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 [1] predicted the experimental data with a mean deviation of -5.5%.

INTRODUCTION

The air conditioning and refrigeration industry is undergoing significant changes as it continues to replace the ozone depleting substances (ODSs) commonly used as refrigerants.

Hydrofluorocarbons (HFCs) are synthetic fluids entirely harmless to the ozone layer since they do not contain chlorine. R-134a is the only pure HFC clearly established as a substitute for clorofluorocarbons (CFCs) and hydroclorofluorcarbons (HCFCs) in several types of applications at high and medium temperature levels despite of its high global warming potential (GWP=1300, 100-years integrated time horizon).

In recent decades, enhanced tubes are widely used in manufacturing shell and tube condensers commonly used in refrigeration plants. The superior heat transfer performance of enhanced tubes allows a significant size reduction of the condensers. Externally low integral finned tubes are commonly used for the outer condensation of low surface tension fluids such as R-134a.

Nowadays there are several types of enhanced tubes with two or three-dimensional fins commercially available from different manufacturers. Generally, these tubes are made of copper or copper-nickel alloys. The condensation heat transfer of HFC-134a on plain and different types of enhanced tubes is reported in several papers, Jung et al. [START_REF] Jung | Condensation heat transfer coefficients of enhanced tubes with alternative refrigerants for CFC11 and CFC12[END_REF], Honda et al. [START_REF] Honda | Experimental measurements for condensation of downward-flowing R123/R134a in a staggered bundle of horizontal low-finned tubes with four fin geometries[END_REF][START_REF] Honda | Condensation of downward-flowing HFC134a in a staggered bundle of horizontal finned tubes: effect of fin geometry[END_REF],

Belghazi et al. [START_REF] Belghazi | Condensation heat transfer of a pure fluid and binary mixture outside a bundle of smooth horizontal tubes. Comparison of experimental results and a classical model[END_REF], Kumar et al. [START_REF] Kumar | Prediction of heat transfer coefficient during condensation of water and R-134a on single horizontal integral-fin tubes[END_REF][START_REF] Kumar | Augmentation of heat transfer during filmwise condensation of steam and R-134a over single horizontal finned tubes[END_REF][START_REF] Kumar | Condensation of R-134a vapour over single horizontal integral-fin tubes: effect of fin height[END_REF], Gstoehl and Thome [START_REF] Gstoehl | Film condensation of R-134a on tube arrays with plain and enhanced surfaces: Part I -Experimental heat transfer coefficients[END_REF], Zhang et al. [START_REF] Zhang | Condensation heat transfer of HFC134a on horizontal low thermal conductivity tubes[END_REF] or Kang et al. [START_REF] Kang | Experimental correlation of falling film condensation on enhanced tubes with HFC134a; low-fin and Turbo-C tubes[END_REF].

Titanium tubes are used in applications with corrosion problems, such as marine facilities on shore and onboard, desalination, chemical and power plants, etc. Refrigerant condensers using sea water as cooling medium require the use of copper-nickel alloys, steel, stainless steel or titanium tubes to withstand corrosion. The use of titanium tubes allows the increase of the inside water velocity due to the higher titanium resistance to erosion than the other materials. It also allows the reduction of the heat exchangers weight by about 40% for the same heat transfer area due to the specific weight of titanium which is around 55% and 50% lower than the specific weight of stainless steel and copper alloys, respectively. If titanium tubes are used and high water velocities are considered, the water-side convection coefficient will become greater than pp. 5 the outer condensation coefficient. Then, the thermal resistance caused by the outer condensation becomes the controlling thermal resistance within the overall heat transfer process.

On the other hand, it is worth pointing out that the fins' efficiency and, consequently, the condensing enhancement factor provided by integral-fin tubes greatly depends on the thermal conductivity of the tube material. Zhang et al. [START_REF] Zhang | Condensation heat transfer of HFC134a on horizontal low thermal conductivity tubes[END_REF] compared the condensation of R-12 and R-134a on different types of copper and cupronickel tubes. The authors demonstrated that the thermal conductivity of the tubes has a significant influence on the overall condensation HTCs over low-fin integral tubes. The thermal conductivity of titanium is low (22 W•m -1 •K -1 ); therefore, the fins' efficiency could become a limiting factor and the enhancement provided by the finned tubes should be carefully evaluated. Consequently, the research on the R-134a condensation outside enhanced titanium tubes turns out to be interesting in order to evaluate the actual enhancement factors provided by these types of tubes.

