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CHAPTER 1

INTRODUCTION
1.1 Background

Heat exchangers using metals as material for coils have existed since a long time. However, use of plastic as a potential substitute for metals is gaining momentum at a slow but sure pace. Plastic heat exchangers have both merits and limitations.
Some of the major advantages are (El-Dessouky and Ettouney,1999):
1. Plastics are inexpensive. They are cheaper as compared to traditional alloys like steel.

2. Plastics are highly resistant to chemical attacks by acids, oxidizing agents, and many solvents.

3. Even if erosion occurs on the surface of plastic, chemical attack or corrosion of the eroded surface will not take place, which is the opposite for metal erosion.

4. Plastics are 4 to 5 times lighter than metals with an average density of 900-2200 kg/m3. This reduces transportation, construction and installation cost.
5. Plastics are much simpler to shape, form and machine. This would reduce construction cost and use of highly skilled labor. 

6. During vapor condensation, the smooth surface of the plastics has lower wettability which promotes drop-wise rather than film-wise condensation found in metals. Therefore, the heat transfer coefficient for the vapor side in plastics is higher than that of metals. 

7. Plastics are also advantageous from an environmental point of view. The energy consumed for production of a unit mass of plastics is two times lower than common metals, i.e., stainless steel or aluminum. The benefit is enhanced by the fact that the weight of plastic heat exchangers is less than metallic ones. This is an important feature because it conserves the consumption rate of fossil fuels and limits the emissions rates of greenhouse gases and air pollutants. 
Limitations for use of the plastic as well as compact heat exchangers are caused by limited choice, the conservative nature of manufactures and users, fouling concerns, and lack of practice

codes. The disadvantages for the use of plastic heat exchangers are the following (El-Dessouky and Ettouney,1999):
1. The thermal conductivity of plastics is 100-300 times lower than metals. This necessitates the use of  very thin walled tubes (almost 10 times thinner) to give the comparable overall heat transfer coefficient found in stainless steel tubes.

2. The thermal expansion of plastics is 10 times higher than metals and necessitates special design considerations.

3. Selection of plastic materials should take into account the aging properties which are enhanced by operation at higher temperatures. 

4. Use of plastic heat exchangers is limited to a lower temperature range than that of metals and alloys. 

5. There is a lack of field experience and testing data.
1.2 Objective 
The main objective of this project is improvement of heat transfer and reduction in pressure drop by the design of a novel plastic heat exchanger. The same is to be done by coming up with better design, simulation and fabrication of a demonstration unit and testing it.
1.3 Methodology

Starting with a detailed literature survey and patent search, the design and costing of plastic cooling coils providing a cooling capacity of 1 TR was done. The design was iterated to get good system parameters. 
In the next stage, verification and simulation will be done to see that the design is competent with the existing technology. Fabrication of the system will then be done. Finally, testing will  be

done to verify the theoretical results. 
1.4 Layout of Report

In this report, Chapter 1 gives an introduction to the topic of this project. 
Chapter 2 presents a detailed theoretical analysis of the topic. It also gives an insight into the various designs that have been formulated for plastic heat exchangers. 
Chapter 3 comes out with a design for plastic heat exchanger of 1 ton capacity using coils of 2mm internal diameter. It then proceeds with the costing of this system.
Finally, Chapter 4 gives the conclusion of the project work and further work needed towards the development and fabrication of a demonstration unit. 

CHAPTER 2

LITERATURE REVIEW
2.1 Introduction

Coils are indirect contact heat exchangers that transfer heat between air and another medium (such as water, refrigerant, steam or brine) for the purpose of heating, cooling, dehumidifying or doing a combination thereof. Although cooling and dehumidification are their principal functions, cooling coils can also be wetted with water or a hygroscopic liquid to aid in air cleaning, odor absorption, or frost prevention.
Factors that favor the use of plastic cooling coils include ease of construction and machining, ability to handle corrosive media, light weight, lower cost and mobility.
2.2 Coil Construction and Arrangement

