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Abstract. Due to the heat and mass transfer characteristios,cooling and dehumidifying process of evaporaier

complex. In this sense, the present paper deta@sheat and mass transfer coefficients of moisbe#r surfaces for
different cooling mode: wet, and partially wet. Exmental data was obtained in a conventionl redritor operation

with R-22 refrigerant. A modeling of the classieataporator was succintly revewed by using finnadases wavy
correlations for air-side. The mode of cooling waetermined through a latent air—side convectivetheansfer

coefficient by correlating the experimental datdhwhe model. The heat transfer rate in the evajmoravas identified.
The wet-bulb temperature of the air inlet and ofiteeaporator was corrected due to the effect of l@bocity of

convection and evaporating on moistened bulb. le literature have values of fouling factor for bitaring

refrigerant and a fouling factor for air side coiefénts for evaporator in operation for five yearhe results have
shown new values for theses coefficients for ewdpoiin operation for eight years identifying a tesddion of the

nominal refrigeration capacity.

Keywords: Refrigeration, modeling, wet surface, evaporator.

1. INTRODUCTION

Heat exchanger are encountered extensively initheoaditioning, heating, and refrigeration indiestt The heat
transfer of finned-tube evaporator was evaluated Brazilian household air-conditioning. There aogne thermal
resistances involved on heat exchangers. The dowenasistance is on the air-side (Wang et al, 1999improve the
overall heat transfer and reduction the resistamogir-side, the surface of the tube is finned. Thepatterns of the
evaporator are wavy. Correlations were used to ipredeat transfer rates according to specific tterand
hydrodynamic operating conditions. In air side, thedel accounts the thermal resistance of a wettddbtained by
the convective heat transfer and mass transfehasgchange of the water vapor. The air is dehfieddand the heat
transfer is increased. Many air-conditioning in Br&ave more then five years of used, accordirlyéy present paper
model the performance of evaporator, with the eatidn of thermal resistances and the heat trarsfefficients on
evaporators and compare them with experimentaltd&en from an experimental data of air-conditigni

The main contribution of the paper is show the affef air side fouling and crumpled fin on the naoali
refrigeration capacity for evaporator with eightiyeof use.

2. MODEL

The heat transfer from air to refrigerant is themfanction of evaporator operates. So, the heaistier rate may be
identified with various thermal resistances. Extemsnvestigation has been proposed for a modéiimgdry coils.
Relatively, researches on the cooling and dehuyiidjfcoils are limited due to the complication @haltaneous heat
and mass transport of moist air to cooled fin sug$a (Oskarsson et al; 1990), (Wang, J., Hihare2@03).

The total thermal resistance comprised the masigt of air, air-side fouling, tube, fin-to-tubentact, refrigerant-
side fouling and refrigerant. The system model $akéo account each one of the thermal resistaridestemperature
of refrigerant is constant in the boiling portiomdait changes in the superheating. The temperdaiffexrence between
the refrigerant and the cooling fluid is represdnbyy the LMTD (log mean temperature difference)nsidering
constant the temperature of refrigerant. Althoughtemperature difference is higher, the resuliges has reasonable
accuracy. The folloimg equation represents the heat transfer rate.
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a 1 1 1 1 D, 1 1
+ + + In + +
(ha + Iﬂllat )At "73 hf ,a At "73 Rcom'pkom 2k7TL Dint hf ,int 'Am him 'Am

Where: his convective heat transfer coefficient [WKit h. is latent heat transfer coefficient [WA; ns is
surface efficiency, Ais total air side surface area 2||mhf,a is air side fouling factor [W/AK]; Rcont iS contact
conductance [W/AK]; k is tube heat conductivity [W/mK]; & is contact inteference area [fh h;y is refrigerant
side fouling factor [W/fK]; A is tube inside surface area’]mh,is boiling heat transfer coefficient [W7ij.
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The convective heat transfer coefficient for the siile of the evaporator may be evaluated in tesmSolburn
factor (j) for wavy fin configuration. Wang et #1.999) construct the correlation for performanceaavy fin-and-tube
based from a total of 27 samples of heat exchangiish is defined as follows:

2 ja
j= Lﬂg = 0,324Rep, [F"] (tanH)js(P'J N 0428 )
Re.Pr R P,

Where: Rgcis Reynolds number based on tube collar diametgis(fin collar outside diameter,B2.5); & is fin
thickness [m]Fr is fin pinch [m];P, is longitudinal tube pinch [mP, is transverse tube pinch [nf{;is row number;
j1,2,3.48re constants.