Hwang et al. [START_REF] Hwang | Heat transfer and pressure drop characteristics of enhanced titanium tubes[END_REF] tested a bare and four enhanced titanium tubes of 1 m length, 16 mm outside diameter and 0.3 mm thickness. The enhanced tubes were a crushed type tube, a shrunken type tube, an expanded type tube and a spirally corrugated type tube. Experiments were carried out condensing steam on the outer surface of the tubes in a shell condenser and circulating water inside the tubes. In the paper, only the results of the steam condensation convection coefficients for the bare and the crushed type tube are given. The experimental condensation coefficients for the bare and enhanced tubes resulted slightly higher and 40% higher than predicted by the Nusselt [START_REF] Nusselt | Die oberflachenkondensation des wasserdampfes[END_REF] theory, respectively.

To the best of our knowledge, there is no available data on the condensation heat transfer of R-134a on integral low finned titanium tubes. Consequently, the main purpose of this investigation was to evaluate experimentally the condensation of R-134a on commercially available smooth and integral-fin titanium tubes. The experimental results are compared against the theoretical ones provided by several condensation models and empirical correlations found in the literature.
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In the paper, the experimental setup and procedure are described, the data reduction process is detailed, and the results are presented and discussed.

EXPERIMENTAL FACILITY

The layout of the experimental facility is shown in Fig. 1. The facility is composed of a condensation test section (condenser), an electric-heated evaporator and a cooling water loop.

The condenser and the evaporator consist of a 6 mm thick horizontal cylindrical body and blind flanges made of stainless steel (AISI-316L). The condenser has an external diameter of 168.3 mm and a total length of 1895 mm. The evaporator has an external diameter of 200 mm and a total length of 1530 mm. The refrigerant vapour is generated by heating the pool of the refrigerant liquid by means of three immersed electric resistances of 4 kW each, placed into stainless steel (AISI-316L) horizontal tubes. An electric power regulator allows the control of the heating power delivered by the electric resistances.

The generated vapour is conducted through a vapour line from the evaporator to the upper part of the condenser, where the tubes to be tested are placed. The vapour is split in four streams and goes into the condenser at four different points in order to guarantee an appropriate distribution at the condenser top (see Fig. 1). The vapour main line and the distributors are made of stainless steel (AISI-316L) with 40/43 and 30/33 mm inner/outer diameters, respectively. The vapour condenses on the tested tubes. The condensate returns to the lower part of the evaporator by gravity, through the condensate line of 10/12 mm inner/outer diameters. Both, the condenser and the evaporator, are equipped with six sight glasses for lighting up and visual observation of the condensation and boiling processes.

The tested tubes are internally cooled by circulating water through them. A centrifugal pump forces the cooling water from a reservoir tank through a plate heat exchanger and the tested tubes in a closed loop, as shown in Fig. 1. The cooling water is heated into the tested tubes and cooled in the plate heat exchanger by means of water from a cooling tower. A recirculation loop
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from the pump outlet to the reservoir tank is used to control the water flow rate through the tested tubes (see Fig. 1). A thermostatic control valve adjusts the water flow rate from the cooling tower through the plate heat exchanger and allows the control of the cooling water temperature at the test section.

The experimental setup was equipped with a data acquisition system based on a 16-bits data acquisition card and a PC. The vapour temperature in the condenser is measured by means of eight sensors (sensors T 01 -T 08 in Fig. 1). The vapour and liquid temperature in the evaporator are measured by using eight sensors, T 09 -T 12 for the vapour and T 13 -T 16 for the liquid, Two tubes were used in each experiment. The tubes were externally connected in series in such a way that the cooling water circulated through them one after the other. Before each
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pp. 8 experiment, special attention was paid in order to guarantee an effective removal of any noncondensable (i.e. air) from the condenser and evaporator sections. To ensure that all air was removed from the condensing section, it was verified that the temperature and pressure measured fulfilled the R-134a saturation data.

