. Each heater was
made from 3 m steel bare of 8.5 mm diameter and formed in
serpentine shape. The heaters were in staggered arrangement
to cover the entire duct cross section area. The intermediate
heater was connected to a variac to smoothly control the air
temperature. The humidification section consisted of five
parallel vertical aluminum tubes (diameter = 16 mm), each
tube had 38 holes of 2 mm diameter uniformly distributed
along and around the axis and circumference of the tube.
The tubes were connected to an aluminum header (diameter
= 25 mm) from each side. Humidifier dimensions were cho-
sen to cover the entire cross section of the tunnel to obtain
uniform humidity distribution. Steam was supplied to the

humidifier from an electrical boiler that had nine electrical
heaters, 3 kW each. The rate of steam flowing through the
humidifier was controlled by mean of a globe valve and
also by controlling the power input to the electric boiler.
The mixing and turbulence eliminating section was used to
assure uniform air velocity and properties through the
wind tunnel cross section at coil entrance. A flow straight-
ener consisting of three layers of mesh screen was placed
down stream the mixing section to eliminate the flow
turbulences.

The test coil was a wavy-finned tube air coil of
304.8 mm x 228.6 mm face area and had three tubes
rows in staggered arrangement (see Fig. 2b). The geome-
try and configurations of the wavy fins with respect to the
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coil tubes are shown in Fig. 2c. The physical data of the
test coil are given in Table 1. Refrigerant 134a, originally
coming from the refrigeration circuit, passes inside the
tubes of the coil, while air coming from the tunnel passes
through the fins of the air coil in cross flow arrangement
with the coil tubes. A basin with a collecting and measur-
ing tank was placed under the air coil to collect and mea-
sure the condensate drain.

A refrigeration circuit was used to supply refrigerant
R134a to the air coil. The main components of the refrigera-
tion circuit were reciprocating compressor, oil separator, air
cooled condenser, liquid receiver, filter and liquid indicators,
heat exchanger, automatic expansion valve, back pressure
regulator, suction line accumulator and evaporator (tested
air coil). Further details of the experimental set up are given
in Elattar [27].

2.2. Measuring instruments and calibration method

Measuring instruments were used to measure the physi-
cal quantities which are necessary to study the coil perfor-
mance. As shown in Fig. 2a, two groups of thermocouples,
each contains nine thermocouples, were used to measure
the air temperatures (dry-bulb) distributions through the
wind tunnel cross sections just upstream and downstream

Table 1
Coil geometric parameters

Coil dimensions

Coil face width 304.8 mm
Coil face height 228.6 mm
Coil deep 65.989 mm
Coil face area 0.06968 m*
Coil actual flow area 0.041395 m?
Coil total external surface area 3.2621 m?
Tubes specifications

Number of tube rows 3

Number of tubes in each row 9

Tube material Copper
Tube arrangement Staggered
Length of straight tube 304.8 mm
Transverse tube spacing 22.475 mm
Longitudinal tube spacing 25.715 mm
Outside tube diameter 9.525 mm
Inside tube diameter 8.712 mm
Fins specifications

Type Wavy
Material Aluminum
Thickness 0.1397 mm
Collar diameter 9.8044 mm
Number 108

Pitch 9 fins/inch
Wavelength 6.5 mm
Wave height 1 mm
Corrugation angle 17°

the coil. Two other thermocouples (placed in continuously
wetted cotton bulb) were used to measure the air wet bulb
temperatures just upstream and downstream the coil.
Another eleven thermocouples were used to measure the
coil surface temperatures at different locations: the refriger-
ant inlet and exit pipes of the coil, fins tips, the refrigerant
pipe surface at the entrance of the expansion device and
the surface of the coil tube (five thermocouples were at-
tached on coil tubes surfaces). Two other thermocouples
were used to measure the ambient dry and wet bulb temper-
atures. All thermocouples were 0.5 mm K-type (Chromel—
Alumel). All thermocouples were connected to a data
acquisition system and a PC through extension wire to record
thermocouples readings. The thermocouples were calibrated
using standard thermometer of accuracy £0.2 °C. An orifice
meter with a digital differential pressure manometer with
accuracy £0.1 Pa was used to measure the air flow rate by
measuring the pressure drop across the orifice. The orifice
meter was calibrated by measuring the air velocity distribu-
tion through the tunnel cross section using a hotwire ane-
mometer and at the same time recording the pressure drop
across the orifice. Equal area traverses method was used to
calculate the average air velocity over the duct cross section
area and consequently the air flow rate. The air pressure
drop across the coil was measured by another digital dif-
ferential pressure manometer with accuracy +0.1 Pa. Two
digital Thermo Hygrometers of measuring ranges (5—98%
RH) with resolution (4+0.1% RH) were used to measure
the air relative humidity just upstream and downstream
the coil. Six pressure gauges of different ranges were
used to indicate the refrigerant pressure at inlets and out-
lets of the compressor, the condenser, and the evaporator.
Another pressure gauge was used to indicate the boiler
pressure.

