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Abstract. This work presents an experimental analysis for an evaporative condenser built in reduced scale, keeping the 

geometric similarity to a real size equipment. The reduced scale condenser has a bundle of 210 copper tubes, with 

6mm of external diameter arranged in 35 columns and 6 tube passes, assembled inside a glass enclosure to allow for 

the water and air flows visualization. The condenser operates under different water and air mass flow rates and uses 

R-22 as the refrigerant fluid. The set of measured data is compared with similar ones available in the literature and 

allowing for analysis of heat transfer processes on the reduced scale evaporative condenser, one of the main goals of 

this work. Infrared thermography images enabled the identification of three heat transfer zones: desuperheating, 

condensation and subcooling. For the R-22 two phase flow, the local heat transfer coefficient is determined as a 

function of the vapor quality and compared to an average coefficient. The methodology of analysis consists on the 

determination of the flow pattern map, followed by the calculation of the transition regions based on the void fraction 

concept. The flow patterns are classified as fully stratified and the condensation model assumes that two types of heat 

transfer mechanisms occur within the tubes: film condensation and convective condensation. As a conclusion, a new 

overall heat transfer coefficient based on geometric and operational conditions of the evaporative condenser is 

proposed, taking into account the heat transfer contributions of the desuperheating and subcooling single phases . The 

proposed correlation presents a maximum deviation about 10% to experimental values. 
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1. INTRODUCTION  

  

The analysis of equipments for fluid refrigerant condensation in large size refrigeration systems, especially those 

operating with R-717 and R-22 are of great importance and arouse interest, since condensers with better performances 

can reduce significantly initial and operational costs of the systems.   

Detailed physical modeling offers great advantages when used for operation and performance analysis of 

equipments, and one of the main challenges is the establishment of more realistic heat transfer correlations. Following 

this goal, several works have been developed with the purpose of better understanding the heat and mass transfer 

phenomena of evaporative condensers and cooling towers. 

A similar methodology was found in Facão (1999), who developed an experimental work on a 10 kW nominal 

capacity cooling tower with indirect contact, obtaining heat and mass transfer coefficients. The results were similar to 

those found by Parker and Treybal (1961) and Niitsu et al. (1967). 

The main goal of this work is to propose new correlations for the heat transfer that takes place on evaporative 

condensers based on an experimental set of measurements obtained out of a reduced scale equipment, performed under 

environment controlled conditions. Local and average overall heat transfer coefficients are evaluated as a function of  

the condenser geometry and operational conditions. These new correlations can be helpful for the development of new 

evaporative condensers. 

 

2. EXPERIMENTAL SETUP  

 

An experimental rig was built around the reduced scale evaporative condenser in order to perform calorimetric 

essays at controlled environment conditions (Fig. 1). Heat is transferred to the refrigerant fluid (R-22) at the evaporator, 

flows across a liquid receiver before changing phase at the condenser, in a closed loop depicted at the same figure by a 

red line. R-22 was choose as the refrigerant fluid due to its lower toxicity in comparison to R-717, together with its low 

corrosion potential to copper materials. 

Hot water (blue line loop at Fig. 1) is the heating source of the rig, generated by a 2.7 kW (nominal power) electric 

element. The green line represents the cooling water loop of the evaporative condenser. 

The measuring positions of the most significant variables also are showed in this figure, and the symbols that 

represent them are: V (electrical tension, in volts), A (electrical current, in amperes), TDB and TWB (dry and wet bulb air 

temperatures, in 
o
C), T (R-22 and water temperatures, in 

o
C), P (pressure, in bar) and Q (volumetric flow rate, in m

3
h

-

1
).The refrigerant flow rate is driven by the heat transfer rate in the evaporator.  The control of the hot water temperature 

on the water tank is performed by a PID controller. 
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Figure 1. Test facility scheme 

 

 

2.1. Evaporative condenser 

 

The evaporative condenser was built keeping a geometric similarity to a commercially model, running on R-717 as 

refrigerant fluid in industrial refrigeration systems, with a scale factor of 1/4. The reduced scale evaporative condenser 

and its experimental setup are presented at Figs. 2a and 2b, respectively. 