EXPERIMENTAL PROCEDURE AND DATA REDUCTION

Experimental procedure

Experiments were conducted by varying the mean cooling water temperature in the tubes while keeping constant the condensing temperature (and pressure) in the condenser and the cooling water flow rate inside the tubes. The condensing temperature (and pressure) in the condenser was fixed by regulating the heat flow supplied by the electric heaters in the evaporator by means of the electric power regulator. The cooling water flow rate was kept as high as possible (Reynolds numbers between 68000 and 141000 and water velocity around 5 m/s) in order to increase the inner heat transfer coefficient and to reduce the cooling water temperature variation. The mean cooling water temperature in the tubes was controlled by regulating the external water flow rate through the plate heat exchanger using a thermostatic control valve (see Fig. 1). Once the system was stabilized at the desired condensing and mean cooling water temperatures, the experimental data were recorded. Experiments were carried out for condensation temperatures of 30, 40, and 50 ºC and cooling water temperatures ranging from 1 ºC to 15 ºC below the condensing temperature, at temperature intervals of 1 ºC.

Data reduction

The condensing side heat transfer coefficients were obtained from the data measured in the experimental facility. A detailed analysis of the experimental uncertainties was carried out following the procedure indicated by the International Organization for Standardization (ISO) in reference [START_REF] Iso | Guide to the expression of uncertainty in measurements[END_REF]. The results of the uncertainty analysis are given hereafter where convenient.
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The R-134a and water properties were obtained using the REFPROP Database (Lemmon et al. [START_REF] Lemmon | Reference Fluid Thermodynamic and Transport Properties (REFPROP), version 8.0[END_REF]).

The heat transfer rate was determined from energy balances on the cooling water and on the condensing R-134a. The cooling water energy balance provides Eq. 1. The energy balance on the condensation process accounts for the latent heat and the condensate sensible heat, according to Eq. 2.

) T T ( Cp m q cwi cwo cw cw cw - ⋅ ⋅ = ( 1 
)
) T T ( Cp m m q c sat c c c c - ⋅ ⋅ + ⋅ = (2) 
Fig. 3 compares the heat transfer rates obtained from the experimental measurements and the energy balances on the cooling water (Eq. 1) and on the condensate (Eq. 2). The results of the uncertainty analysis are also included in Fig. 3. These results show that the discrepancies between the heat transfer rates given by Eqs. 1 and 2 remain within an error band of ±4%. The results of the uncertainty analysis revealed that the mean typical uncertainties in the determination of the heat transfer rate from the energy balance on the cooling water and from the energy balance on the condensing process were within ±8% and ±0.85%, respectively. The uncertainties were higher from the energy balance on the cooling water than from the energy balance on the condensing process due to the high cooling water mass flow rates used in the experiments, which led to low inlet-outlet water temperature differences. Therefore, under these experimental circumstances, the heat transfer rates considered in the calculation procedure were those obtained from Eq. 2.

The overall thermal resistance was determined from Eq. 3, where the logarithmic mean temperature difference (LMTD) was obtained from Eq. 4. For all experimental data, the condensate subcooling ranged from 0.01 ºC to 0.24 ºC with an average value of 0.17 ºC.

Therefore, it was not taken into account in the LMTD (Eq. 4).
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In this work, the fouling resistances were neglected since the tubes were cleaned before each experiment. Then, the overall thermal resistance was expressed as the sum of the partial thermal resistances corresponding to the inner convection, the conduction through the tube wall and the outer convection, according to Eq. 5.

o o t i i ov h A 1 R h A 1 R ⋅ + + ⋅ = (5) 
For the integral-fin tube, the tube resistance R t accounted for the wall thickness under the fins.

The thermal resistance of the fins was included in the overall outside convection coefficient h o .

The outer area of the integral-fin tube was based on the outside nominal diameter, i.e. the nominal diameter measured at the top of the fin height.

The water side heat transfer coefficient was determined from the Petukhov [START_REF] Petukhov | Theoretical calculation of heat exchange and frictional resistance in turbulent flow in tubes of an incompressible fluid with variable physical properties[END_REF] correlation (Eq.

6)

, where the friction factor was obtained according to Eq. 7, which was proposed by the same author for plain tubes. The friction factor was also obtained experimentally in a 6 m tube. The experimental results agree with those provided by Eq. 7 within ±0.5%. In Eq. 6 and 7, the water properties were considered at the bulk temperature.
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Eq. 5 allowed the determination of the overall condensing-side heat transfer coefficient, according to Eq. 8. For the integral-fin tube, the overall condensation coefficient was referred to the nominal outside area, as pointed out above.