Coils (ASHRAE Systems and Equipments Handbook, 1996a) can be both plane and finned. In finned coils, the external surface of the tubes is primary, and the fin surface is secondary. The primary surface generally consists of rows of round tubes or pipes that may be staggered or placed in line with respect to airflow. The inside surface of the tubes is usually smooth and plain, but some coil designs have various forms of internal fins or turbulence promoters (either fabricated or extruded) to enhance performance. The individual tube passes in a coil are usually interconnected by return bends to form the serpentine arrangement of multipass tube circuits. Coils are available with different circuit arrangements and combinations offering varying number of parallel water flow passes within the tube core. 
Figure 2.1: Typical Water Circuit Arrangements (ASHRAE Systems and Equipments Handbook, 1996a)
Cooling coils for water, aqueous glycol, brine or halocarbon refrigerants usually have aluminum fins on copper tubes, although copper fins on copper tubes and aluminum fins on aluminum tubes (excluding water) are also used. Copper fins are often used to avoid galvanic corrosion. 
A coil is composed of a number of parallel tubes in one or more rows in the direction of the airflow. The coil depth is determined by the number of tube rows. Tube spacing on equilateral (staggered) or rectangular (in-line) centers, depends on the width of individual fins and on other performance considerations. Fin are spaced according to the job requirements, with special attention given to air friction, and frost accumulation, especially at lower temperatures. Closer spacing generally increases the heat transfer and air pressure drop. 
The tubes can be connected in such a way that the heating or cooling medium flows crosswise, parallel to, or against the airflow. In the first case, the rows are connected in parallel and in the latter two cases, in series. A cross-flow connection is used for condensing steam, and to a certain extant for hot water. The counter-flow connection is used for heating or cooling water. This type of connection gives the highest mean temperature difference and hence the greatest heat transfer capacity. Parallel-flow has a lower thermal capacity than the other types of connections, but the difference is insignificant with only a small number of tube rows and with large differences in temperature between the air and the heating medium. 
2.2.1 Types of coils
Coils can be classified into four categories according to the medium used (Wang, 1983):
1. Water Cooling Coils: A water cooling coil uses chilled water as the coolant inside the tubes. The chilled water cools or cools and dehumidifies the moist air that flows over the external surface of the tubes and fins. To maintain a higher rate of heat transfer, the air and water normally follow a counter flow arrangement, i.e., coldest air meets the coldest water and the warmest air meets the warmest water. The tubes may be in either staggered or aligned form. The staggered arrangement provides a better heat transfer and a higher pressure drop. Depending on performance requirements, the water velocity inside the tubes usually ranges from approximately .3 to 2.4 m/s, and the design water pressure drop across the coils varies from about 15 to 150 kPa.
2. Direct-Expansion  (DX) Coil: In a direct-expansion coil, the refrigerant is evaporated and expanded directly inside the tubes to cool and dehumidify the air flowing over it, and condensation occurs on the outer surface of the DX coil. That is why it is called a DX or wet coil. A DX coil acts as the evaporator in a refrigerating system. In a DX coil, coolant or the refrigerant is fed into a distributor and is evenly distributed to various tube circuits. Refrigerant distribution and loading to various circuits are critical to the performance of DX coil. After evaporation, the vapor refrigerant is discharged from the header to the suction line. 
3. Water Heating Coil: The water heating coil is similar to the water cooling coils. There are two main differences between them. Hot water, instead of chilled water, is used as the heating medium in a water heating coil. Also, there are fewer rows in the water heating coil than in the water cooling coil. 
Figure 1.2: Types of coils: (a) Water Cooling (b) Direct-Expansion (c) Water Heating (d) Steam Heating (Wang, 1983)
4. Steam Heating Coils: Steam heating coils use the latent heat of condensation released by steam inside the tubes to heat outside and recirculating air. In a standard steam heating coil, steam enters one end of the coil and condensate comes out from the other end. For more even distribution of steam, a baffle plate is often installed just after the inlet. Steam heating coils are usually made of cooper and steel. In a steam heating coil, it is important that the coil core is pitched towards the return connection to facilitate drainage of the condensate.
2.2.2 Coil selection
The following factors should be considered when selecting a coil (ASHRAE Systems and Equipments Handbook, 1996a):
1. Job requirements – cooling, dehumidifying and the capacity required to properly balance with other system components

2. Temperature conditions of entering and leaving air

3. Available cooling media and operating temperatures

4. Space and dimensional limitations

5. Air and cooling fluid quantities, including distribution and limitations

6. Allowable frictional resistances in air circuit (including coils)

7. Allowable frictional resistances in cooling media piping system (including coils)

8. Characteristics of individual coil designs and circuitry possibilities

2.2.3 Performance and ratings:

The long term and accurate performance of an air cooling and dehumidifying coil depends on its correct design to specified conditions. Coils are usually rated within the following parameters (ASHRAE Systems and Equipments Handbook, 1996a):
Entering air dry-bulb temperature: 18 to 38o C
Entering air wet-bulb temperature: 15 to 30o C 

