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Abstract

In this paper, the energy and exergy analyses of the drying process of thin layer drying of bagasse are investigated. Drying experiments were conducted in a laboratory scale dryer for a wide range of air temperatures (80 to 120°C), velocities (0.5 to 1.5 m/s), humidity of air (9 to 24gm/Kg of d.a) and product thickness (20 to 60 mm). For the system, energy analysis was carried using first law of thermodynamics to estimate the energy utilization ratio (EUR). Exergy analysis was accomplished to determine the magnitude of exergy losses during the drying process by applying the second law of thermodynamics. The energy required for 30% moisture reduction was estimated for different drying conditions, which varied between 1.07 to 1.49 KW-hr Kg-1.  It is observed that the variation of air velocities for a given constant temperature influences the EUR and exergetic efficiency significantly than that for the conditions of varying temperatures for a constant air velocity.
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1. Introduction
Bagasse, the fibrous material, is one of the main by-products of cane sugar manufacturing plant, which is obtained after the sugar juice is leached out of sugarcane. It has moisture content of around 50-52 % as it leaves the milling process.  Bagasse drying is a matter of keen interest to the sugar industry, due to its utilization as fuel in boilers. Bagasse has a gross calorific value of 9456 KJ/Kg at 50% moisture and 12386 KJ/Kg at 35% moisture content (Dinen Gosh K, 2003; Jorge Barroso et al., 2003). This shows drying bagasse before firing in the boilers could save considerable amount of fuel. 

Drying of moist objects is a complicated process, which is described as reduction of product moisture to the required dryness values at a definite process. All units that enable the product to reach the drying values at the definite process consist of heating and dehumidification, which is described as the drying system. In order to maximize the profits it is necessary to minimize the wastage that can occur during drying. Bejan (1982), pointed out that the minimization of lost work in the system would provide the most efficient system and also emphasized that the effect of operating conditions on the system efficiency was much stronger for lost-work analysis than it is for heat balance analysis. Although numerous studies on the energy exergy analysis of thermal systems and applications have recently been undertaken by some researchers, but very few papers have appeared on energy and exergy analyses for agro based drying process (Midilli and Kucuk, 2003; Akpinar, 2004; Holmberg and Ahtila, 2005).  Hence in this paper, an attempt has been made to illustrate the energy and exergy analysis during drying of bagasse.

2. Experimental Set-up

Drying experiments were performed in a laboratory scale dryer whose schematic diagram is shown in Figure 1. It consists of a variable speed blower, electric air heater, and a dehumidifier by which the air flow rate, heat input and required humidity level of air is maintained respectively. The drying chambers were made rectangular in cross section of length 180 mm and width 40 mm. The chamber height varied according to the thickness of the product during drying. These chambers had their bottom and sidewalls fixed, where as the top face is made removable so as to load and unload the product. The drying chambers were attached with plate type electrical heating system at the bottom of the chamber, controlled by a dimmerstat to maintain uniform temperature of 160°C, which is the average flue gas temperature in sugar industries. This chamber was made to rest on the electronic balance (BL-320H, Shimadzu, Japan) with an accuracy of ±0.01g, and the moisture losses were recorded at regular interval. The airflow 
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(A-Variable speed blower, B-Control valve, C-Electric air heater, D-orifice plate, E-Differential manometer,

 F-Thermometer, T-Thermocouples, G-Electric plate heater)

Figure 1. Experimental set-up of scaled bagasse dryer

rates were measured by an anemometer with an uncertainty of ± 0.65%. Temperatures were measured using copper-constantan thermocouples with an accuracy of ± 0.5°C. Air humidity’s were measured using wet and dry thermometers with an accuracy of ± 1°C.

