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Abstract

This study investigated experimentally and theoretically, how condensate and initial formation of a thin frost layer on the
surface of the evaporator affects the evaporator performance of room air-conditioners compared to dry coil conditions. The
theoretically obtained results were validated with the measured values in both wet and initial frost formation conditions and a
good correlation was found. The results indicated that, at the same range of change in face velocity value, the total
conductivity of a dry coil (UA) 4y is increased by 38.8%. However, when it is combined with an increase in latent heat to the
evaporator total cooling capacity ratio value (Q./Q) of 10.6%, the total conductivity of wet coil (UA) e is 45.4%. These
results clearly indicate that the evaporator coil is characterized by higher performance under wet conditions compared to dry
coil conditions. The results also show that the total conductivity after initial formation of a thin frost layer (UA) g has a
higher value by about 8.2% than the dry coil condition. Moreover, the degradation in the evaporator coil performance under
thin frost with a thickness up to one mm is only about 6.7%.
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Greek symbols
Nomenclature

ATy, : logarithmic mean temperature difference, K
5 : thickness, m

Alphabetic Symbols @ : relative humidity
n : fin efficiency, -

A : surface area, m?

a’ : coefficient for fictitious enthalpy, J/kg Subscripts

b’ :slope of i vs. T curve [31], J/kg K

Cp : specific heat, J/kg K a s air

do . evaporator tube outer diameter, m avg : average

h - heat transfer coefficient, W/m?K c : convection

i : enthalpy, J/kg cl :cell

k : thermal conductivity, W/m K eff - effective

L > length, m eq : equivalent

Le : Lewis number, - f : saturated liquid

m : fin perimeter, m™ fin : fin or fins

m - mass flow rate, kg/s fr : frost

q - heat flux, W/m? g : saturated vapor

Q : total heat transfer rate, W | s inner

r : radius, m in sinlet

T : temperature, K or °C lat : latent heat

U : overall heat transfer coefficient, W/m?.K or m : mean

{IW/m2.K]/[I/kg]} 0 : outer

\ : face velocity, m/s out : outlet

w - humidity ratio, kgu20/KQdry air p . pipe

X, ¥,z  :spatial co-ordinates, m r : refrigerant
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S : saturation

sV : solid-vapor in sublimation
% : vapor

w T wet

wat : water

whb : wet-bulb

1. Introduction

The evaporator coils in air conditioning appliances
provide the coldest surface for condensate formation from
the air stream water vapor content in cooling operation
mode as it cools and dehumidifies indoor air. As the
amount of water condensed on the evaporator surface
increases, water droplets are formed and intermittently
drain due to gravity. Some water droplets adhere to the
coil by surface tension phenomena. This is defined as
hold-up condensate water. This hold-up water reacts with
other indoor airborne contaminants and produces mold
compounds and fouling resistance between the room air
and the evaporator coil surface, Ali and Ismail [1].
Meanwhile, thin frost layer formation may occur on the
evaporator surfaces of a room air-conditioner when it
works as a heat pump in winter season. In this case, the
outdoor air temperature is low and the evaporator operates
at coil surface temperatures below 0°C. It is found that
some dust deposits on the outdoor heat exchanger of the
air-conditioner, which sticks on the evaporator surface
during the heating season with either condensate or an
initial frost formation layer. Both compounds of water/dust
depositions on the evaporator coil surface form a
resistance to the heat transfer. Ali and Ismail [1] presented
the effect of fouling deposits on room air-conditioner
performance. In the literature, numerous studies have been
conducted and provide detailed information relevant to
both heat and mass transfer coefficients in the airside of fin
and tube heat exchangers under dehumidifying conditions
such as Yaun and Tucker [2], Jacobi et al. [3], Pirompugd
et al. [4] and Halici and Taymaz [5]. Gravity-independent
water separation within the condensing heat exchangers by
the use of a hydrophilic fin surface coating, that promote
the wetting and wicking of the condensate on the fin, were
investigated by Shin et al. [6] and O’Neill et al. [7], while
Lee et al. [8] investigated this effect in case of frost
formation. Wetter [9] presented a simple simulation model
of a dry finned water-to-air coil. Osada [10] reported that
in the evaporator condensed water adheres to the fin
surface and thus increases the pressure drop of the
evaporator and degrades the heat transfer performance of
the fins owing to louver blockage and water bridging. In
addition, numerous studies have been conducted by using
simulation models of thick frost layer formation and
predicted the performance of fin and tube evaporator under
these conditions such as [11 to 16]. The influence of thick
frost formation on the performance of evaporator coils
were investigated by either simulation or experimental
studies by [17 to 23].

