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Rapid surface drying is an important and energy intensive process in food and beverage packaging industry. Usually these products are dried at low dew point temperatures (DPT) -10 ~ -20°C and low dry ball temperatures (DBT) 20 ~ 30°C for product quality optimization. The conveyor moves at very high speeds and it is necessary to expose as much of the drying surface to the drying effect in a shortest time possible. Re-condensation is a big problem in these systems and a good drying system is that preserves the quality of the product and is energy efficient. This paper presents a feasibility study to obtain the design parameters of a hybrid dryer suited for rapid drying applications. Drying process of a recirculation heat pump is integrated with rotary dehumidifier (desiccant wheel) system. The system employed a refrigerant circuit in conjunction with a heat reactivated desiccant wheel to provide efficient drying capability and supply low DPT conditions. To increase the economic practicality of such a hybrid system, the combined system utilises the heat dissipated by the condenser in regenerating the desiccant wheel. The study shows that the proposed hybrid system can deliver supply air at much lower DPT compared to the single refrigerant circuit and a desiccant wheel. By operating the combined system in tandem, greater amount of dehumidification could be realised due to the improved ratio of latent to total load at the hybrid. Up to 60% heat energy can be saved in rapid surface drying applications by using the proposed hybrid system.

Drying process is an energy intensive activity and plays a significant role in many industrial applications such as food, textile and paper and in many other processing industries. Rapid surface drying is a special form of drying which is widely used in food and beverage packaging industry such as bottles, cans and food packets and pouches. Usually these products are dried at low dew point temperatures (DPT) -10 ~ -20°C and low dry ball temperatures (DBT) 20 ~ 30°C for product quality optimisation. The big issue in these applications is re-condensation and the moisture interference with the drying processes which adversely affects the product quality and reduces production process speeds. For example, when the cider is bottled cold it quickly causes condensation to form on the neck and body of the bottles' surface. This moisture must be completely removed prior to labeling, coating, date stamps or the label can easily slip out of alignment and water can collect under the foil wrap around the neck presenting possible hygiene concerns to customers. Drying is very rapid; compressed air is blown over the bottle on the conveyor belt, which moves at very high speeds (e.g. up to 2000 bottles per minute). Therefore, firstly it is necessary to expose as much of the drying surface to the drying effect in a shortest time possible. Secondly, energy consumption is a concern for all industries. Typically the energy efficiency for various drying applications is between 20 and 60% depending on the type of dryer and product used for drying [START_REF] Mujumdar Arun | Handbook of Industrial Drying[END_REF]. The excessive energy consumption is not acceptable when the nonreplenish able resources such as gas and oil are used. Use of hydrocarbon fuels also has problems such as CO 2 emission. For drying industry there are economic implications due to rising cost of energy. Therefore innovative methods are sought to develop low energy or efficient drying systems. A drying process involves heat and mass transfer in a dynamic process and how to achieve proper drying conditions is an important research field. The optimized drying time and energy consumption would result in an ideal drying condition. Table .1 shows the most promising options for energy savings that can then be selected [START_REF] Baker | Energy Usage for Drying in Selected U.K. Industrial Sectors[END_REF]. This study investigates a feasibility of using a hybrid dryer suited for rapid drying applications. Analytical and experimental studies were performed to obtain the design parameters for the proposed hybrid system. A combination of a dehumidifier with a heat pump is a possible energy efficient alternative method that can be applied for drying and dehumidification. The dehumidification method dries a surface by cooling the air below its dew point and causing it to condense out the water vapor. Alternatively a desiccant adsorption system such as a rotary dehumidifier can be used. Both technologies have wide application in building service applications for air conditioning system [START_REF] Dhar | Studies on solid desiccant based hybrid air-conditioning systems[END_REF][START_REF] Renato | A new heat pump desiccant dehumidifier for supermarket application[END_REF][START_REF] Subramanyam | Application of desiccant wheel to control humidity in air-conditioning systems[END_REF][START_REF] Subramanyam | Parametric studies on a desiccant assisted air-conditioner[END_REF][START_REF] Ghali | Energy consumption and feasibility study of a hybrid desiccant dehumidification air conditioning system on Beirut[END_REF]. The use of regeneration heating in desiccant rotary dryers has a limitations in energy saving. But waste heat energy could be useful normal energy source if it were used so that electrical heating with its implications of use of natural resources may not be necessary.