3. Experimental Procedure

During the experiments, as the bagasse samples are to be maintained under the millrun condition (with 50% moisture and at 50°C), the experiments were conducted in a sugar mill, having a crushing capacity of 2600 tones of cane per day. Drying chamber of different thickness was selected based on drying layer and was connected with the air duct as shown in Figure 1.  The conditions of air (velocity, temperature and humidity) were varied to the requirement and passed through the duct and chamber.  Fresh bagasse sample were loaded to the drying chamber under steady state condition.  Electronic balance was used to record the moisture losses from the product during drying process at regular interval. Similar experiments were conducted for several combinations of drying parameters. Parameters of the experiment were set to vary as follows , air velocity: 0.5, 1.0 and 1.5 ms-1, air temperature: 80,100 and 120°C; air humidity 9, 16 and 24 gm(Kg of d.a)-1 and product thickness 20,30,40,50and 60 mm. Drying was continued for each experiment up to 600 seconds, since the bagasse residence time is limited in actual plant based on the heat availability for drying which is obtained from the flue gases (Freire et al., 2001).

4. Energy Analysis

Traditional methods of thermal system analysis are based on the first law of thermodynamics. These methods use an energy balance on the system to determine heat transfer between the system and its environment. The first law of thermodynamics introduces the concept of energy conservation, which states that energy entering a thermal system with fuel, electricity, flowing streams of matter, and so on is conserved and cannot be destroyed. In general, energy balances provide no information on the quality or grades of energy crossing the thermal system boundary and no information about internal losses.

The drying process includes the process of heating, cooling and humidification. The process can be modeled as steady-flow processes that are analyzed by applying the steady- flow conservation of mass (for both dry air and moisture) and conservation of energy principles. General equation of mass conservation of drying air: 
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General equation of mass conservation of moisture:
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General equation of energy conservation:
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The changes in kinetic energy of the fan were taken into consideration while the potential and kinetic energy in other parts of the process were neglected. During the energy and exergy analyses of bagasse drying process, the following equations were used to compute the enthalpy of drying air.


[image: image5.wmf]T

sat

p

wh

T

c

h

da

@

+

=










                        (4)

The enthalpy equation of the fan outlet was obtained (Bejan, 1998) using Equation (5) as below: 
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                      (5)

where, hfi characterizes the enthalpy of drying air at the inlet of the fan, hfo the enthalpy at the outlet of the fan, Vfo the drying air velocity at the outlet of the fan, Wf fan energy and mda mass flow of drying air. Considering the values of dry bulb temperature and enthalpy from Equation (5), the specific and relative humidity of drying air at the outlet of the fan were determined (Akpinar, 2004). The inlet conditions of the heaters were assumed as equal to the outlet conditions of the fan. The useful energy gained from the heater enters the drying chamber as the convection heat source. The heat inputs to the dryer come in the form of convection heat and by the conduction heat from the bottom of the chamber. The convection heat gain Qair and the conduction heat gain QP to the chamber are given as below: 
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Where Tho, Thi are the outlet and inlet temperature of air at the heating section, A is the heat transfer area and dxp the product thickness. The inlet conditions of the drying chamber were determined depending on the inlet temperatures and specific humidity of drying air. It was considered that the mass flow rate of drying air was equally passed throughout the chamber. The specific humidity at the outlet of the chamber was derived as:
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Where Wdci denotes the specific humidity at the inlet of the chamber, mwbagasse the mass flow rate of the moisture removed from bagasse samples. The heat utilized during the humidification process at the chamber, was estimated by ,
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Where Wo is the amount of product moisture evaporated. The energy utilization ratio for the drying chamber were obtained using the following expression:
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5. Second Law Analysis: Exergy Analysis