However, through a literature survey it was found that
numerous experiments and models investigated the effect
of water vapor condensate on the airside of evaporator
surfaces mainly focused on the evaluation of both heat and
mass transfer coefficients. Few examples cited that the
condensate degrades the heat transfer performance of the
evaporator coil fins as well as causes a decrease in the
airflow area, thus leading to an increase of pressure drop
through the evaporator coil. Ali and Ismail [1] found in

their experiments that the clean wet-coil performance is
higher than the dry-coil condition. Numerous studies
investigated the influence of a thick frost formation layer
on the evaporator coil, while the influence of initiation and
thin frost layer formation on the evaporator coil
performance is not clear. Thus, the performance of an
evaporator coil of room air-conditioners, when its surface
is covered by either condensate or initial frost layers
without dust deposition on the coil, need to be clarified.
Therefore, for room air-conditioners, this study aims at
investigating experimentally and theoretically the effect of
condensate and thin frost layer formation on the surface of
evaporator coil on the performance of the evaporator coil
compared to dry coil surface conditions. Experiments were
carried out on a flat finned and staggered tube evaporator
coil, while the theoretical model was used to clarify the
effect of parameters on the evaporator coil performance
which is difficult to measure experimentally.

2. Experimental Apparatus, Instrumentation and
Procedure

2.1. Apparatus and Measurements

The test facility described in Ali and Ismail [1] is used
to investigate the performance of the evaporator coil under
wet and initial formation of thin frost layer conditions at
various airflow rates with minor modifications in case of
frost experiments. The modifications are: increasing the
capillary tube length, and cooling the last 8 tubes in the
condenser by water. A schematic diagram of the apparatus
and its dimensions is shown in Figure 1.
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Figure 1: A schematic diagram of the test facility

The apparatus mainly consists of an air handling
section, test section and the appropriately equipped
instruments. The air handling sections include a nozzle
meter, a variable speed airflow fan, an inlet air distribution
plenum and a flow straightener (honeycomb). The flow
straightener provides a uniform air velocity distribution at
the inlet to the evaporator coil (test section). The
evaporator coil frontal fined area dimensions are 0.254 x
0.191 m (10x7.5in) with a depth in flow direction of 0.152
m (6 in). It is a plate fin and tubes heat exchanger. The fins
are made from aluminum alloy and the tubes are made
from copper. Four rows of tubes with four tubes in depth
are arranged in staggered manner (2d, x 2.5d,). The tubes
are of 19.2 mm (3/4in) in outer diameter (d,), fins pitch is
fin/4.2mm (6 fin/in) and fin thickness is 0.6 mm. The test
coil (evaporator) itself is a component of a compression
refrigeration cycle using R12 as refrigerant, see Figure 1.
The other main components of the refrigeration cycle
include a hermetic compressor, an air-cooled condenser, a
rotameter (uncertainty of £0.01 I/min) for refrigerant mass
flow measurements, 2 m long capillary tube for refrigerant



© 2007 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 1, Number 2 (ISSN 1995-6665) 71

expansion, and 4 pressure gauges at inlet and outlet of both
the evaporator and condenser with uncertainty of +0.05
kPa. The input electric power to the compressor was
measured by a Wattmeter with uncertainty of £5W.