The role of heat pump desiccant dehumidifier is to turn up the heat recovery by the heat pump cycle. In general, the moist air with a certain temperature at the outlet of the dryer is not discharged to the outside but circulated through heat exchangers such as the evaporator. The evaporator recovers the sensible and latent heat from the moist air by condensing water vapor. The recovered energy utilises the heat dissipated by the condenser in regenerating the desiccant wheel. The desiccant wheel, which removes water vapour from the air by desiccant material, is analogous to water vapor condensing on evaporator surface. The latent heat corresponding to the extracted water liberated into the surrounding air is analogous to energy recovery through the condenser of a heat pump dryer.

The surface drying plays essential role in food packaging, labeling of bottles and cans. The aim of the current paper is to introduce a hybrid system for surface drying consisting of heat pump desiccant dehumidifier. The heat pump cycle and desiccant dehumidification was developed and investigated for the thermal and drying performance of wet surface bottles. A surface drying process is controlled by three variables, temperature, humidity rate and direction of air flow rate from external conditions. Thus, the values of these three variables should be optimized to obtain the maximum efficiency and drying performance [START_REF] Kong | Investigation on Drying Performance and Energy Savings of the Batch-Type Heat Pump Dryer[END_REF]. Design parameters of the proposed dryer were obtained by simulating the heat pump cycle and drying process.

The refrigerant R134a is used in the heat pump system. In order to examine the performance, the COP of the heat pump cycle, the specific moisture extraction rate (SMER) of the drying process, the dehydration rate in the evaporator and desiccant, the temperature and relative humidity (RH) of drying air are estimated and compared for given conditions. The thermal properties of the moist air used in the analysis are obtained from the wet surface bottles on high speed conveyor line as the test material in the surface drying process.

Hybrid system descriptions

Fig. 1. shows a heat pump desiccant dehumidifier proposed in this study. The system utilises a refrigerant circuit in conjunction with a heat reactivated desiccant wheel to provide efficient drying capability. Due to the capabilities of the desiccant wheel, the unit can continue to provide substantial capacity and low supply DPT conditions. Process air dehumidification can be achieved by two steps: cooling the air below its dew point and removing moisture by condensation from evaporator and adsorption by a desiccant material [START_REF] Ahmad | A Review of Desiccant Dehumidification Technology[END_REF].

The heat pump desiccant dehumidifier is used and the simple analysis using the drying efficiency model is employed in the drying process. The steady-state drying process can be assumed in the looptype dryer due to their continuous process, but the steady state cannot be obtained in an open-type dryer such as a conveyer dryer. During the constant rate period, the drying process might be steady state in the open-type dryer. In the present study a steady state is assumed. The variables used in the analysis such as temperature, relative humidity, enthalpy, are the averaged values in a given state. The local variations of the variables are not considered in the heat exchangers, pipes, air flows with a pressure-enthalpy (p-h) diagram. For process air side a fan provides the evaporation air flow from the space air at state 1. The moist space air from the dryer enters the evaporator where the air is dehydrated as the moist condense on the surface of the evaporator. Thus, the latent heat of condensation is recovered from the moist air in the evaporator. At the evaporator outlet at state 2 the air temperature is nearly saturated but is also very cool and low humidity ratio. Then the air through desiccant material comes into contact with the desiccant wheel, and exits the dehumidifier hot and dry at state 3. The wheel is then rotated so that the desiccant portion that has picked up moisture is exposed to hot reactivation air and its moisture removed.

A fan is also necessary to provide the coolant air flow from the ambient air 4 into the condenser. The air at the condenser outlet is at high temperature and low RH. The air passing through the condenser is related only to sensible heat transfer, the absolute humidity is kept to be constant while the air is heated in the condenser. Hot and relatively dry air at approximately ambient pressure is supplied to the desiccant regenerator at state 5. The air gains moisture in a nearly isenthalpic process and exits more humid state 6. There is also a slight increase in the entropy of the air due to the moisture addition. The moist air exiting the regenerator desiccant is still relatively hot and nearly at ambient pressure. Fig. 2. shows that heat pump desiccant dehumidifier drying process on the psychrometric chart.

As the desiccant removes the moisture from the air, desiccant releases heat and warms the air, i.e., latent heat becomes sensible heat. To re-use the desiccant, it must be regenerated or reactivated through a process in which moisture is driven off by heat from condenser waste heat. The dried warm air can obtain desirable condition by sensible condenser.