- ⋅ - ⋅ = t i i ov o o R h A 1 R A h 1 (8)
Finally, the mean temperature of the nominal outer surface was obtained from Eq. 9, and, consequently, the wall subcooling ( T sub =T sat -T o ) was determined. The condensation HTCs outside horizontal tubes according to the Nusselt model were obtained from Eq. 10, as a function of the wall subcooling ( T sub ). Results shown in Fig. 4 revealed that all experimental data, i.e. the data obtained at saturation temperatures of 30 ºC, 40 ºC, and 50 ºC, agree with the Nusselt predictions with an average error of +2.38% and within a deviation

o o c sat o h A q T T ⋅ - = (9 
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Jung et al. [START_REF] Jung | Condensation heat transfer coefficients of enhanced tubes with alternative refrigerants for CFC11 and CFC12[END_REF] reported that the condensation HTCs calculated by the Nusselt model for condensation of R-134a at 39 ºC saturation temperature on a plain tube with 19.05 mm outer diameter were between 12 and 14.9% lower than the measured ones. Belghazi et al. [START_REF] Belghazi | Condensation heat transfer of a pure fluid and binary mixture outside a bundle of smooth horizontal tubes. Comparison of experimental results and a classical model[END_REF] reported a mean deviation of +5% between their experimental data and the Nusselt predictions for condensation of R-134a at 40 ºC saturation temperature on a tube with 16.8 mm outer diameter. Kumar et al. [START_REF] Kumar | Prediction of heat transfer coefficient during condensation of water and R-134a on single horizontal integral-fin tubes[END_REF][START_REF] Kumar | Condensation of R-134a vapour over single horizontal integral-fin tubes: effect of fin height[END_REF] reported that the Nusselt model over predicted their experimental data for the condensation of R-134a at 40 ºC saturation temperature on a tube with 23.6 mm outer diameter with an average value of -15%. Gstoehl and Thome [START_REF] Gstoehl | Film condensation of R-134a on tube arrays with plain and enhanced surfaces: Part I -Experimental heat transfer coefficients[END_REF] reported a mean deviation of 2.2% of their own experimental data under the Nusselt predictions for the condensation of R-134a at 31 ºC saturation temperature on plain tubes with 18.91 mm outer diameter. These authors also discussed the discrepancies found by Belghazi et al. [START_REF] Belghazi | Condensation heat transfer of a pure fluid and binary mixture outside a bundle of smooth horizontal tubes. Comparison of experimental results and a classical model[END_REF] and Kumar et al. [START_REF] Kumar | Prediction of heat transfer coefficient during condensation of water and R-134a on single horizontal integral-fin tubes[END_REF][START_REF] Kumar | Condensation of R-134a vapour over single horizontal integral-fin tubes: effect of fin height[END_REF] in the paper. The results aforementioned support the reliability of the experimental facility and the experimental data since the deviations from the Nusselt model are within the ranges reported by other authors.

Condensation of R-134a on integral-fin titanium tubes

Fig. 5 shows the experimental results and the measurement standard uncertainty bands of the overall condensation HTCs for R-134a with condensation temperatures of 30, 40 and 50 ºC on circular integral-fin titanium tubes with 32 fpi as a function of the wall subcooling.

The cooling water temperatures were varied from 1 ºC to 15 ºC below the condensing temperature, at temperature intervals of 1 ºC. The inlet-outlet water temperature difference ranged from 0.3 to 1.7 ºC.
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It is inferred from Fig. 5 that the condensation HTCs decrease when increasing the wall subcooling. For the same wall subcooling, the HTCs slightly decrease with the rise of the condensing temperature. The results shown in Fig. 5 correspond to film Reynolds numbers from 20 to 308. . This is in agreement with the results presented above for titanium tubes since titanium is also a low thermal conductivity material.