The second law of thermodynamics introduces the useful concept of exergy in the analysis of thermal systems. As known, exergy analysis evaluates the available energy at different points in a system Exergy is a measure of the quality or grade of energy and it can be destroyed in the thermal system. The second law states that part of the exergy entering a thermal system with fuel, electricity, flowing streams of matter, and so on is destroyed within the system due to irreversibilities. The second law of thermodynamics uses an exergy balance for the analysis and the design of thermal systems. In the scope of the second law analysis of thermodynamics, total exergy inflow, outflow and losses of the drying chamber were estimated. The basic procedure for exergy analysis of the chamber is to determine the exergy values at steady-state points and the reason of exergy variation for the process. The exergy values are calculated by using the characteristics of the working medium from a first law energy balance (Lampinen and Heikkinen, 1995). For this purpose, the mathematical formulations used to carry out the exergy balance are as below.
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The subscript 
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 denotes the reference conditions. In the exergy analyses of many systems, only some of the terms shown in Equation (12) are used but not all. Since exergy is energy available from any source, hence it can be developed using electrical current flow, magnetic fields, and diffusion flow of materials. One common simplification is to substitute enthalpy for the internal energy and PV terms that are applicable for steady-flow systems. Equation (12) is often used under conditions where the gravitational and momentum terms are neglected. In addition to these, the pressure changes in the system are also neglected because of v
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, hence Equation (12) is reduced as:
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The inflow and outflow of exergy can be found using the above expression depending on the inlet and outlet temperatures of the drying chamber. Hence, the exergy loss is determined as:
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The exergy inflow for the chamber is stated as below:
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The exergy outflow for the drying chamber is stated as:
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The exergetic efficiency can be defined as the ratio of the product exergy to exergy inflow for the chamber as outlined below:
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6. Results and discussions
Drying experiments were conducted by varying operating parameters such as temperature, air velocity, product thickness and air humidity. For a product thickness of 20mm, different air temperatures (80,100,120°C) and air velocities (0.5.1.0, 1.5m/s), energy and exergy analysis were carried out. The drying curves for the above condition were shown in Figure 2 (a and b). From the figure it is depicted that the temperature is the predominant parameter which influences the drying rate during drying.

The energy requirement for 30% reduction of moisture for the charge of bagasse used in the dryer under varied operating parameters can be seen from Figure 3. As seen from the figure, the minimum energy requirement (23.03 W-hr) for drying the bagasse at a product thickness of 20mm was found for the combination of maximum range of temperature (120°C) and minimum range of air velocity (0.5m/s), while the maximum energy requirement (32.3W-hr) for the same thickness was observed for the combination of minimum range of temperature (80°C) and maximum range of air velocity (1.5m/s). 
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Figure 2(a) Variation of Moisture Ratio for constant air temperature at 100ºC
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Figure 2(b) Variation of Moisture Ratio for constant air velocity at 1m/s
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Figure 3 Energy Requirement for different conditions


Energy balance analysis was carried to estimate the Energy Utilization Ratio (EUR). The values of the energy utilization in the drying chamber were calculated using Equations (17). From the results it is observed that for a given particular air temperature (100°C) during bagasse drying the EUR increases as air velocity decreases. From Figure 4(a), it is evidenced that when the air velocity is decreased from 1.5 to 0.5 m/s the EUR has increased by more than 20%, and it varied between 37.99-18.86 %, 26.17-11.88 % and 17.67-8.33 % for the air velocity at 0.5, 1 and 1.5 m/s respectively.  Figure 4(b) indicates, for the given air velocity (1m/s) the EUR increases with the raise in air temperature and varied between 20.46-11.88%, 26.17-11.88% and 32.82-10.48% for 80, 100 and 120°C respectively. These variations were more at the beginning of the drying and gradually the difference reduced, this is because the raise in temperature significantly influences drying rate, hence at elevated temperatures the EUR decreases with drying time. From the Figure 4(a and b) it is depicted that the variation of air velocities for a given constant temperature influences the EUR significantly than that for the conditions of varying temperatures for a constant air velocity. Consequently it was noticed that the EUR of drying chamber decreases with increase of drying time, it is because during the drying process the moisture content of the product decreases for the same energy input supplied.