A variable electric resistor controlled the input power
to the airflow fan motor. Thus, the airflow rate is
controlled by the fan speed. The throat velocity of the air
passing through the nozzle is determined by measuring the
static pressure drop across the nozzle using water
manometer with an accuracy of +0.5 mm.

A data acquisition system having a resolution of 0.1°C
is used to measure and record the temperatures. All
temperatures are measured by using type T
(copper/constantan) thermocouples with 0.5 mm diameter
and an uncertainty of +0.5 C. The thermocouples were
used to measure the temperature at the following locations:
12 points air dry-bulb and wet-bulb temperatures before
the evaporator coil, 6 points on the evaporator coil tubes
and fins in addition, two points at refrigerant inlet and
outlet, two points for ambient air dry-bulb and wet-bulb
temperatures, respectively. The face air velocity at air inlet
to the evaporator was measured using a portable digital
anemometer with uncertainty of £0.01 m/s.

2.2. Experimental Procedures and Data Reduction

To study the effect of dew formation on the
performance, experiments were carried out in a quasi-
steady state condition at different airflow rates
corresponding to a face velocity ranging from 0.612 m/s to
5 m/s respectively. While for the case of initial formation
of a thin frost layer, the face velocity was 0.612 m/s. This
is because with this experimental apparatus and operating
conditions, the frost is formed only at this low face
velocity value. Stabilization of temperature readings to +
0.1 °C in all thermocouple sensors was considered an
indication of reaching a quasi-steady state condition, then
the average of the temperature values are read and
recorded. At the same time, the readings of the
refrigeration cycle pressure gauges and rotameter as well
as the manometer readings for the pressure difference
across the nozzle were taken. The measurements were
performed at the Heat Laboratory, Assiut University,
Egypt. The experimental evaporator coil cooling capacity
Q has been obtained from the energy balance on both
refrigerant and air sides. It is given by:

Q=(Qa+Q))/2 (W] @

where Q, is the airside capacity of the evaporator coil.
It is calculated by:

Qa =My(iay —ia2) W] 2

where the air enthalpy, i, at the inlet and outlet of the
evaporator coil is calculated by the formula of ASHRAE
[24]. The air mass flow rate, Ma , at the nozzle throat is
calculated from the pressure drop across the nozzle. Q; is
the refrigerant side cooling capacity of the evaporator coil.
Itis calculated by:

Qr = mr(ir,o _ir,i ) [W] (3)

where the refrigerant enthalpy, i, at the inlet and outlet
of the evaporator coil is obtained from [25] as a function

of the temperature and pressure of state point. The
refrigerant mass flow rate m, is estimated from the
rotameter reading and the refrigerant density. ASHRAE
[24] relations were used to obtain the humid air properties
ratio, W, at inlet and outlet of the evaporator coil from the
measured data of air dry-bulb temperature, T,, and air wet-
bulb temperature, T, respectively. The uncertainties were
calculated through the data reduction of the experimental
measurements based on the formula for computing overall
errors of [26]; the uncertainty is estimated in determination
Q ranging from 9.5% to 13.6%.

3. Thermal Model

The thermal model is used to investigate the factors
influencing the evaporator coil performance, which are
hardly to obtain by experimental measurements. These
factors are the ratio of wet coil area to the total coil surface
area, the ratio of the latent heat or sublimation heat
capacities to the evaporator total cooling capacity and the
effect of initial formation of thin frost layer thickness on
the evaporator performance. The model is built for a flat
fin air-to-refrigerant heat exchanger (evaporator coil) with
staggered tubes shown in (Fig. 2-a). It is based on the
discretization of the heat exchanger into cells. Each cell is
one finned-tube in the refrigerant flow direction z as
shown in Fig. (2-b).
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Figure 2: Schematic diagram of flat staggered fin-and tube
evaporator coil with coordinate (a), energy and mass transfer
balance on a cell (b) and hexagonal fin dimension parameters (c)

The refrigerant enters the evaporator as a two-phase
mixture of saturated liquid and vapor with specific quality.
Therefore, the energy variation is assumed to be one-
dimensional in the flow direction and it is estimated from
the enthalpy difference of the refrigerant between inlet and
outlet from a cell. In contrast, the air dry-bulb temperature
and its humidity ratio are varying in both x and y
directions over each cell. Figure (2-b) shows a cell in the
general case at which the surface could be dry, wet or with
a thin frost layer at the cell surface. In the following
subsections, modeling of the coil under these conditions is
presented.