2.3. Experimental conditions

The ranges of the test variables used in this study were:

Air inlet temperature 20—30°C
Air inlet relative humidity 40—95%
Frontal air velocity 05—1.5ms"!
Evaporator gauge pressure 308—377 kPa.

3. Data reduction

The airside performance of the test coil was measured by
the dimensionless Colburn factor (J) that characterizes the
airside heat transfer coefficient. The heat transfer rate
through the coil surface and the dehumidification capacity
were calculated from the measurements of the air properties
just upstream and downstream the coil as follows

Q :ma(ia,i _ia,o) (1)

mcond = ma (wa‘i - Q)a,n) (2)
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In the analysis of the present data, two techniques were
used to calculate the airside heat transfer coefficient. The
first one is the conventional enthalpy potential method tech-
nique (Threlkeld [21]). The second technique, recently pre-
sented by Wang and Hihara [26], is the equivalent dry-bulb
temperature technique (EDT).

3.1. Enthalpy potential method

In analyzing the data using the enthalpy potential
method, the total heat transfer coefficient was calculated
from Egs. (3)—(5) [21]

how

Q: Cpra(As + Mrw Af) (ia.i _iS)7 (3)
1
hOW = 17—"_)}“/ (4)
hCy  ky
di/dT
CW :C/—pa atT:Tavf (5)

In Eq. (4), the condensate film thickness, y,, was assumed
0.127 mm as recommended by many previous investigators
[12,21,23,26]. The wet fin efficiency was calculated by Eqs.
(6)—(8) that recommended by many previous investigations
(see Hong and Webb [23] and Wang and Hihara [26]).

_tanh(Mri¢)cos(0.1Mri¢)
New = Mri(,b

2heCi\ >
MZ( k¢0 ) @

¢ = [”__ 1} {1 +035 1n(’r—)} (8)

In Eq. (8), the fin area served by each tube was assumed to be
equivalent in performance to a flat circular-plate fin of equal
area [23].

3.2. Equivalent dry-bulb temperature (EDT) method

According to the air dew point temperature relative to the
coil surface temperature distribution, two different coil wet
conditions were obtained in the present experiments; namely
totally wet and partially wet coil conditions. Totally wet
occurred when the air dew point temperature was equal to
or greater than the fins tip temperature, i.€. Tagew > Tip. Par-
tially wet conditions occurred when the air dew point temper-
ature lies between the fins tip temperature and the fins base
temperature, i.€. Ts < Tagew < Ttiip- Since Togews Ts and Tp
depend on the operating conditions (air temperature, air
relative humidity, air Reynolds number and evaporator
pressure), the existence of a partially wet or totally wet condi-
tion depends on these operating conditions. Therefore, mea-
surements Of Togews T and Ty, in each experiment were

used to determine if the operating conditions of this experi-
ment give partially wet or totally wet condition. After the de-
termination of the coil wet conditions to all experiments,
cooling mode charts were conducted. Fig. 3 shows the cooling
and dehumidification mode charts obtained from the present
experimental data. As shown in Fig. 3, totally wet conditions
probably occur at high relative humidity and air temperatures
and low evaporator pressures and air velocities.

EDT method was proposed by Wang and Hihara [26] to
calculate the heat transfer coefficients under totally wet and
partially wet coil conditions. To simplify the analysis and
deduce correlations which can be used directly to predict
the coil performance of a direct expansion coils in terms
of the evaporator pressure, the tube surface temperature
was considered to be uniform and equal to the saturation
temperature of the refrigerant. The heat transfer coefficients
for totally wet and partially wet coil conditions were calcu-
lated from Eqgs. (9) and (10), respectively [26].