Exergy analysis was carried to find the exergetic efficiency of the drying process (Lampinen and Heikkinen, 1995) by varying the drying parameters. The exergy inflow rates were calculated using Equation (15) depending on the ambient and inlet temperatures. The exergy inflow during the drying of bagasse varied between 3.58to10.99 KJKg‑1 depending on drying air temperature. The exergy outflows were calculated using the Equation (16) and during the experiments which varied between 0.083 to 8.063KJKg-1. It was observed that the exergy outflow from the drying
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Figure 4(a) Variation of Energy Utilization Ratio for constant air temperature at 100ºC
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Figure 4(b) Variation of Energy Utilization Ratio for constant air velocity at 1m/s
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Figure 5(a) Variation of Exergetic Efficiency for constant air temperature at 100ºC
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Figure 5(b) Variation of Exergetic Efficiency for constant air velocity at 1 m/s


chamber increased slowly with the drying time. Additionally, the exergy losses were obtained as the ranges between 4.23 to 6.77 KJKg‑1, 1.98 to 4.88 KJKg‑1 and 0.97 to 3.08 KJKg‑1 for air velocities at 0.5,1 and 1.5m/s respectively when temperature is held constant at 100°C. The exergy losses varied between 1.91 to 0.88 KJKg‑1, 1.98 to 4.88 KJKg‑1 and 2.93 to 9.39 KJKg‑1 for air temperatures at 80,100 and120°C respectively when velocity is held at 1m/s. From the results it was noticed that the exergy outflow and the exergy loss increased with the increase of drying air temperature. The exergetic efficiency of the drying chamber increased with the increase of drying time as shown in Figure 5 (a and b) it is because during the drying process the available energy in the drying chamber increases with drying time, since the amount of moisture decreases with time.

7. Conclusions

Energy and exergy analysis of the drying process of the bagasse were carried out in this study. For 30% drying of bagasse it is observed that the energy requirement for different conditions varied from 1.07 to 1.49 KW-hr Kg-1and the drying time varied between 485 to 162 s for the sample used. It is also observed that the EUR and exergetic efficiency found varying during experiments from 37.99 to 8.33% and 14.52 to 75.41% respectively. The variation of air velocities for a given constant temperature influences the EUR and exergetic efficiency significantly than that for the conditions of varying temperatures for a constant air velocity. Consequently for the drying chamber it is found that the EUR decreases while the exergetic efficiency increases with increase in drying time.

References

Akpinar E.K., 2004, Energy and Exergy analysis of drying of red pepper slices in a convective type dryer, Int. Communication of Heat Mass Transfer, 31(8), 1165-1176.

Bejan A, 1998,  Advanced Engineering Thermodynamics, John Wiley and Sons, New York.
Dinen K. Ghosh., 2003, Bagasse burning principle and care, Proceedings of Sugar Technology Association of India, 65, 13-20.

Freire F., Figueiredo A and Ferrao P, 2001, Modelling high Temperature thin Layer drying kinetics of olive bagasse. Journal of Agriculture Engineering Research, 78 (4), 397-406.

Holmberg H and Ahtila P., 2005, Evaluation of energy efficiency in biofuel drying by means of energy and exergy analyses, Applied Thermal Engineering, 25, 3115–3128.

Jorge Barroso., Felix Barreras., Hippolyte Amaveda and Antonio Lozano, 2003, On the optimization of boiler efficiency using bagasse as fuel, Fuel, 82, 1451-1463.

Lampinen M.J and Heikkinen M.A, 1995, Exergy analysis for stationary flow systems with several heat exchange temperatures, International Journal of Energy Research, 19, 407–418.

Midilli A and Kucuk H, 2003, Energy and exergy analyses of solar drying process of pistachio, Energy, 28, 539-556. 




















































Advances in Energy Research, 2006


_1217758148.unknown

_1219316917.unknown

_1219580669.unknown

_1220092423.unknown

_1219316984.unknown

_1219086526.unknown

_1219086667.unknown

_1219264000.unknown

_1219316667.unknown

_1219237803.unknown

_1219086638.unknown

_1217761767.unknown

_1218367420.unknown

_1218367664.unknown

_1218367390.unknown

_1217761273.unknown

_1217756280.unknown

_1217756753.unknown

_1217757284.unknown

_1217756557.unknown

_1217754759.unknown

_1217756265.unknown

_1217754508.unknown