It is well-known that the outside condensation process on enhanced tubes depends on the condensate drainage, which, in turns, depends on the forces acting on the liquid film. For condensate of a quiescent vapour on an integral-fin tube, the forces acting on the liquid film are the gravity and the surface tension of the condensate. The surface tension brings about the retention of the condensate between fins. Honda et al. [START_REF] Honda | Augmentation of condensation on horizontal finned tubes by attaching a porous drainage plate[END_REF] derived Eq. 11 to obtain the halfangle of the condensate retention for trapezoidal low fins. Then, the condensate flooded fraction of the tube perimeter can be determined from Eq. 12.
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Fig. 7 shows the condensate flooded fraction of the integral-fin tube perimeter obtained from the experimental data and Eq. 12, as a function of the saturation temperature. These results reveal that the condensate fractions vary from 25% to 20% at saturation temperatures of 30 and 50 ºC, respectively. It is also inferred from Fig. 7 that the flooded fractions decrease almost linearly with the rise of the saturation temperature.

Several models for condensation on two-dimensional low finned tubes are reported in the literature. Beatty and Katz [START_REF] Beatty | Condensation of vapours on outside of finned tubes[END_REF] proposed the first analytical model for condensation on horizontal integral fin tubes. This model considers a gravity-drained film on the fins and on the tube surface between fins and applies the Nusselt [START_REF] Nusselt | Die oberflachenkondensation des wasserdampfes[END_REF] analysis for a vertical surface and for a horizontal tube, respectively. Webb et al. [START_REF] Webb | Prediction of condensation on horizontal integralfin tubes[END_REF] proposed a model that distinguishes between the unflooded and flooded fractions of the tube perimeter, considering a surface tension controlled flow on the fins and a gravity controlled flow on the tube. Later, Rose [START_REF] Rose | An approximate equation for the vapour-side heat-transfer coefficient for condensation on low-finned tubes[END_REF] proposed a semiempirical model for low finned tubes with fins of rectangular and trapezoidal cross-sections. This model neglects the conduction in the fin and combines the Nusselt [START_REF] Nusselt | Die oberflachenkondensation des wasserdampfes[END_REF] theory for gravitycontrolled flow on vertical plates and horizontal tubes with dimensional analysis to account for the effects of the surface tension on the condensate flow. Briggs and Rose [START_REF] Briggs | Effect of fin efficiency on a model for condensation heat transfer on a horizontal, integral-fin tube[END_REF] adapted the model of Rose [START_REF] Rose | An approximate equation for the vapour-side heat-transfer coefficient for condensation on low-finned tubes[END_REF] to account for the effects of the conduction in the fins, i.e. for the fins efficiency. against the predictions provided by the well-known models for condensation on two-dimensional low finned tubes cited above. Results in Fig. 8 show that the models overestimate the experimental results. The Beatty and Katz model [START_REF] Beatty | Condensation of vapours on outside of finned tubes[END_REF] predicts the experimental data with a mean deviation around +9%. This model does not account for both the condensate hold-up
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pp. 15 between the fins and the surface tension effects. However, in this case, the predictions are quite accurate, as can be seen in Fig. 8. Kang et al. [START_REF] Kang | Experimental correlation of falling film condensation on enhanced tubes with HFC134a; low-fin and Turbo-C tubes[END_REF] report similar predictions (within 0 and +20%) of the Beatty and Katz model for experimental data of R-134a condensation on circular low-fin integral tubes. Gstoehl and Thome [START_REF] Gstoehl | Film condensation of R-134a on tube arrays with plain and enhanced surfaces: Part I -Experimental heat transfer coefficients[END_REF] also report that the predictions of the Beatty and Katz model are very close to their measured data for the condensation of R-134a on a Turbo-Chil tube. The model of Webb et al. [START_REF] Webb | Prediction of condensation on horizontal integralfin tubes[END_REF] over predicts the experimental data with a mean deviation of 23.8%. The Rose [START_REF] Rose | An approximate equation for the vapour-side heat-transfer coefficient for condensation on low-finned tubes[END_REF] model clearly overestimates the experimental data as much as 89.2% on average. As pointed out above, the Rose [START_REF] Rose | An approximate equation for the vapour-side heat-transfer coefficient for condensation on low-finned tubes[END_REF] model does not account for the conduction in the fins, i.e. for the fins efficiency. Therefore, the poor prediction is attributable to the low thermal conductivity of the titanium fins, which results in low fins efficiency. The model of Briggs and Rose [START_REF] Briggs | Effect of fin efficiency on a model for condensation heat transfer on a horizontal, integral-fin tube[END_REF] predicts the experimental results with a mean overestimation of 43%.