The dehumidification of air is associated with tatent air-side convective heat transfer coeffitidihe effect of
air dehumidification is to increase in the heahsfar by the change of phase of water vapor. Ttemideat transfer
can be expressed by the Lewis number (Le) andidertséat transfer coefficient JqW/m2K]:

hat - ha.IW.C (3)
LeC, w

W, =W,
C: a S, min (4)
T,-T

a s,min
Where: |, is condensation heat of water; &is specific heat of dry air. Parameter C is a dditihe difference of

specific humidity at air temperature J/and saturation specific humidity at fin condeasarface temperature i)
by the difference of temperature respective.

The fouling factor values proposed for Rosenhowle{1985), apud (Oskarsson at al., 1990) for the year old
evaporator coil for oil-bearing refrigerant vapirs2.84 kW/°C.riand for air-side fouling factor operation in inthied
air is 2.84 kw/°C.rh The fouling factor coefficient for evaporators @peration for eight years was made by
comparative analysis with the experimental data.

The Contact restance appears when the heat is exchanged acrasteidace where two surfaces are in imperfect
contact. The contact resistance between the tubé¢herfin is determined from the contact iféeence area and contact
conductance. Wang e Chi (2000) comment that theacbnonductance is range of 11.0 to 16.0 k?\#mOn the other
hand, Wang et al. (2000) show this parameter frange of 10.0 to 15.0 kW/MK. In the present paper was used the
mean value of 13.0 kW/K and contact area was the same that externaldgze

The heat transfer process on the refrigerant sidetd be considered in two regions. The first anéhé two-phase
region and the second one is the superheated rebienheat transfer aspects of two-fase are indohecause of a
combination of liquid and vapor refrigerant exigtsthe tube of evaporators and condensers. Altntaal. 1960)
presented average coefficients for R-22 evaporatrtgmperatures from 4.4 to 26.7°C in a tube dian®7 mm on
2,4 m long. Coefficients were determined for appr@tely 15% vapor quality changes. The range ingattd was x=
0.20 to superheat.

htith = 00225[Re? Kf |**" ®)
Kf = AXiy g boiling number (6)
AlLg

Where:Ax is difference refrigerant quality, is condensation refrigerant enthalpy; is section length; g is gravity.
The heat transfer average coefficients for refagéeron superheated process are estimated by [Hulisr
correlation applicable to turbulent flow in a cit@utube.

2.1 Cooling mode

The dominance resistance is on the air-side condpfmseheat transfer sensible and latent coefficiefib evaluate
the model with accuracy it is important to distiljuthe method of cooling. In the process of threisatransferring
simultaneous heat and mass (water) to or from sedeturface leads the straight-line. The conditbthe air drives
toward the saturation line at the temperature efvtletted surface (averaged fin surface). WandiBara, E., (2003)
show three modes of cooling defined for the tenpeeawhen moist air is cooled over a finned tubdase. For an
inlet state, when:
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1. The dew point temperature is equal to, or tkas the tube outer surface temperatwgwE Tpo. Process totally
dry.

2. The dew temperature is equal to, or greater tiafin tip temperatureTagew> Trip. Process totally wet.
3. The dew temperature is between the fin tip teatpee and the fin base temperaturg, ® Tagew > Tho. Process
partially wet with twodistinct processes:

a) When Tp > Tagew™ Taurn Process with net vapor condensate.

b) When T2 Tagew™ Tiip, Process without net vapor condensate.

Wi A Totally wet
@ Partially wet
D Totally wet
Tref ?
(a). Finned tube surface (b). Cooling modes

Figure 1. Cooling mode of a moist air over a firielle surface. Source (Wang and Hihara, E., 2003).