Q = htw (AI + n[,[wAf) (Tatie - Ts) (9)

Q = hpw (At -+ n[,prf) (Ta.ie - Ts) (10)

where, T, . is the equivalent dry-bulb temperature of inlet
state (see Fig. 1). The fin efficiency at totally wet condition
is calculated from Egs. (6)—(8) and A, in Eq. (7) is replaced
by A Also the fin efficiency under partially wet conditions
is calculated from Egs. (6)—(8) and 4., in Eq. (7) is replaced
by hpy and Cy, in Eq. (7) is replaced by C,,, that defined as
follow [26].

C,—1
CPW =1.0 + |:_Ta.ie — Tmpci| (Ta‘ie - Ta,i) (1 1)
where Tjp is the temperature of the projection of the critical
fin state on the constant enthalpy line that pass by state 1
(see Fig. 1).

The Colburn factor (/) is the main parameter that charac-
terizes the airside heat transfer coefficient in a dimensional
form. It was calculated by Eqgs. (12) and (13)

J = StPr?? (12)
h

where, (h and J) is (h,, and J,,) in the analysis of the enthalpy
potential method and are (A, and Jy,) and (&, and J,,,,) in
the analysis of the EDT method for totally wet and partially
wet conditions, respectively.

A computer program was developed to solve Egs.
(1)—(13) to find the J factor (using both of enthalpy potential
method and EDT method). Egs. (1)—(13) can be put on the
form J =f(x, X2, X3,...,x,) Where (x1, x, X3,...,x,) are the
measured parameters. The errors in the measurements of
these parameters were +0.2 °C for any temperature mea-
surements, £0.1 Pa for pressure measurements, +0.1% for
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relative humidity measurements and +0.008 ms~! for air
velocity measurements. The uncertainty in J due to the
uncertainties of these parameters can be calculated from
Eq. (14) that was given by Holman and Gajda [28].

A [(oranNt can) o )
J o [\ox J o, J oxy J
(14)

where 0J/0x; was calculated by numerical differentiation
using the developed computer program. The minimum and
maximum uncertainty in J, Jy,, and Jp,, for all the data
were found to be (5.5 and 9.5%), (2 and 4%), and (2.5 and
9%), respectively.

4. Results and discussions

The results of the present work were presented to inves-
tigate the effects of the operating conditions: air coil face
velocity, air relative humidity, air temperature and evapora-
tor pressure on coil performance and characteristics. In the
first part of this section, the effects of the operating condi-
tions on the temperature drop across the coil, the coil dehu-
midification capacity and the pressure drop across the coil
were presented and investigated. In the second part, the ef-
fects of the operating conditions on the heat and mass trans-
fer characteristics were analyzed and discussed.

4.1. Effect of operating conditions on cooling and
dehumidification capacities and pressure drop

4.1.1. Effects of air inlet relative humidity

Fig. 4a—c shows the variation of the cooling capacity
(AT), dehumidification capacity (siconq) and the air pressure
drop across the coil (AP.), respectively, against the air inlet
relative humidity with the air coil face velocity as a parameter
forT,; = 20 °Cand P.,, = 308 kPa (curves for other T, ; and
Peyap are given in Elattar [27]). Fig. 4a shows that, for any air
face velocity, AT significantly decreases with increasing the
air inlet relative humidity. The trend is same for all evaporator
pressures and air temperatures (see Elattar [27]). This trend
can be attributed to the increase in the motive force of water
vapour diffusion with the increase of the air relative humidity
and this increases the number of water vapour molecules con-
densing on the tubes and fins surfaces. This increases the ther-
mal resistance of the condensate layer. The increase of the
thermal resistance of the condensate layer reduces the fins ef-
ficiency and this leads to a high fin and tube surface temper-
ature and in consequently a high air exit temperature. This is
supported by the results of Wang et al. [12] and Hong and
Web [23] that showed the decrease of fin efficiency with in-
creasing inlet air relative humidity.

Fig. 4b shows the increase of the dehumidification capac-
ity (#eona) With increasing the air relative humidity for any
air face velocity. This can be attributed to the increase of
the vapour pressure of the air. Increasing the vapour pressure
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and Peyap =308 kPa). (a) Effect on temperature drop across the
coil, (b) effect on coil dehumidification capacity, and (c) effect
on air pressure drop across the coil.
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increases the potential of water vapour transfer to the cool-
ing surface and this increases the dehumidifying capacity.
The trend is the same for different evaporator pressures
and air temperatures (see Elattar [27]).