 

    
  

Figure 2. a) small scale evaporative condenser; b) experimental facility 

 

Coil were built on copper tubes of 6.35mm external diameter (corresponding to commercial diameter of 1/4in),  35 

columns of 6 tubes in a staggered arrangement, joined in a distributor at the top and in a collector at the bottom, with a 

total heat transfer area of 2.17 m
2
. 

A copper water spray distributor was placed above the coil, with 36 holes allowing for a uniform distribution of the 

spray on the outside surface of the coil. The spray water flow rate was controlled by a bypass placed on the pumping 

circuit. The drift eliminator was made in aluminum with spacing of 1.8 mm. 

The air flow leaves the condenser through a 200 mm nominal diameter pipe  connected to a centrifugal fan. The air 

flow rate was controlled by a frequency inverter acting on an electric driver. The water sump was made on glass and has 

a volume of 25 l. The water make up was added at the end of each measured sample, providing sump water with more 

homogeneous temperatures and helped keeping operation at steady state conditions. 

 

2.2 Measurements 

 

All measured points are depicted on Fig.1, and are described according to their fluid circuit relations. Starting with 

the air flow circuit, the ambient air dry and wet bulb temperatures (TDB,in and TWB,in) are measured by two PT-100 

sensors. The inlet and outlet air pressures (Pin and Pout), as well as dry and wet outlet bulb temperatures (TDB,out and 

TWB,out) are measured with a Vaisala PTU – 303 meter. The volumetric air flow rate is measured by a Venturi tube.  
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For the R-22 circuit, the inlet and outlet temperatures (��,�� and ��,���) and  pressures (��,�� and ��,���) are measured 

for the superheated vapor and subcooling liquid phases, respectively. Also, pressure and temperature of the refrigerant 

fluid are measured between the liquid receiver and the evaporator Although this temperature is taken at the pipe 

external surface , its measurement is worth to check its approximate expected value and the adiabatic behavior of the 

system. These temperatures are measured by type J thermocouples and the pressures with digital pressure transducers. 

Spray water circuit includes the measurement of the water spray temperature Tw, taken inside the water sump and 

simultaneously right before the sprinkling nozzles. Results showed then to be similar. Water spray flow rate (Qsw) is 

measured by a volumetric flow meter. 

 Hot water circuit includes the measurement of the inlet and outlet hot water temperatures (���,�� and ���,���) in the 

evaporator by type J thermocouples, and its volumetric flow rate (���). 

Finally, the refrigerant fluid mass flow rate (�� �) is determined by the aid of a mass and energy balance around a 

control volume placed on the evaporator. The heat transfer involved in the process can also be determined by the 

electric power delivered to the hot water electric heater and by the air side, to compare results and ensure the 

measurement reliability. 

Further details about sensors calibration and measuring uncertainty can be seen in Acunha et al. (2010). 

 

3 Heat transfer rate 

 

To evaluate the thermal capacity of an evaporative condenser, ambient heat transfer rate, or rejected heat ��  (kW), 

must be determined. This heat transfer rate can be calculated by two ways. The first one is performed by the thermal 

balance involving the water spray and the air flow streams, as represented in Eq (1) (ASHRAE, 2005). 

 ��  �� !��"#!��,��� $ #!��,��% $ �� �&�#�           (1) 

 

where  �� !�� is the air mass flow rate across the evaporative condenser (kg s
-1

), #!��,�� and #!��,��� are, respectively, the 

air specific enthalpies in the inlet and outlet of evaporative condenser (kJ kg
-1

), �� �&� is the make up water mass flow 

rate (kg s
-1

) and #� is the sump water enthalpy (kJ kg
-1

). 

The second one is based on the a thermal balance among the refrigerant and make up water flows (ANSI/ASHRAE, 

1995) which has the same heat transfer rate in the evaporator 

 ��  �� �"#�,�� $ #�,���% $ �� �&�'#� $ #�&�(  �� ��"#���,�� $ #���,���%        (2) 

 

where �� � and �� �� are, respectively, the refrigerant and hot water mass flow rates (kg s
-1

), #�,�� and #�,���  are, 

respectively, the  refrigerant specific enthalpies (kJ kg
-1

) in the inlet and outlet of tube bundle and #�&�  is the make up 

water specific enthalpy (kJ kg
-1

). The hot water specific enthalpies (#���,�� and #���,���) are determined from 

measured pressures and temperatures at the evaporator. Eq. (2) enables to calculate the heat transfer rate and the 

refrigerant mass flow rate. 