Recently, Kumar et al. [START_REF] Kumar | Prediction of heat transfer coefficient during condensation of water and R-134a on single horizontal integral-fin tubes[END_REF] and Kang et al. [START_REF] Kang | Experimental correlation of falling film condensation on enhanced tubes with HFC134a; low-fin and Turbo-C tubes[END_REF] report empirical correlations to predict the overall condensation HTCs over enhanced tubes. Kumar et al. [START_REF] Kumar | Prediction of heat transfer coefficient during condensation of water and R-134a on single horizontal integral-fin tubes[END_REF] developed their correlation considering circular and spine integral-fin tubes. The authors report that this correlation predicts their own experimental data and experimental data of another thirteen investigators for the condensation of water and several refrigerants in a range of ±35%. This correlation accounts for the effects of gravity and surface tension on the condensate flow as well as for the specific geometry of the outer tube surface and does not require any information regarding the wall subcooling. On the other hand, Kang et al. [START_REF] Kang | Experimental correlation of falling film condensation on enhanced tubes with HFC134a; low-fin and Turbo-C tubes[END_REF] developed their correlation for falling film condensation on a low-fin and three Turbo-C tubes with R-134a. Tests were performed with a condensing temperature of 59.8 ºC. The authors report that the correlation predicts their experimental data with an error band of ±5%. against the predictions provided by the aforementioned empirical correlations. This comparison shows that the correlation proposed by Kumar et al. [START_REF] Kumar | Prediction of heat transfer coefficient during condensation of water and R-134a on single horizontal integral-fin tubes[END_REF] over predicts the experimental data by between 20% and 90% with a mean deviation around 40%. This deviation is slightly higher than the range indicated by the authors of ±35%. The correlation reported by Kang et al. [START_REF] Kang | Experimental correlation of falling film condensation on enhanced tubes with HFC134a; low-fin and Turbo-C tubes[END_REF] predicts pp. 16 our experimental data within an error band of +8% and -18% and with a mean deviation of -5.5%, as shown in Fig. 9. This correlation provides the best prediction of our experimental results among the models and the empirical correlations considered in this analysis.

CONCLUSIONS

Based upon the analysis of the experimental results of the R-134a condensation on smooth and on circular integral-fin titanium tubes with 32 fpi, the following conclusions were drawn.

-The Nusselt model for film condensation on horizontal tubes predicts the condensation HTCs of R-134a on smooth titanium tubes with an average error of 2.38% and within a deviation between +0.13% and +5.42%. These experimental results show that the Nusselt model is suitable to predict the condensation HTCs of R-134a on these types of tubes.

-The overall condensation HTCs of R-134a on 32 fpi integral-fin titanium tubes decrease by increasing the wall subcooling. For the same wall subcooling, the HTCs slightly decrease with the rise of the condensing temperature.

- -The condensate flooded fractions of the tube perimeter range from 25% to 20% for condensing temperatures of 30 and 50 ºC, respectively. The flooded fractions decrease with the rise of the saturation temperature.

-The correlation reported by Kang et al. [START_REF] Kang | Experimental correlation of falling film condensation on enhanced tubes with HFC134a; low-fin and Turbo-C tubes[END_REF] predicts the experimental data within an error band of +8% and -18% and with a mean deviation of -5.5%. This correlation provides the best prediction of our experimental results among the four models and two empirical correlations considered in this analysis. 
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according to Fig. 1 .

 1 These sensors are A Pt100 inserted in 100 mm long and 3 mm diameter stainless steel pockets. The pressure in the condenser is measured by using a pressure transducer with an accuracy of ±0.5% of the full scale (26 bar). The temperature, density and mass flow rate of the condensate returned to the evaporator are measured by means of a Coriolis flow-meter (FM 1 in Fig.1) with an accuracy of ±0.25% of the measured value for the flow rate, ±1 ºC for the temperature and ±2 kg/m 3 for the density. Two temperature sensors are used to measure the cooling water bulk temperature at the inlet and outlet of the tested tubes (T 18 and T 19 , respectively). These temperature sensors are also A Pt100 inserted into 50 mm long and 3 mm diameter stainless steel pockets. The water flow rate through the tested tubes is measured by means of an electromagnetic flow-meter (FM 2 in Fig.1) with an accuracy of ±0.25% of the measured value. The calibration test of the data acquisition system shows that the average uncertainty in temperature measurement is within ±0.05 ºC in the operating range. Smooth and externally low integral finned titanium tubes 2 m long were tested. Smooth tubes have 19.05/17.27 mm outer/inner diameters. The geometrical specifications and the profile of the finned tubes are shown in Fig. 2. The smooth tubes were provided by INTEGASA (Spanish heat exchanger manufacturer), and the finned tubes by Wolverine Tubagem (Portugal).