3.1. Dry Coil Surface Condition

For dry coil surface conditions, it is assumed that
neither condensate nor frost is present on a cell surface
shown in Fig. (2-b). The heat transfer rate for a cell, Q. is
obtained as follows: convection heat transfer from the air
stream to the pipe outer surface and fins is sensible only
and is calculated by:
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Qc| = hc,o(Ap,o +77Afin)(T _Tp.o) [W] (4)

where hg, is the outside convective heat transfer
coefficient between air and dry surfaces of the cell. It is
calculated from the correlation of a flat fin-and-tube heat
exchanger of Wang [27]. A, and Ay, are the pipe outer
surface areas and fin area in a cell, respectively. T is the air
stream dry-bulb temperature, T, is the pipe outer surface
temperature and n is the fin efficiency and is given by
ASHRAE [24] in case of staggered tubes with continuous
flat fins. In this study, n is treated as hexagonal fin as
shown in Fig. (2-c) and given by:

_ tanh(mr,p)
o omre ®)

where

kfin§

o (zfonds)
o]

where r, is the inner radius of the fin, the pipe outer
radius, see Fig. (2-b), req is the equivalent radius of the fin,
ksin is the fin thermal conductivity, &5, is the fin thickness
and a, b, L and M are dimension parameters as shown in
Figure (2-c), respectively. The conduction through the pipe
wall for one cell is given by:

fin

]

0, - 27 K, (Moo = Tpi)
o= %, U ©)

where k,, Tp, and T,; are the pipe thermal
conductivity, outer and inner surface temperatures,
respectively. Convection from inner tube surface to the
refrigerant for a cell is given by:

ch = hi Ap,i (Tp,i _Tr) [W] (7)

where h; is the convective-evaporation heat transfer
coefficient between the two-phase refrigerant and the inner
surface of the pipe. It is a function of the two-phase
refrigerant mass flow rate, refrigerant quality, pressure,
temperature and internal pipe dimensions. Throughout the
literature, only a few methods explained the details for
calculating the local values of h; such as [28] and [29]. In
this study, the value of h; is calculated by the techniques
presented in Corberan [30]. T, is the refrigerant
temperature. From Egs. (4), (6) and (7) the value of Q. can
be also expressed by:

Qd =U o AOATm [W] (8)

where U, is given by:

U = 1
o r
&+*mbék A A
AP,ihi 27ka|—p 77Afinhc‘o AP,ohc‘o
[W/m2.K] 9)

The logarithmic mean temperature difference, ATy,
between the air stream and refrigerant with the probability
of refrigerant superheating at the outlet from the pipe at the
last cell is given by:

AT. = (Ta,in _Tr out )_ (Ta,out _Tr jin )
" |n|:(Ta,in _Tr,out ):| [K] (10)
(Ta,out _Tr Jin )

3.2. Wet Coil Surface Condition

As the moist air is cooled and its temperature decreases
below the water vapor dew point temperature, the water
vapor condenses on the evaporator coil surface. For wet
coil conditions, both the heat transfer and mass transfer
between the moist air and a thin condensate film takes
place simultaneously according to the enthalpy difference
as cited in [31]. In this part of the model the following
assumption are used: the outer surface of fins and tubes are
covered with a thin water film, the boundary layer of
saturated moist air is at the thin water film temperature,
which is equal to both the tube and modified fins surface
temperature. The equation for convection heat and mass
transfer between humid air and wet cell surfaces, shown in
Fig. (2-b), is given by [31] as follows:

(W _Ws,wat )(ig,T - if,wat - Ig Le)

_ hc,vo f
o | E

ch - Cp

- is,wat )+

a

w] (1)

with total outer surface area of the cell A,, enthalpy i,
humidity ratio W, specific heat c, and Lewis number Le.
To consider the conduction across the water film thickness
shown in Fig. (2-b), conduction through the pipe wall and
internal convection evaporation between the refrigerant
and inner pipe surface Q. value is calculated by;

Qu =UowAAip, w] (12)

where U, is the overall heat transfer coefficient in wet
condition based on the enthalpy potential. It is given by:

Uyw= !