Fig. 4c shows the increase of the air pressure drop across
the coil with increasing the air relative humidity. The trend is
the same for all air temperatures, air face velocities and evap-
orator pressures (see Elattar [27]). Increasing the air relative
humidity increases the rate of water vapour condensation
and this increases the area of the wet portions of coil surface
and also increases the thickness of the condensate film formed
on fins and tubes surfaces. These lead to higher surface rough-
ness at the air coil interface and thinner free flow area of the air.
Both cause the increase of the air pressure drop across the coil.

4.1.2. Effects of air coil face velocity

Fig. 4a—c shows also the effect of the air coil face velocity
on the cooling capacity, dehumidification capacity and the
pressure drop across the coil, respectively, for T, ; =20 °C
and P.,, = 308 kPa (curves for other T, ; and Py, are given
in Elattar [27]). As shown in Fig. 4a, AT decreases with in-
creasing the air face velocity. The trend is the same for all
air temperatures and evaporator pressures. This trend can
be attributed to the increase of air bypass across the coil sur-
faces with increasing air flow rate. Increasing the coil bypass
factor increases the air outlet temperature. In contradictory,
increasing the air face velocity increases the rate of heat
transfer between the air contact to the coil and the coil sur-
face. This leads to the decrease of the outlet air temperature
but this reduction in the temperature cannot overcome on
the increase of the air exit temperature due to the increase
of the air bypass factor.

Fig. 4b shows the increase of the dehumidification capac-
ity with increasing the coil face velocity. This can be attrib-
uted to the following: (1) increasing the air velocity increase
the rate of mass transfer between the air and the coil surface
and this increases the dehumidification capacity, and (2) in-
creasing the air face velocity increases the process of renew-
ing the air that in contact to the coil surface and this causes
an increase in the dehumidification capacity. The trend is
the same for all air temperatures and evaporator pressures
(see Elattar [27]).

Fig. 4c shows the increase of the air pressure drop across
the coil with increasing the air face velocity. This can be at-
tributed to the following: (1) increasing the air face velocity
increases the shear stress between the air and the coil surface
and this significantly increases the pressure drop across the
coil, and (2) as shown in Fig. 4b, increasing the air coil
face velocity increases the dehumidification rate and this
increases the pressure drop across the coil.

4.1.3. Effects of air inlet temperature

The effects of the air inlet temperature on the dehumidifi-
cation capacity, cooling capacity, and the air pressure drop
across the coil are shown in Fig. S5a—c, respectively, for air
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Fig. 5. Effect of air temperature on (a) dehumidification capacity,
(b) temperature drop across the coil, and (c) air pressure drop
across coil, at V,; =1 ms~! and Peyap =308 kPa.

face velocity, and evaporator pressures of 1ms ', and
308 kPa, respectively. As shown in Fig. 5a and b, the dehumid-
ification capacity increases and the cooling capacity decreases
as the air inlet temperature increases. This can be attributed to
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the increase of water vapour pressure with the increase of the
air temperature for the same inlet relative humidity. Increasing
the vapour pressure increases the potential difference that
cause vapour transfer between air and coil surface and this in-
creases the dehumidification capacity. Increasing the dehu-
midification capacity increases the latent heat transfer on the
account of the sensible heat transfer and this causes a reduction
in the air temperature drop across the coil. These results are
consistent with the result of the theoretical analysis of Liang
et al. [25] that showed the increase of the water condensation
rate and the decrease of the air temperature drop across the
coil with the increase of the air inlet temperature. Fig. Sc shows
that the air temperature has approximately no effect on the air
pressure drop across the coil.

4.1.4. Effects of evaporator pressure

Fig. 6a—c shows the effect of the evaporator pressure on
the dehumidification capacity, cooling capacity and the air
pressure drop across the coil for air velocity and air temper-
ature of 1 ms™' and 20 °C, respectively. As shown in Fig. 6a
and b, the dehumidification and the cooling capacities
increase as the evaporator pressure decreases. This can be
attributed to the decrease of the coil apparatus dew point
with the decrease of evaporator pressure. This is consistent
with the results of the theoretical analysis of Liang et al.
[25] that showed the increase of the coil air outlet tempera-
ture and the decrease of the water condensate rate with the
increase of the coil saturation temperature. Fig. 6¢ shows
that the evaporator pressure has approximately no effect
on the air pressure drop across the coil.