After the heat transfer is determined, the experimental overall heat transfer coefficient, )*+, (Wm
-2

 °C
-1

) can be 

calculated, through equations 3 and 4 

  )*+,  ��- ∆�*+, (3) 

 ∆�*+,   �/��0 $ �� (4) 

where A is the outside surface area of tubes (m
2
) and, �/��0  and �� are the refrigerant fluid condensation and spray 

water temperatures (°C), respectively. 

In this work, the overall heat transfer coefficient is calculated for three heat transfer zones: desuperheating, 

condensation and subcooling, which are determined through infrared (IR) thermografic images. Figure 3 shows an IR 

thermografic image where these three zones can be seen. The lower limit in the scale temperature in this picture 

corresponds to the R-22 condensation temperature. Therefore, the R-22 subcooling zone do not appears and can be seen 

a black image for this region. 

The R-22 desuperheating region appears just in the condenser distributor while the R-22 subcooling occurs in 

approximately 2/5 of the last tubes pass. The remaining area is where the refrigerant fluid condensation takes place. 
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Figure 3. Three heat transfer zones of the evaporative condenser identified by infra red thermography 

 

For all zones, the heat transfer rate is determinate both experimentally (Eq. (1)) and theoretically by correlations. 

The stronger influence is verified for the condensate zone, which covers the largest heat transfer area. Figure 4 shows 

the product of experimental overall heat transfer coefficient (Uexp) by heat transfer area (A) for 40 measuring samples. 

The values of UexpA for the condensation zone are significantly higher than those for the other two regions, and 

therefore the greater attention will be focused on this region. 

 
Figure 4. Product of the overall heat transfer by area for the three heat transfer sones of the evaporative condenser 

 

Figure 5 depicts a scheme of the refrigerant, spray water and air flows over an elementary cross section of a tube. 

For simplicity, the refrigerant and spray streams flows are at the same sense.  

 

 

 

 

 

 

 

 

 

Figure 5. Schematic water, refrigerant and air flows over a tube 
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The overall heat transfer coefficient is calculated for that region by Equation (5), in respect to the outer diameter dext 

(ASHRAE, 2000) 

 

int int

1

1 1ext ext

m T ext

U
d d L

d h d k h

=
   

+ +   
    

(5) 

 

where kT is the tube thermal conductivity (W m
-1

 °C
-1

), dint and dext are the internal and external tube diameter (m), 

respectively, dm is the mean tube diameter (m), L is the tube thickness (m), hint is the heat transfer coefficient between 

the refrigerant fluid and the internal tube surface (W m
-2

 °C
-1

) and hext is the heat transfer coefficient between the 

external tube surface and the water spray (W m
-2

 °C
-1

). 

 

3.1 Refrigerant fluid heat transfer coefficient 

 

The internal heat transfer coefficient hint can be evaluated as an average or a local value. The local value must be a 

function of  the refrigerant fluid properties, evaluated at its single phase temperatures. The Dittus- Boelter (1985, 

reprinted version, appud Bejan, 1995) correlation is used to estimate hint for the desuperheating and subcooling regions: 

 12  345604567  0.023<=> ?@ �A�         (6) 

 

where k is the refrigerant thermal conductivity (W m
-1

 
o
C

-1
), Nu, Re and Pr are the Nusselt, Reynolds and Prandtl 

numbers. The exponent of the Prandtl number (n) is 0.3 for desuperheating and subcooling zones. 

For the average heat transfer coefficient, the thermophysical properties in Eq. (6) are evaluated at the refrigerant 

fluid mean temperature, taken at the inlet and outlet considered regions. 

The flow map pattern, which is a function of the void fraction, is mandatory information in order to estimate the 

local heat transfer coefficient in the two phase zone, as it changes with vapor quality. 

El Hajal et al. (2003) proposed a new version of a two phase flow pattern map for condensation inside horizontal 

plain tubes, based on the original work of Kattan et al. (1998) for boiling flow model, completed by Thome et al.(2003) 

to determinate the local heat transfer coefficient. 