T %“%?Q+b@&

b:/vatAo
+ +
Ap,i hi 271kp|-p Afin’]who,w

Ap,o ho,w

[(W/m2)/(Ikg)]  (13)
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Coi -
where b, ==*—2% i and i, are fictitious
T, T,

enthalpies of saturated moist air valuated at the pipe and
refrigerant temperatures, respectively. The value of isp is

defined in [31] by is,=a.

coefficients to be calculated from plots in [31] at the air
saturation condition corresponding to the pipe temperature.

+p T, where @ and b are
wat

Similarly the values of i, bp and b, can be calculated,
respectively. The wet fin efficiency, 7y, is calculated at
how. The combined convection and evaporation heat
transfer coefficient, h,,, between moist air and outer cell
surfaces area is calculated by:

1
h . =
oW Cpa +M
' K
Bl Mo [W/m?.K] (14)
Aimvalue is calculated by:
Al = (il B is,r,z)_(iz - is,rl)
m In (il_is,r,z)
iy — is,r,l) [J/kg]

where i; and i, are enthalpies of the entering and
leaving air stream of a cell, is,; and is,, are fictitious
enthalpies of saturated air calculated at entering and
leaving refrigerant temperatures of a cell and are estimated
as defined in [31] . The pipe inner surface temperature is
calculated from:

ch

=T A [K] (15)

The total heat transferred from the air stream to the cell
surface consists of two parts: the sensible part and the
latent part. Using the relation of convective heat and
convective mass transfer by Le number relation, the outer
pipe surface temperature is compared with the inlet air
dew point temperature to the cell in order to clarify at
which cell the condensate begins. It is calculated by:

W —-W, i
ch = hco l+w (T _Tp 0)(Ap0 +77Afin)
' Le cp, (T —Tp‘o) ' ‘

(W] (16)

where iy, is the enthalpy for latent heat of
condensation.

3.3. Frost Coil Surface Condition

In this part of the model, a correlation that considers
the molecular diffusion of water vapor inside an initially
formed frost layer, mass and heat transfer between air
stream and frosted coil surface is used to predict the effect
of an initial formation of a thin frost layer on the
evaporator coil surface and the thin frost thickness effect
on the evaporator performance. The following assumptions

are considered: all heat and mass transfer surfaces are
covered with thin frost layer and this layer is to be
characterized by average properties; frost thermal
conductivity varies only with frost density.

The total heat transfer rate in a cell with frosted surface
conditions is calculated by:

ch = U o, fr AOATm [\N] (17)

where U, 1 is given by:

1
Uo,fr_ r
In| °
AP ( ri)+5n+ A A
AP i hl 27k p Lp k fr 77Afin heff AP 0 heff
[W/m2.K] (18)

ki and & are the frost thermal conductivity and
thickness, respectively. The equations presented in [19] for
ke and &, are used in this study. he is effective combined
sensible/ sublimation heat transfer coefficient. By
similarity with eq. (16) it is calculated by:

(W _Ws fr) isv 2
- W/m<.K 19
Le cpaiT =T ) [ ! (19)

fr.o

Ny =, o| 1+

where iy, is the enthalpy for heat of sublimation and
Tio is the frost layer surface temperature which is
calculated by:

ch

Ty =
' heff Ao

-T [KI] (20)