The average fin surface temperature in model caaxpeessed as:

q :Os'h'A'(Tad _Tbo) = h'A'(Tavf _Tbo) (7)

3. EXPERIMENTAL APPARATUS

In order to illustrate the procedure presentedhis paper was employed a test bed composed byrasegtional air
conditioning system of the mark Springer Carriethwthe cooling power of 10.000 Btu/h (2.930 W), glypvoltage of
220 V with rated current of 8.5 A and flow the air evaporator of 495 (0,1375 n¥s), on fig. 2.

In the test bench temperature and pressure oficottefrigerant between evaporator have been mreasend. The
pressure sensors used are from the brand Gitteepyoget in the tubing. Two pressure sensors of po@ssure were
used. The sensors work in low-pressure gauge raheg6 to 827 kPa (-30 to 120 psig), with a ratoh of 7kPa (1
psig). The sensors have been calibrated to presisumggh the use of the system of calibration Lammodel MD-04-
015 which has an error of 0.15%. The results ofcdiéoration are respectively + 0.5 psi (3.4 kPadl & 0.9 psi (6.2
kPa) for two low-pressure, all calculated with abliity of 90% from t-Student.

In measurements of the two points of the refrigetamperature it was utilized type K thermocoupl8porket
(2001) found that the temperature of the refrigeiarthe same of the wall of copper tubing. Thefderature sensors
were set on the external wall of the tube. The aenaere isolated from the outside environment withuse of mass
and overlapping of the plastic tape which acts barder preventing the steam condensing water vepatained in the
air, which measures the temperature change.

The tube evaporator was made of cooper and thewfare made of aluminum. The experimental parametérs
evaporator are show on tab. 1.
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Table 1. Characteristics of air conditioning

Dey: external tube diameter 11.44 X1

D, internal tube diameter 8 x Ton
D, fin collar outside diameter 11.80 x1fh
F, fin Pitch 1.68 x 10 m
L length of evaporator [m] 0,393 m

N number of longitudinal tube row 3

P, longitudinal tube pitch 14.48 x Tan
P, transverse tube pitch 24.06 X 10

The view of the apparatus of the evaporator instnied is in Figure 2.
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Figure 2. Experiment instrumented, details on Htetemperature sensor

The calibration of the thermocouples was accometistirough the use of the oven calibration Quickdsotech
which has a range of -12 ° C to 140 C with erroedi.4 ° C and the reader of thermocouples 152%¢Ew which
obtains an error of + 0,005 mV in reading. Thelteteor of thermocouple used is + 0.6 ° C.

The mass flow rate of refrigerant was estimatedth®y air circuit of evaporator. The air flow is rseeed by
anemometer and the air enthalpy was estimatedeowét bulb and dry bulb temperatures.

4. RESULTS

The tests were driven to evaluate the data. Aieching a steady state condition, a set of datataken like
pressure, temperature of refrigerant, wet bulb dmydbulb temperature of air, the velocity of flowv alet and outlet
evaporator.

The wet-bulb and dry-bulb temperature have beed tseneasure humidity in air. The process in maistebulbs
is influenced by heat and mass transfer. When sefpometer is exposed to a moving stream of nadisevaporation
of water and convection heat transfer occurs. Pphigess depends on the velocity of flow air thavas the steady
state for the rate of heat and mass transfer. Tetebulb temperature of the air inlet and out ofpmrator was corrected
for the thermodynamic wet-bulb temperature by theedation of in Threlkeld, (1970). The straightdilaw shows that
when air is transferring heat and mass (water)rtéram a wetted surface, the air condition lead amvwith the
saturation line at the average fin surface tempesafig 1. If the wet-bulb temperature is not ected, some tests do
not lead to the temperature of averaged fin surfaade by the straight-line in a psychometric chilne straight-line
do not cross the saturation line in a psychometrart identifying the temperature point.