To increase the economic practicality of such a hybrid system, the combined system utilises the waste heat from the condenser coil to drive moisture off of the desiccant wheel, no extra energy is required to provide increased dehumidification performance. By using the exhaust airstream to remove all heat rejected by the refrigeration system, no additional condenser fans or remote condensers are required. The location of the compressor and expansion valve in the cycle tends to enhance this heat recovery by creating relatively large temperature differences.
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Experimental test system and measurements

By employing the mathematical model developed by N. Subramanyam et al [START_REF] Subramanyam | Application of desiccant wheel to control humidity in air-conditioning systems[END_REF][START_REF] Subramanyam | Parametric studies on a desiccant assisted air-conditioner[END_REF]. It is known that system performance is mainly governed by the design and operating parameters of heat pump and desiccant wheel. The other parameters of primary importance are inlet process air DBT, RH, and process air flow rate. An optimal choice of these parameters will reduce the regeneration heat required a given load and operation in terms of minimizing air flow rate in process sides. The refrigerant R134a is used in the heat pump system. In order to examine the performance, the input energy of the heat pump cycle, the SMER of the dehumidification process, the dehumidify rate in the evaporator and desiccant, the DPT and of dehumidification air are estimated and compared for given conditions. The thermal properties of the moist air used in the analysis are obtained from the moisture air space in the dehumidification process. The photo of the hybrid system experimental equipment is shown Fig. 3.

A model of a heat pump system of the refrigerant cycle is generated in order to simulate the process close to the real one. The modelling is done using the adiabatic efficiency applied to the isentropic compression process. The given operating conditions are used to design the heat pump cycle. The pressure, temperature, quality, and enthalpy at each cycle point are determined from the modeling. Then the compressor power, the heat transfer rate of the condenser and evaporator, and the air flow rate of process drying air are worked out.

As the refrigerant passes through the evaporator, heat transfer from the refrigerated space results in the vaporization of the refrigerant [START_REF] Pal | Calculation Steps for the Design of Different Components of Heat Pump Dryers Under Constant Drying Rate Condition[END_REF] Blower Evaporator Compressor Desiccant wheel Condenser Fig. 3 The photo of the hybrid system experimental equipment [START_REF] Mujumdar Arun | Handbook of Industrial Drying[END_REF] The cooling capacity of process drying air [START_REF] Carpinlioglu | A methodology for the performance evaluation of an experimental desiccant cooling system[END_REF] (2) Moisture removal capacity of process air in heat pump integrated desiccant wheel is

The refrigerant passes through the condenser, where the refrigerant condenses and there is heat transfer from the refrigerant to the cooler surroundings

The heat release rate in heat pump of the condenser of regeneration air [START_REF] Subramanyam | Application of desiccant wheel to control humidity in air-conditioning systems[END_REF] Fig. 4. shows the heat pump cycle p-h diagrams. The system was designed to have a refrigeration capacity of about 3.5 kW in the compressor, obtained with the conditions such as the heat release rate of the condenser of 12kW, heat rate at the evaporator 7.5 kW. The average condensing temperature 60°C, average evaporating temperature 7°C, superheating at 1l°C, the sub cooling at 5°C and the COP of the heat pump cycle is 3.43. 

Results and conclusion

Figure .5. shows the schematic of the hybrid system and the sample results. The states of the drying air are determined with psychrometric relations illustrated in Fig. 2. The air conditions used in the analysis of the drying process are the DBT of 19.3°C and RH of 54.2% at the evaporator inlet, sensible heat ration (SHR) 0.7, air flow rate of 1300 m 3 /h, and the air is dehydrated and cooled down in the evaporator. Then the air enters the desiccant at DBT of 8.5 °C and RH increases to 81.1% and due to the temperature rise in desiccant, leaves the desiccant at DBT of 26.2 °C and at very low RH of 14.2%. The volumetric flow rate of the air varies slightly due to the density change with temperature, but the mass flow rate is kept constant because the air flow system is assumed to be closed. On the other side, ambient air conditions DBT of 23.2 °C and RH of 46.4% inlet the condenser, then only sensible reheat to DBT of 44.1 °C before passing through the desiccant wheel, in which desiccant material pickup moisture from the process air and transports to the hot regenerated air. The air leaving the desiccant wheel is DBT of 43.8 °C and RH of 34.3% exhausted to the ambient, the humidity ratio of regeneration air is increased and its temperature decreases. 