3.4. Solution Techniques

The inlet conditions for both the air and refrigerant are
input into the model. The solution method of the equation
in general is based on an iterative solution procedure for
pipe temperatures. First, a guess is made for pipe
temperature distribution in each cell, and then the
governing equations for the refrigerant are solved in an
explicit manner. Once the refrigerant properties are
obtained for any fluid cell, the pipe temperatures at every
pipe cell are estimated from the heat transferred across it.
This procedure is repeated until convergence is reached. In
the airside, depending on the operating condition
parameters, some cells may operate with a dry surface, and
with remainder of its wet surface. Detailed procedures for
the solution of humid air are in ARI [32] and can be
summarized as follows: the evaporator is first treated as
dry, then the inlet dew point temperature of the air is
compared with the wall temperature of cells. From the heat
transfer rate equation the outlet enthalpy is calculated, and
then the outlet air temperature. At cells where the pipe
wall temperature is equal to the inlet air dew point
temperature of the cell, the calculation for a wet coil is
integrated. Then, the latent heat portion is calculated as the
difference between the total heat and the sensible heat.
From the latent heat portion, the outlet humidity values
from the cells are calculated. The evaporator coil
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dimensions described in the experimental section with the
aid of the equations for calculation of A, and Ay, which
are given in ARI [32], are input into the model. The mean
hold-up water thickness, 8, , remaining on the evaporator
surfaces and the frost thickness & are set to 0.1 mm in
case of investigating other parameters than their thickness.
The Lewis number (Le) is set to 1. A computer program
based on this model was written in FORTRAN language.
In the program, air properties are calculated with using
ASHRAE [24] equations and refrigerant properties are
calculated by using subroutine PROPERTY of ASHRAE
[25].

4, Results and Discussion

4.1. Effect of Condensate on Evaporator Coil Performance

The results presented in this study are based on a quasi-
steady state condition. Among many measurements that
were carried out for face velocities ranging from 0.612 m/s
to 5 m/s, it was observed experimentally that there is no
condensate for experiments performed at face velocities
greater than 1 m/s. Therefore, there was a significant
contact time required between moist air and the evaporator
coil surface for dew formation. In addition to this factor,
the lower air relative humidity as seen from Figure (3-a)
inside the laboratory during the experiments time, is anther
factor contributing to this effect. However, in order to
investigate the effect of condensate formation on the
evaporator coil performance, all experiments were carried
out with inlet refrigerant temperature higher than 0 °C, to
avoid frost formation on the coil surface. The measured
values of variation of inlet air dry-bulb temperature
entering the evaporator coil, refrigerant inlet temperature
to evaporator coil as well as the determined air water
continent humidity ratio and relative humidity both were
calculated from the measured wet-bulb and dry-bulb
temperatures at various air face velocity as shown in
Figure (3-a). The calculated values of outlet air dry-bulb
temperature, air water continent humidity ratio and the
evaporator coil total cooling capacity, from the input
operating conditions data to the model that is shown in
Figure (3-a), are compared with their corresponding
experimentally determined values as shown in Figures (3-
b,c and d), respectively. As seen from the Figure (3), the
model of wet coil condition predicts the performance of
the evaporator coil within 10% of relative error without
any specific adjustment. Thus, it can be considered that a
good agreement was obtained as the calculated values lay
within the range of experimental uncertainty. This
agreement validates the calculated results of the evaporator
coil performance under condensate formation.

The model is used to investigate the characteristic
parameters to clarify the effect of dew formation on the
evaporator coil performance. The obtained results from the
wet coil model are shown in Figure (4). These results were
obtained with the input operating conditions shown in
Figure (3-a). Comparing the total conductivity (UA) values
in both wet and dry conditions, their values presented in
Figure (4-a) are based on logarithmic mean temperature
difference of Eq. (10). As stated previously, in the
presented range of face velocity, drainage of condensate