) 4 . RESULTS AND DISCUSSION 4 . 1 .

 441 Condensation of R-134a on smooth titanium tubes Initially, several experiments were carried out with horizontal smooth titanium tubes to check the reliability of the experimental data against the Nusselt model [12] and other experimental results available in the literature. Fig. 4 shows the comparison of the experimental condensation HTCs of R-134a on smooth titanium tubes and those predicted by the Nusselt theory at saturation temperatures of 30 ºC, 40 ºC and 50 ºC. The cooling water temperatures were varied from 1 ºC to 15 ºC below the condensing temperature, at temperature intervals of 1 ºC. The inlet-outlet water temperature difference ranged from 0.3 to 1.2 ºC.

Fig. 6

 6 Fig.6shows the enhancement factors defined as the ratio of the overall condensation HTCs of the integral-fin tube to that of the smooth tube at the same wall subcooling, for condensation temperatures of 30 ºC, 40 ºC and 50 ºC and wall subcoolings from around 0.5 ºC to 9 ºC.Results inFig. 6 point out that the enhancement provided by the integral-fin tubes on the overall condensation HTCs increases with increasing the wall subcooling and the condensing temperature. The experimental enhancement factors range from 3.09 -3.94, 3.27 -4 and 3.54 -4.1 for condensation temperatures of 30 ºC, 40 ºC and 50 ºC, respectively. The mean values are 3.64, 3.76, and 3.88 for condensation temperatures of 30 ºC, 40 ºC and 50 ºC, respectively. These results show that the enhanced tubes become more effective in the high wall subcooling temperature region than in the low wall subcooling temperature region. Zhang et al. [10] report a mean enhancement factor value of 3.42 for the condensation of R-134a at a saturation temperature of 40 ºC on a circular integral-fin tube made of cooper-nickel alloy (a low conductivity material) with 1575 fpm (40 fpi). This is in agreement with the results presented

Fig. 8

 8 Fig. 8 compares all the experimental data (condensation temperatures of 30, 40 and 50 ºC)

Fig. 9

 9 Fig. 9 compares all our experimental data (condensation temperatures of 30, 40 and 50 ºC)

  The enhancement factors provided by the 32 fpi integral-fin titanium tubes on the overall condensation HTCs range from 3.09 -3.94, 3.27 -4 and 3.54 -4.1 for condensation temperatures of 30 ºC, 40 ºC and 50 ºC, respectively. The mean values are 3.64, 3.76, and 3.88 for condensation temperatures of 30 ºC, 40 ºC and 50 ºC, respectively. The enhanced factors increase with increasing the wall subcooling and the condensing temperature.

  Figure 2.

FIGURE CAPTIONS Figure 1 .

 CAPTIONS1 FIGURE CAPTIONS

Figure 2 .

 2 Figure 2. a) Photograph and b) geometry (units in mm) of integral-fin titanium tube.

Figure 3 .

 3 Figure 3. Comparison of the heat transfer rates determined from the experimental data through the energy balances on the cooling water and on the condensation process.

Figure 4 .

 4 Figure 4. Comparison of the experimental condensation heat transfer coefficients against the Nusselt predictions for smooth titanium tubes.

Figure 5 .

 5 Figure 5. Experimental overall condensation heat transfer coefficients for R-134a at condensation temperatures of 30 ºC, 40 ºC and 50 ºC on integral-fin titanium tubes as a function of the wall subcooling.

Figure 6 .

 6 Figure 6. Experimental heat transfer enhancement factors at condensation temperatures of 30 ºC, 40 ºC and 50 ºC as a function of the wall subcooling.

Figure 7 .

 7 Figure 7. Flooded fraction of tube perimeter as a function of the condensation temperature.

Figure 8 .

 8 Figure 8. Model versus experimental condensation heat transfer coefficients for 32 fpi integralfin titanium tubes.

Figure 9 .

 9 Figure 9. Empirical correlation versus experimental condensation heat transfer coefficients for 32 fpi integral-fin titanium tubes.
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