Effect of inlet air temperature

Comparisons between single refrigerant circuit system, single desiccant wheel system and hybrid system operating in tandem are shown in Fig. 6. These three systems are tested at the following conditions, air flow rate 1300m 3 /h, RH = 60% and outlet air DPT keep at 5.6°C. The variation in input energy required for each system with respect to inlet air DBT from 20°C to 30°C is plotted. It shows that the input energy required for all systems increases with the inlet air temperature due to increased driving potential for mass transfer. However the energy demand for the hybrid system is less than the other two single systems at all inlet temperatures. It is clear that the energy requirement is reduced can be saved via the hybrid system. It is suggested that this improvement in heat recovery may be associated with the greater heat transfer area for heat transferring with the drying air and that the evaporator undertook a part of the cooling duty to cool the air to dew-point temperature. Therefore, the desiccant could dedicate more of its surface for latent heat recovery. In a physical sense, the hybrid system may be equivalent to have enlarged the mechanical boundaries for heat recovery in a drying air cycle. Fig. 6. also shows that the SMER of the refrigerant circuit system is more than that of the desiccant wheel system but less than that of hybrid system throughout the range of inlet air temperature as the hybrid system was gradually activated. The addition of desiccant wheel improved the system performance in terms of SMER. It is evident that an introduction of the desiccant wheel not only gained moist air from evaporator but also provided additional sensible heating to the air without an auxiliary heater. The gradual activation of the hybrid system improved SMER in the range of 37-42%. The additional advantage gained in terms of system performance is by employing both dehumidification and regeneration. It is suggested that this outcome may be attributed to the finite rate of heat transfer in the heat exchangers as the air interacted with more heat exchangers. Fig. 6. Effect of inlet air temperature on input energy required and SMER Fig. 7. shows the hybrid system integrated refrigerant circuit and desiccant wheel are driven by the same refrigerant circuit load 7.5 kW cooling capacity. The supply air DPT increases with the inlet temperature rate due to increased driving potential for mass transfer. Further, the supply air DPT of the hybrid system is lower than that of the refrigerant circuit and desiccant wheel at all inlet temperature rates. This is because the hybrid system decreased the sensible and latent load on the cooling coil, resulting in reheat and dehumidification on desiccant wheel. In other words, the potential for sensible heat transfer is reduced, while the potential for moisture transfer is increased. It is observed that supply air DTB of the hybrid system is lowered by about -20 °C compared to that the refrigerant circuit and desiccant wheel, which enables to maintain low humidity in the dryer. Fig. 7. also shows that the supply air DBT of the hybrid system is more than that of refrigerant circuit but less than that of desiccant wheel throughout the range of inlet air temperature rate. The hybrid system basically converts the latent load to sensible load by absorbing moisture and releasing heat to air. Hence its supply air temperature is always more by about 20 °C throughout the range. However, it is less by about 13 °C compared to that of the desiccant wheel. Thus the hybrid system is far better than single refrigerant circuit in providing low humidity, while the single desiccant wheel cannot provide low humidity at all. 

Effect of air flow rate

It is well known that the air flow rate of the drying air is a key parameter in a drying system [START_REF] Ghali | Energy consumption and feasibility study of a hybrid desiccant dehumidification air conditioning system on Beirut[END_REF]. The flow rate uses the air flow and is closely related to the air velocity in the drying process. Although the high air velocity results in a fast evaporation of water, the quality of the products might be degraded. The low air velocity causes the drying rate to decrease so that the productivity will decrease. Therefore, the appropriate flow rate for a dryer operation in the optimised conditions should be determined in order to achieve a requested high efficiency. In this section, experiments were conducted to study the effect of regulating the process air flow rate by the control damper. The three system were tested at the following conditions, process air flow rate from 1000m 3 /h to1500m 3 /h, inlet air DBT fixed at 25°C, RH = 60% and outlet air DPT kept at 5.6°C. Fig. 8. illustrates that in all three systems the input power energy increase significantly with air flow rate. However the rate of increase in input energy in the hybrid system is significantly less when compared to the rate of increase in input energy for the desiccant wheel but when compared with the refrigerant circuit system the rate of increase is similar. However the input energy for hybrid system is the least of all the systems. This is because condenser heat release is more than the heat recovered by evaporator. There is no change in the SMER when the air flow rate is increased though all three systems. This is because as the airflow rate increases the input power energy also increases in the system to meet the change in the humidity ratio (Fig. 8). The variation in DPT with respect to air flow rate is compared in Fig. 9 for the three systems. The DPT increases with the increasing air flow rate in all three systems, which is attributed to a short residence time. The hybrid system integrated refrigerant circuit and desiccant wheel are driven by same refrigerant circuit load 7.5 kW cooling capacity. In the case of hybrid system, the integrated desiccant wheel further dehumidifies the DPT is lowered by about -3.7 °C compared to that of refrigerant circuit and desiccant wheel signifying the effectiveness of the former for achieving low humidity air. Fig. 9. also depicts correlations between the air flow rate and the supply air DBT. It can be seen that the supply DBT of the hybrid system is more than that of the refrigerant circuit but less than that of desiccant wheel throughout the range of air flow rate. 
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Finally, the energy balance of the heat pump dryer system is given by [START_REF] Subramanyam | Parametric studies on a desiccant assisted air-conditioner[END_REF] The dehumidification performance of the system is evaluated by the COP of the heat pump and the SMER of the process air [START_REF] Mandegari | Introduction of a new definition for effectiveness of desiccant wheels[END_REF] (7) [START_REF] Kong | Investigation on Drying Performance and Energy Savings of the Batch-Type Heat Pump Dryer[END_REF] The moisture air dehumidification occurring in desiccant wheel and its operation can be considered by combination of its heat and mass transfer. Considering that the mass flow rates of process air and regeneration air are not equal. Hence for having a more realistic condition, that includes mass air flow rate of regeneration and process air parameters, the modified regeneration desiccant efficient is given by [START_REF] Chua | A modular approach to study the performance of a two-stage heat pump system for drying[END_REF][START_REF] Mandegari | Introduction of a new definition for effectiveness of desiccant wheels[END_REF][START_REF] Mehmet | Energy and exergy analyses of an experimental open-cycle desiccant cooling system[END_REF] (9)