from the evaporator coil is observed experimentally, until
a face velocity value of 1m/s.
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In this range of face velocity, this observation agrees
with the model results of 100% wet coil surface that are
shown in Figure (4-b). From Figure (4-a), it is clear that
both calculated (UA) values, for dry and wet conditions
increases with increase in the face velocity values. This
result is expected because the heat transfer coefficient is
dependant on the flow Reynolds number, in which it is a
function of the face velocity. While, the value of (UA) in
wet conditions is higher than the case of dry coil and the
difference between both (UA) values increases as the
latent heat ratio value increases. This can be attributed to
the following: in the present experiments, the fin pitch is
4.23mm, the retained condensate droplets on the coil do
not bridge the inter-fin gap but increase the heat transfer
rate. The higher (UA)ye Vvalue instead of retained
condensate thin layer, which can represent conduction
resistance, can be explained with aid of group in the
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brackets of Eq. (16). The term in the bracket is the dry
convective heat transfer coefficient plus the portion of
latent heat of condensation.
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condition
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The increase in (UA),. Vvalue is function of inlet air
dry-bulb temperature and humidity ratio and refrigerant
temperature, with considering the conduction resistance in
the tube wall is very small. The ratio of the increase on
(UA)wet Value can be clearly explained in quantity values
as follows: at the latent heat to the evaporator total cooling
capacity ratio (Q/Q) value of 18.2% the values of (UA)
in both dry and wet coil were 21.85 and 23.6 (W/K),
respectively. While, at (Q;,/Q) value of 29.64%, UA
values became 30.32 and 34.31 (W/K), respectively. Thus,
for the same range of a change in face velocity value,
(UA)qry is increased by 38.76%, while when it is combined
with an increase in (Q/Q) value by 10.64%, the (UA)yet
is 45.4%. These results clearly indicate that, an evaporator
coil with higher fin-pitch is characterized by higher
performance under wet condition than the dry coil surface
condition and the retained condensate has an important
effect on the evaporator coil performance enhancement.

4.2. Effect of Initial Formation of Thin Frost Layer on the
Evaporator Coil Performance

To investigate the effect of initial formation of thin
frost layer on the evaporator coil, the experimental
apparatus had a minor modification compared to that
described before in order to obtain entering refrigerant
temperature less than 0°C. With this modification, initial
formation of thin frost layer on the coil is built at low face
velocity values only. An experiment was carried out for
number of hours with thin frost layer formed on the
evaporator coil. The measured entering conditions to the

coil are shown in Fig. (5-a). The model results for the
outlet air humidity ratio under frost condition were
compared with experimentally obtained value as shown in
Figure (5-b). It can be seen from Figure (5-b) that both
results are in good agreement with the scale measurements
(£7%). The calculated (UA) values for both dry and
frosted coil conditions as well as the sublimated heat to the
evaporator total cooling capacity ratio (Q./Q) values are
shown in (5-c). As shown in Figure (5-c), (UA) values are
constant with time variation in both coil conditions instead
of change in (Q4/Q) values. Also, the results shown in the
figure indicate that the total conductivity under initial
formation of thin frost layer (UA)s has higher values than
dry coil condition, for the presented operating conditions,
by about 8.2%. The higher value of (UA);, instead of the
thin frost layer that added conduction resistance to heat
transfer, can be explained with the aid of the brackets in
Eqg. (19). The value in the brackets is the sum of dry
convective heat transfer coefficient plus the sublimated
heat portion ratio.

25 pre—pr e 100
E AA A 490
b A A AA
o Aaa Jeo
° 15F 470
[«}) L 3
twp ®o0e 00 jo,
g f 350
‘5_ 5:_ ‘@7Ta,in—_:40-e'
E 0:_ . . Tr,in—_:30
S .... A0 J20
°F @ 00000 |
'105’”’I””I””I””I””I””;O
9F 3
1
=TE 3
J6F 00 000 ]
S:E . Qo ;
2% go000 ©
23 E
2 F © Wyt experimental
1E — — Wy calculated
05.(.b.).|....|....|....|....|....;
34 E
2 -V (UA) 37
C30F O (Qa/Q) 1709
S8 vVVVYVVVI Je5
S 26 F = 1 ©
- E -4 60>
<2k o 000 d &
S22 o8 > 4552
nE o
165.(.C.).|....|....|....|....|....—'45
0.5 1 15 2 2.5 3 3.5
Time, hrs.