4.2. Heat transfer characteristics

Fig. 7 shows the variations of &y, Jy, Ji and Jp,,, against
Re with RH,; as a parameter for T,; =20 °C and Pey,, =
308 kPa (curves for other T,; and P4, are given in Elattar
[27]). As shown in the figure, for the entire range of Re, h,
Jw» Jow and Jp,, decrease with increasing the air relative hu-
midity. The trend is the same for all evaporator pressures and
air temperatures (see Elattar [27]). This trend can be attrib-
uted to the increase of the condensation rate with increasing
the air relative humidity and this leads to higher fin and tube
surface temperatures as a result of the increase of thermal re-
sistance of the condensate layer and in consequently the de-
crease of the fins efficiency. Higher fin and tube surface
temperatures lead to a lower heat transfer rate and in conse-
quently a lower heat transfer coefficient and Colburn factor.

Fig. 7 also shows the increase of the heat transfer coeffi-
cient and the decrease of the Colburn factor with increasing
Re. The trend is the same for all evaporator pressures, air
temperatures and relative humidity. The increase of the
heat transfer coefficient with Re can be attributed to the in-
crease of the heat transfer rate as a result of the increase of
the air flow momentum. The decrease of the Colburn factor
can be investigated based on the definition of the Colburn
factor (Egs. (12) and (13)). Increasing Re increases both of
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Fig. 6. Effect of evaporator pressure on (a) dehumidification capac-
ity, (b) temperature drop across coil, and (c) air pressure drop
across coil, at V,;=1m s ! and T,i=20°C.

the heat transfer coefficient and the mass flux. The increase
of the Colburn factor due to the increase of the heat transfer
coefficient cannot overcome on the decrease of the Colburn
factor due to the increase of the mass flux. This is supported
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by the results of Wang et al. [13] and Wang and Hihara [26]
which showed the decrease of Colburn factor under dehu-
midification conditions with increasing Re.

The effects of the air inlet temperature on /iy, Jy, Jiw and
Jow are shown in Fig. 8 for specific values of RH; and Peyqp
(curves for other RH, ; and P, are given in Elattar [27]). As
shown in Fig. 8, the Colburn factor slightly decreased as the
air inlet temperature increased from 20 to 25 °C and it signif-
icantly decreased as the air inlet temperature increased from
25 to 30 °C. The trend was the same for all Reynolds num-
bers, air relative humidity and evaporator pressures. This
trend can be attributed to the increase of the air inlet enthalpy
with increasing the air inlet temperature for the same air inlet
relative humidity. This causes an increase in (i,; —i5) and
(T, ;e — Ts) which leads to a lower heat transfer coefficients
and Colburn factors (see Egs. (3), (9) and (10)).

Fig. 9 shows the effect of the evaporator pressure on /,
Jy» Jow and Jpy, for different Reynolds numbers and at certain
relative humidity and air temperature (curves for other RH, ;

and T,; are given in Elattar [27]). As shown in Fig. 9, the
Colburn factor decreases with decreasing the evaporator
pressure. The result is the same for all Reynolds numbers,
relative humidity and air temperatures. This trend can be
attributed to the decrease of the apparatus dew point with
the decrease of the evaporator pressure. Decreasing the
coil apparatus dew point causes an increase in (i,; — is)
and (T, ;. — T5) and also an increase in the dehumidification
capacity and these lead to a lower heat transfer coefficient
and consequently lower Colburn factor.

The variation of the Colburn J factors, calculated from
enthalpy potential method and EDT method, with Re,
RH,;, T,; and T are correlated as follows:

1. Enthalpy potential method

—0.18
J =0.029Re "**RH, % (L‘T T> (15)
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Eq. (15) is correlated for data in the ranges:
300 <Re <1050, 50% <RH <95%, 20°C<T,;<30°C
and 1.388 °C < T, <7.167 °C.

2. EDT method; totally wet mode

T TN\ OV
Jaw = 0.044R670'29RH;?'45 (%) (16)
S
3. EDT method; partially wet mode

T, —T. —0.21
Jow = 0.029Re”***RH,_ 7 (T) (17)

Egs. (16) and (17) are correlated for the data that lie in the
totally wet and partly wet regions that were shown in Fig. 3,
respectively. Comparison between the predictions of Egs.
(15), (16) and (17) and the present experimental data are
shown in Fig. 10a—c, respectively. Regression analysis
showed that Eqgs. (15)—(17) predict all the experimental

data within errors of £21.6, +£17.48, and £15.5% and pre-
dict 80% of the experimental data within +£14.23, £10.37
and £9.13%, respectively.