More recently, flow patterns are classified as: fully stratified flow, stratified wavy flow, intermittent flow, annular 

flow, mist flow and bubbly flow. However, considering that condensation in this work is a gravity controlled process, 

the flow occurs at very low mass velocities and a fully stratified flow in all measured samples were verified.  In this 

case, when the saturated vapor enters a condensation zone, it forms a liquid layer at the bottom of the tube and a 

condensing film around the upper tube perimeter. Thus, the heat transfer coefficient must account for these two 

transport mechanisms. 

Figure 6a shows a flow map pattern while Fig 6b shows the convective condensation (related to hc ) and film 

condensation (related to hf) and their respective heat transfer surface area. All measuring samples of this study presented 

mass velocities below the limit transition between fully stratified flow and stratified wavy flow. Therefore, all analysis 

and equations were performed for fully stratified flows. 

 

 

 
 

Figure 6. a) Condensation map for R-22 flowing inside a tube; b) Heat transfer coefficients and their respective 

perimeters (Adapted from Thome et al. (2003)). 
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The θ angle (rad) in this case is the stratified angle and defines the regions where the heat transfer coefficients must 

be related to the film condensation type or of the convective condensation type. Thus, for a tube radius r, the internal 

heat transfer coefficient hint (W m
-2

 
o
C

-1
)
 
is: 

 #���  �B3CD'EFGB(�3HEF�             (7) 

 

A non iterative equation can be used to determine the θ angle, as a function of the void fraction, I 

 

J  2K $ 2 LK'1 $ I( N O3 FEPQ R@ S1 $ 2'1 $ I( N '1 $ I(Q R@ $ IQ R@ T $ QEUU '1 $ I(IV1 N 4"'1 $ IE( N IE%XY  (8) 

 

The void fraction I is a logarithmic mean between homogeneous void fraction (I3) and the non homogeneous drift 

flux void fraction model of Rouhani and Axelsson (1970) (I�!). These void fraction calculations are performed by the 

following equations: 

 I3  S1 N OQG++ P Z[Z\TGQ
             (9) 

 I�!  +Z\ O]^1 N 0.12'1 $ _(` S +Z\ N QG+Z[ T N Q.Qa'QG+(Vbc'Z[GZ\(d.efXgZ[d.f ]PGQ
      (10) 

 

 I  hiGhjkl�O mimjkP             (11) 

 

where ρl and ρv are, respectively, the liquid and vapor densities (kg m
-3

), x is the vapor quality, g is the acceleration of 

gravity (m s
-2

), σ is the surface tension (N m
-1

) and G is the mass velocity (kg s
-1

 m
-2

). 

Knowing the tube internal cross sectional area A (m
2
) and the void fraction, the tube cross sectional area occupied by 

both liquid and vapor (AL and Av, in m
2
) and liquid thickness (δ, in m) can be determined from 

 -n  -'1 $ I(           (12) 

 -n  -I            (13) 

 AL  Qa '2π $ θ(^dtuv $ 'dtuv $ 2δ(E`         (14) 

 

Convection heat transfer coefficient hc (W m-2 oC-1) is defined as: 

 #/  0.003<=nU.x>�AnU.? 7[y z�           (15) 

 

The Reynolds and Prandtl numbers for the liquid phase (ReL and PrL) and the interfacial roughness factor (fi), are 

calculates by 

 ReL 4G'1-x(δ'1-ε(µL              (16)

  �An  >g'QG+(y'QGh(�[             (17)

 z�  1 N O�\�[PQ E@ S'Z[GZ\(byec TQ >@ O gg�6jk6P         (18) 

 

where  µL is the dynamic viscosity (N s m
-2

), kL is the thermal conductivity (W m
-1

 
o
C

-1
), CpL is the specific heat, Gstrat is 

the stratified flow transition mass velocity (kg s
-1

 m
-2

), all for the liquid phase. The mean velocities uL and uv (m s
-1

) 

refers to the liquid and vapor phases, respectively. Equations (19), (20) and (21) are used in order to calculate Gstrat, uL 

and uv 
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����!�  �'EE�.R(e� �[�456e �� �\�456e �eZ\'Z[GZ\(�[�
+e'QG+(F� �

Q R@
N 20_        (19) 

 2�  g+Z\h             (20) 

 2n  g'QG+(Z['QGh(             (21) 

 

The film condensation heat transfer coefficient hf, (W m
-2

 
o
C

-1
) expresses a mean value evaluated over the upper 

perimeter of the tube, calculated by the Eq. (21). Thermophysical properties are evaluated at the mean value between 

tube wall and refrigerant saturation temperatures Tp and Tsat, respectively. 