The first experiments were performed for the ainditioning having air-side fouling and some fin pueator
crumped. Ten tests were made for different air Enapre. The experimental measurements of thesaipérature in
and out of the evaporator allowed to estimate therage fin surface temperature. Comparing the ddtdhe
temperature of the average fin surface with the ehdtlwas noticed that there is a larger therrealistance between
the refrigerant and the fin surface. The coeffitiluling factor (ki) values for oil-bearing refrigerant vapors were
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made equalizing the temperature of the theoretiwadel and experimental measurements. The rangaloéy were
2530 to 722 W/°C.mwith an average of 1500 W/°C3rfor coil in operation for eight years. The valuecoefficient
fouling factor (ki) used was 1500 W/°Cfor model of coil.

The cooling mode influences the evaluation of tbefficient of convection. The cooling can occuratiyt dry, and
with dehumidification of air in process totally wet partially wet. To determine the cooling modésiimportant the
correct evaluation of the tube outer surface teatpee (T,o), the fin tip temperature ¢f) and the average fin surface
temperature (F) to compare with the dew point temperature ofirdet of evaporator. In the evaluation of latenahe
transfer coefficient at Eq.(4) is used the paramé&eat Eq.(5) that depends on minimum condensatéacas
temperature. Fig. 3 shows that the experimentalnaodiel runs considerable agreement for temperature.

20

= TDewexp
T bo exp

T avg exp

T ftip exp

- - - = Tbo model
T avg model
— - =T ftip model

X > ¢

Temperature [C]

-4

Figure 3. Diagram of fin temperature of model versyperimental

In all tests, the dew point temperature is greitan the tube outer surface temperature; it indc#tat the cooling
mode is not totally dry. Only in test 6 of mode¢ tlesult, it indicates cooling totally dry.

In the experimental data of test 1, 2, 3, 4, 7 Addhe dew point temperature is greater than the twter surface
temperature; indicate that the cooling mode idlioteet. In the model result of test 1, 2, 4, 587and 10, they indicate
totally wet cooling. The data of test, 5, 6, 8 &dhe dew temperature is between the fin tip teatpee and the fin
base temperature, indicating that the cooling medgartially wet. In the model result of test, Aa®, they indicate
partially wet cooling.

The air-conditioning was in operation for eight sseand had air-side fouling and some fin evaposatoumpled,
and then it was included an air side coefficientlify factor. This coefficient was determinated &qto the heat
transfer rate. The range of values were 77 to 2B0Wif with average of 52 W/°C.mmThe value of air side coefficient
fouling factor (h,) used was 52 W/°C.mfor model of coil. The effect of operation time faling factor for
evaporators coil in use for five and eight yearisldhow on Tab 2.

Table 2. Comparation of air side fouling coeffidiéor evaporator.

b o [W/°C.nT] Operation time [years]
Rosenhow et al. (1985) 2840 5
Present paper 52 8

The second experimental was conducted for the samwmonditioning washed and uncrumpled fin evapmsatTen
tests were made for different air temperatures. ddefficient fouling factor (f,) for oil-bearing refrigerant vapors
used at in the model was the same 1500 W/2®um as the fin was better, the value of the ae sioefficient fouling
factor (hin) used was zero.

The effect of air side fouling and crumpled finstsown in Fig. 4 which also shows data heat transtfer obtained
of first and second experiment by the experimemiahsurements and the theoretical model. The avéeaetransfer
rate for first and second experimental is 1447,9\ B380,3 respectably. The air side fouling andnpiled fin reduces
the nominal refrigeration capacity (2930 W) at 15%.
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Figure 4. Experimental and modeling data of refiagjen capacity obtained of first and second experits.

Comparisons of model results with the experimedtth for the evaporator capacity between first sacbnd
experiment were made. The variation of the evapom@pacity between the experimental data and thdefs result is
betweent 9.05 % for the first experiment ard2.3% for second experiment with 90% of confiapilit

5. CONCLUSION

An experimental and theoretical investigation ietfects of the air side and refrigerant foulingtéador evaporator
operation for eight years was successfully condlciéhe new value of fouling factor for air side ffadent for
evaporator in operation for the same time of op@natias determinated. A comparison between expeataheata and
a numerical model was made for the evaporator égpak reduction of the nominal refrigeration cajigcwas
identified. This model can become a useful tooldfiadicting the evaporator capacity.
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