4.3. Evaluation and comparison of enthalpy potential
and ETD method

From the discussion of Sections 4.1 and 4.2, we can con-
clude that: (1) in the enthalpy potential method, an unique cor-
relation for the Colburn factor was proposed for all operating
conditions, while for EDT method, two correlations are pro-
posed, differentiated with respect to the wetting conditions;
this gives an advantages of the enthalpy potential method
over the EDT method, (2) itis obvious that the correlations pre-
dicted from the EDT method get closer to the experimental
data; this gives an advantage of the EDT method over the en-
thalpy potential method, and (3) the EDT method requires the
determination of the wetting conditions corresponding to the
coil operating conditions from the cooling mode chart; this
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gives disadvantages of the EDT method. Therefore, using the
cooling modes chart (Fig. 3) to determine the cooling modes
for a specified operating conditions and then using the correla-
tion deduced from EDT method gives accurate value of J than
using a correlation deduced from the enthalpy potential
method. On the other hand if the cooling mode chart is not
available, a correlation deduced from the enthalpy potential
method can be used to predict the heat transfer coefficient
with larger but acceptable error.

5. Comparison with previous work

As shown in Section 4.2, the Colburn J factor depends
on the operating conditions. Also it is known from the
literature review that the Colburn J factor depends on the
coil geometrical parameters. To the author’s knowledge
no experimental works about the performance of wavy-
finned-tube D-X cooling and dehumidifying coil under
the geometric and operating conditions of the present study

are available on the open literature. Moreover, using the
EDT method to measure the performance of the cooling
coils under different coil wetting conditions have not
been used until now. Therefore, quantitative comparison
of the present work with previous works is difficult. How-
ever, the trend of J, of the present data can be compared in
Fig. 11 with the trends of the data of Halici et al. [15],
Wang et al. [13] and Wang et al. [29]. In these studies
chilled water cooling and dehumidifying coils were used.
As shown in the figure, all trends show the decrease of
Jw with increasing Reynolds number. Also the figure shows
that the data of Halici et al. [15] and Wang et al. [13] are
significantly higher than the present data while the data of
Wang et al. [29] is closer to the present data. This may be
attributed to that the work of Halici et al. [15] and Wang
et al. [13] were carried out on a flat-plate-finned tube
coil, while the work of Wang et al. [29] was carried out
on a wavy-finned tube air coil, as the present study but
for different coil geometrical parameters.
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6. Summary and conclusions

An experimental investigation of the airside perfor-
mance of a wavy-finned-tube direct expansion air coil un-
der dehumidification condition wusing R134a as
a refrigerant was presented. The effects of the air inlet
Psychrometric properties (air inlet temperature and air in-
let relative humidity), Reynolds number and the coil
pressure on the heat/mass transfer and the pressure
drop characteristics were investigated. The results showed
that: (1) the air temperature drop across the coil de-
creases with increasing the air inlet relative humidity,
the air coil face velocity, and the air inlet temperature,
(2) the dehumidification capacity increases with increas-
ing the air inlet relative humidity, the coil face velocity,
and the air inlet temperature and decreases with increas-
ing the evaporator pressure, and (3) the pressure drop
across the coil increases with increasing both of the air
inlet relative humidity and the coil face velocity and
was insensitive to the air inlet temperature and the coil
pressure. The airside thermal performance of the coil
was analyzed using two different techniques; the enthalpy
potential method and the equivalent dry-bulb temperature
(EDT) method. In the first technique, the Colburn J fac-
tor under wet condition was calculated regardless the coil
wet conditions (partially wet or totally wet), while in the
second technique, cooling and dehumidification modes
charts were firstly proposed to classify the data to two
groups; group for totally wet coil condition data and
group for partially wet coil condition data. The Colburn
J factor for each group was calculated using different
method of analysis. The two techniques showed that
the Colburn J factor decreases with increasing Re, rela-
tive humidity and air inlet temperature. Correlations for
the Colburn J factor using enthalpy potential and EDT
analysis methods were developed in terms of Reynolds
number, air inlet relative humidity, air inlet temperature
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and refrigerant saturation temperature. The analysis
showed that the prediction of the EDT method is closer
to the experimental data than the prediction of the en-
thalpy potential method.
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