 

#�  0.728 �Z['Z[GZ\(b3C�7[��[0456'��k6G��( �Q >@
          (22) 

 

In this equation hfg is the latent heat of vaporization of the R-22 (J kg
-1

 
o
C

-1
). 

The average heat transfer coefficient is given by (Chato, 1962) 

 

#����  0.555 �Z['Z[GZ\(b3C�� 7[��[0456'��k6G��( �Q >@
          (23) 

 

where h’fg is the R22 latent heat of vaporization hfg  (J kg
-1

 
o
C

-1
) with a correction term that takes into account the effect 

of its subcooling, , as 

 #�b�  #�b N Ra �,,n'��!� $ �,(           (24) 

 

3.2 Spray water heat transfer coefficient 

 

Values for the heat transfer coefficient between external tube surfaces and water spray were calculated after some 

well known correlations available in the literature and compared to those obtained from experimental data.  

Tovaras et al. (1984) (appud Zalewski and Gryglaszwski, 1997) proposed a correlation for this heat transfer 

coefficient as a function of the water Prandtl number (Prw) and the water and air Reynolds number (Rew and Reair). This 

correlation for water flowing downstream across  horizontal tubes has the following form: 

in the range: 690 < Reair < 3000, Nuw = 3.3 x 10
-3

 Rew
0.3

Reair
0.15

 Prw
0.61

; 

in the range: 3000 < Reair < 6900, Nuw = 1.1 x 10
-2

 Rew
0.3

 Prw
0.62

; 

for Reair > 6900, Nuw = 0.24 Rew
0.3

 Reair
-0.36

 Prw
0.66

 

where: 

 <=�  >Г��              (25) 

 <=!��  �d0� 6Zk4j�k4j             (26) 

On these equations ¡� and ¡!��  are the dynamic viscosities of water spray and air (kg s
-1

 m
-1

), ρair is the air density (kg 

m
-3

), 2U is the air velocity for the smallest cross area section (m s
-1

), Г is the spray water mass flow rate per unit length 

of tube in kg s
-1

 m
-1

 (Parker and Treybal, 1961). The external heat transfer coefficient (hext) is given by: 

 12�  O¢�eb PQ R@ 3� 67�                (27) 

 

In this equation £� is the spray water conductivity (Wm
-1

 
o
C

-1
) and it is available for the range 160< Rew< 1360 and 

4.3<Prw<11.3. 

Parker and Treybal (1961) investigated evaporative condensers at 5 different situations, obtaining a correlation for 

the temperatures range of 15 to70 
o
C and 1.4 < Г/dext < 3.0 kg s

-1
 m

-2
 which is given by  

 #*+�  704'1.39 N 0.022��( O Г0� 6PQ R@
          (28) 
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Mizushina et al. (1967), developed a wider spectrum correlation than the former equation, within the range of 0.2 < 

Г/dext < 5.5 kg s
-1

 m
-2 

 #*+�  2102.9 O Г0� 6PQ R@
           (29) 

  

The correlation proposed by Leidenfrost e Korenic (1982) was developed for an inline bundle tube with an external 

diameter of 15.9 mm and is quite similar to Eq. (29) 

 #*+�  2064 O Г0� 6PU.E?E
           (30) 

  

Niitsu et al. (1967) studied evaporative coolers with bare and finned tubes finding for the last one higher heat 

transfer coefficients for 0.5 <  Г/dext < 3.2 kg s
-1

 m
-2 

 #*+�  990 O Г0� 6PU.>�
            (31) 

 

Very similar correlation was proposed by Dreyer and Erens (1990): 

 #*+�  2843 O Г0� 6PU.Ra>
           (32) 

 

The spray water heat transfer coefficients (hext) calculated with data of forty experimental samples allowed 

estimating the overall heat transfer coefficients )¦, displayed in Fig 7. Samples were obtained under similar heat transfer 

rates, changing air and spray water flow rates, environmental laboratory conditions.  