Where Q laten t is the vaporization latent heat rate of the adsorbed water and Q regeneration is the input heat of regeneration rate.

Experiment setup

A heat pump desiccant dehumidifier was developed on the basis of the design parameters obtained from the energy modelling approach analysis. Temperatures and pressures of the refrigerant at several points of the system were measured during drying to determine the performance of the heat pump system. Using the temperatures, pressure, thermodynamic relations and properties, cycle of the heat pump can be drawn and the COP of the cycle can approximately be evaluated. For a given set of operating conditions, data is taken under steady-state conditions. Measurements for the process and regeneration air streams include inlet and outlet air temperature using a series of high accuracy 'T' type thermocouples sensors (±0.1 °C). The upper limit of measured temperature is 250 °C, the lower limit is -75 °C, relative humidity using RH sensor range from 0% to 100% and its linearity error is (±1.5%). Air flow rates using hotwire anemometer range from 0.2 m/s to 20 m/s accuracy (±5% +1 d). Power consumed by the compressor using 10VA maximum watt transducer accuracy is (± 0.2%).

The honeycombed silica gel composite desiccant wheels were used in this experiment. It can work well under lower regeneration temperature and achieve higher dehumidification capacity. The air channel coated with abundant desiccant materials is capable of removing the moisture from the passing process air. Hydraulic diameter of each honeycomb channel is 2.1 mm and it is coated with a 2 mm thick silica gel layer. The portion of regeneration section to adsorption section is 1/4. Diameter of the wheel is 32 cm, with a length of 20 cm. The desiccant wheel speed is 24.5 rph. The process and regeneration air flow rates were chosen 1300 and 1000 m 3 /h respectively.

Conclusions

A prototype heat pump desiccant dehumidifier assisted mechanical drying system was designed, fabricated, and tested for enhancing the drying efficiency. The system operates cost-effectively because energy required for the regeneration of the desiccant wheel is recycled from the condenser waste heat. The system is integrally designed and controlled for superior performance in even the highest humidity load conditions. The present study confirms the importance of improving heat recovery to improve the performance of heat-pump-assisted drying systems. Adopting the modular approach of increasing the complexity of the heat pump cycle, the following key conclusions may be drawn from the present investigation:

1. By utilising the waste heat from the condenser coil to drive moisture off of the desiccant wheel, up to 30% to 60% more heat energy can be saved by hybrid system depending on SHR in comparison to a system consisting of single refrigerant circuit or desiccant wheel. 2. The addition of desiccant wheel in refrigerant circuit improves the system performance in terms of SMER in the range of 12-20%. The introduction of the desiccant wheel is not only to provide efficient drying capability and low supply dew point conditions but also provides additional sensible heating to the air without the incorporation of an auxiliary heater thus achieving a very high energy efficiency, 3. Regulating the air flow of the control damper is found to be an effective method to regulate the humidity of the drying air while enhancing the amount of energy recovered from the drying air thus avoiding the need for cooling and reheating air. 4. Increasing the air flow rate over the cooling coil and desiccant wheel was found to improve the system performance in terms of moisture removal capacity, which was increased from 7.3 to 11 kg/h when air flow rate is increased from 1000 to 1500 m3/h.