Figure 5: Measured entering operating conditions to the
evaporator coil at frost condition (a), the calculated outlet air
humidity ratio under frost condition compared with
correspondence experimental one (b) and characteristics of the
evaporator coil under thin frost formed layer (c)

Interpretation of this results are based on morphology
diagram presented in Libbrecht [33], in which the initial
frost layer, at tube temperature range of 0 to -5°C, consists
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of a porous structure composed of individual ice crystals
and air pockets. Based on this physical structure, the initial
frost formation provide more pores for diffusion of the
difference of air moister content (W-W;y) into this initial
frost layer. This difference in the air humidity is converted
into frost and combined by extraction to the sublimation
heat from the air stream, which has a positive effect on the
heat transfer rate between the air stream and the coil.
These results clearly indicate that, the evaporator coil
surface with higher fin-pitch has higher performance under
initial formation of thin frost layer compared with dry coil
surface condition.

4.3. Effect of Frost Thin Thickness on the Evaporator Coil
Performance

In the experiments for investigation of the effect of
frost formation on the coil performance, no instruments
were used to measure the frost thickness due to the
difficulty in measuring the frost thickness in a full-scale
evaporator coil. Therefore, the model is used to investigate
the effect of thin formed frost thickness layer on the coil
surface up to one mm on the evaporator coil performance.
The result is presented in the form of the total conductivity
under frost condition (UA)y. The calculated result
correspondence to the operating conditions of face velocity
equal 0.612 m/s, entering air dry-bulb temperature of
10°C, inlet air relative humidity of 87.1% and inlet
refrigerant temperature of -6 °C is presented in Figure (6).
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Figure 6: Effect of initial thin frost layer on the evaporator coil
total conductivity (UA)fr

The result indicates that the degradation in (UA);, value
for frost layer thickness up to one mm is only about 6.7%.
Explanation of this result is as stated in the previous
subsection. Thus, it can be concluded that, the reduction in
coil total heat transfer rate due to initial thin frost layer up
to one mm at the stated operating condition has
insignificant effect on the evaporator coil performance.
While, through the aforementioned literature concerning
the degradation on the evaporator coil performance at deep
freezing temperatures under frost condition may be
explained by the fact that, frost formation on heat
exchanger surface at these low temperature has different
construction, non-pours, as shown in morphology diagram
presented in [33]. In addition, greater frost thickness with
low fin-pitch leads to blocking of the airflow paths
followed by a greater reduction of airflow rate and higher-

pressure drop through the evaporator coil, resulting in a
greater reduction of the evaporator coil performance. In
addition, it causes additional thermal conduction resistance
on the coil surface leading to dramatic decreases in the
evaporator coil performance.

5. Conclusions

This  study investigated experimentally  and
theoretically the effects of condensate and initial formation
of thin frost layer on the evaporator coil surface on the
performance of the evaporator coil of room air-
conditioners compared with dry coil surface conditions.
Experiments were carried on flat fin and staggered tube
evaporator coil, while the theoretical model was used to
clarify the effects of parameters which are difficult to
measure in the experiments on the evaporator coil
performance. The obtained results are summarized as
follows:

e The model results were validated with the measured
data in both wet and initial frost formation conditions
of the evaporator coil, and the predicted results are
within 10 % of relative error. This validation is
considered a good agreement as the calculated values
are within the range of experimental uncertainty.

e For the same range of a change in face velocity value,
(UA)qry is increased by 38.76%, while when it is
combined by an increase in (Q,/Q) value by 10.64%,
the (UA) et is 45.4%.

e The evaporator coil with higher fin-pitch is
characterized by higher performance under wet
condition than the dry coil surface condition.

e The total conductivity under initial formation of thin
frost layer (UA)s has higher values than dry coil
condition by about 8.2% in the range of operating
conditions of this study.

e At the stated operating condition, the degradation in
(UA)¢ under thin frost thickness up to one mm is only
about 6.7% that has insignificant effect on the
evaporator coil performance.
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