 
 

Figure 7. Overall heat transfer coefficients U  for forty experimental samples using six external heat transfer coefficient 

from the literature and data from the present work 

  

3 RESULTS AND DISCUSSION 

 

Fig. 7 enables to observe the values of the overall heat transfer coefficient U obtained from six known correlations 

(equations  27 to 32) and a experimental one, based on data of the present work. The Niistu et al. (1967) correlation 

displayed the better agreement with the experimental data. Thus, this correlation was used to investigate the influence of 

the vapor quality on the overall and convection heat transfer coefficients.  

Figure 8a shows a comparison between local and average internal convection heat transfer coefficients as well as 

local and average overall heat transfer coefficients for condensation zone. The local convection heat transfer coefficient 

present large difference in relation to the average coefficient mainly for vapor quality values close to 0 or 1. However, 

this trend is greatly relieved in the value of )/��0 . In fact, it occurs because the scale of hext is lower of hint scale and )¦/��0  become of hext magnitude order.  

The Niistu et al. (1967) correlation for hext, as well as other correlations, is a function of Г/dext, basically. Thus, a 

new correlation based on this factor can be established for )¦/��0  (Eq. (33)). Figure 8b shows the relationship between 

predicted )¦/��0  and that theoretical obtained from Equations (5), (23) and (31) for the 40 measuring samples. 
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)¦/��0  A+B O Г

dext
P -C O Г

dext
P2

            (33) 

 

where the A, B and C coefficients are, respectively, 279 W m
-2

 
o
C

-1
, 647 J kg

-1
 
o
C

-1
 e 234 (J kg

-1
 
o
C

-1
) (s m

2
 kg

-1
) and the 

subscript cond refers to condensation zone. In spite of the good agreement with theoretically calculated results, this 

correlation needs to be improved for better agreement to experimental data (Eq. (3)). 

 

 
Figure 8. a) Convection and overall heat transfer coefficients; b) predicted and Theoretical )¦ 

Actually, the evaporative condenser has two others zones (desuperheating and subcooling) that has influence on )¦calculated just for condensation zone. The proposed correlation for )¦ value must take account the heat transfer of 

these regions. Thus a correction factor (FC) can be introduced in order to get lower deviations. This correction factor  is 

proportional to: 

 §¨ © ª¦���«�ª¦H¬5� ª¦�«ª¦H¬5� )¦/��0           (34) 

 

where the subscripts desup and sub refers to desuperheating and subcooling regions, respectively. Since that )¦ is 

inversely proportional to differences of temperature between R-22 and spray water, )¦ will be predicted by Ucond – FC 

 )¦  �1 $ '�H¬5�G��('�j,45G��( '�H¬5�G��('�j,¬«6G��(� )¦/��0          (35) 

 

Another consideration is necessary because Г is calculated to one tube row and the evaporative condenser has two 

passes per row. The final )¦ correlation for whole condenser is 

 )¦  �1 $ '�H¬5�G��('�j,45G��( '�H¬5�G��('�j,¬«6G��(� �279 N 323,5 O Г0� 6P $ 58,5 O Г0� 6P2�      (36) 

 

Figure 9a shows a comparison between )¦ predicted by proposed correlation and that obtained from measurements 

for the 40 measuring samples.  

  
Figure 9. a) predicted versus experimental )¦; b) propagated uncertainty for )¦ 
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The greater deviation found is lower than 10%. The greater deviation is lower measuring propagated uncertainty is 

15.2%, like shows Fig 9b and it is greater than maximum deviation presented in Fig 9a for any of 40 samples. 

 

4 CONCLUDING REMARKS 

 

This work presented an experimental study on a small scale evaporative condenser. From obtained data, was 

proposed a new correlation in order to calculate the overall heat transfer coefficient based on geometric and operational 

conditions, only. These results show very good agreement between predicted and experimental values for 40 measuring 

samples. Two other real size evaporative condensers operating with R-717 were tested and the deviation found was 

lower than 13%. Just one correction is necessary to compensate the differences between thermophysical properties of 

the refrigerant fluids. It will be present in a future work that is being done. 
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