Air face velocity: 1 to 3 m/s (to prevent water carryover into the air ductwork)
Entering chilled water temperature: 1.5 to 18o C
Water Velocity: .3 to 2.4 m/s
Air-side ratio of sensible to total heat removed: 0.6 to 1.0 
2.3 Prior Art
US Patent. 6,364,007 (Fischer, 2002) discloses a plastic heat exchanger which includes an outer duct and a stack of inner ducts, the inner ducts for establishing a first flow path for cooling air or air to be cooled. Each inner duct includes end portions which are stackable upon one another and a middle portion which has a reduced dimension. A seal is placed about each stack of end portions and a second flow path for cooled air or cooling air is formed within the outer duct, between the seals and around the outside of the middle portions of the inner ducts. 
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Figure 2.3: Schematic of the System Disclosed in US Patent 6,364,007 (Fischer, 2002) 
Figure 2.3 diagrammatically represents the embodiment of such a system in which a heat exchanger 10 with counter flowing fluid paths, one path to be cooled and represented by an arrow 12 as the fluid enters the heat exchanger and another arrow 14 as the cooled fluid exits the heat exchanger, and a fluid path for a fluid doing the cooling represented by an arrow 16 for the cooling fluid entering the heat exchanger and an arrow 18 for the cooling fluid exiting the heat exchanger is shown. The heat exchanger includes an outer duct 20 which is generally tubular in shape and a stack 22 of inner ducts, such as the inner ducts 24, 26 and 28. The stacked inner ducts are disposed in an interior chamber 30 formed within the outer duct. The cooled fluid path 12, 14 establishes a first direction represented by a phantom line 32. The cooling fluid path 16, 18 is represented by a curved phantom line 34 which diagrammatically may be divided into an inlet portion 36, a middle portion 38 and an outlet portion 40. During the time that the cooling fluid path is in its middle portion, it is disposed substantially parallel to the first direction 32 but opposite to it. In this way a counter flow arrangement is created.

The main advantages of the present innovation are:

1. The plastic heat exchanger is simple and inexpensive to manufacture yet is efficient and effective. 
2. Such types of heat exchangers can be custom molded to fit specific spaces, such as those in crowded, free-standing equipment cabinets commonly used to house telecommunications equipment.

3. The cooling fluid, typically, is ambient air. Hence, the fluids being handled are not usually corrosive, nor is high pressure involved. 
US Patent. 6,302,197 (Hornby, 2001) discloses an invention which relates generally to heat exchangers and, more specifically, to a louvered plastic heat exchanger for a cooling system in a motor vehicle. The louvered plastic heat exchanger includes a first manifold, a second manifold, and a plurality of louvered panels extending laterally between and in fluid communication with the first manifold and the second manifold. The louvered panels are spaced longitudinally and vertically and positioned at an angle off a direction of airflow there through.
Referring to Figure 2.4, it can be seen that the louvered plastic heat exchanger 10 includes a pair of generally vertical, parallel manifolds 12 spaced apart a predetermined distance. The louvered plastic heat exchanger 10 also includes a plurality of louvered panels 14 extending between the manifolds 12 and conducting fluid such as a coolant between them. The louvered plastic heat exchanger 10 includes a fluid inlet (not shown) for directing the fluid into the louvered plastic heat exchanger 10 formed in one of the manifolds 12 and a fluid outlet (not shown) for directing the fluid out of the louvered plastic heat exchanger 10 formed in one of the manifolds 12.
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Figure 2.4: Schematic 1 of the System Disclosed in US Patent 6,302,197 (Hornby, 2001) 
The manifolds 12 are generally rectangular in shape and hollow to form an interior chamber (not shown). The manifolds 12 have an inner side 16 with a plurality of apertures 18 extending there through and spaced axially to receive one end of the louvered panels 14. The manifolds 12 are made of a plastic material such as nylon. The louvered panels 14 are evenly spaced laterally and vertically with respect to each other. The louvered panels 14 are positioned at an angle such as twenty-two degrees (22.degree.) off the direction of airflow as indicated by arrows 20 in Figure 2.5. The louvered panels 14 form a two dimensional array for the louvered plastic heat exchanger 10. The louvered panels 14 can be spaced to line up exactly between a preceding louvered panel 14 and a proceeding louvered panel 14.
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Figure 2.5: Schematic 2 of the System Disclosed in US Patent 6,302,197 (Hornby, 2001)
The main advantages of the present invention are:

1. The main advantage of the present invention is that a louvered plastic heat exchanger is provided for a motor vehicle. 

2. The louvered plastic heat exchanger has a core made of polymer tubes that are aligned in rows to create a louvered heat transfer surface. 

3. The louvered plastic heat exchanger provides heat exchange directly with air. 

4.The louvered plastic heat exchanger has a polymer louvered tube core that optimizes air flow and heat transfer characteristics, while providing more packaging flexibility.

US Patent. 6,390,187 (Marechal, 2002) discloses a  heat exchanger having flexible tubes which includes means for holding the tubes in substantially parallel rows. The tubes are shaped so as to exhibit general shapes of substantially sinusoidal lines. The sinusoids of two tubes in contact, of two respective consecutive rows, are substantially mutually offset, with respect to one another, such that the two tubes are held in two contact areas per period of sinusoids thereby leaving interstices between the tubes to enhance the penetration of the flux.
This heat exchanger includes flexible tubes 20 which are generally produced from a plastic, which communicate via their extremities with two manifolds 21 and 22. The manifolds are fitted with apertures 215 and 225 tightly accommodating the extremities of the tubes 20. The manifolds 21 and 22 usually feature compartments 210, 211, 212 and 221, 222, separated by partitions 213, 214 and 223, respectively, in order to define a path for the abovementioned heat-exchange fluid, between an inlet C (arrow E) which communicates with an intake pipe 23 and an exit (arrow S) which communicates with a discharge pipe 24. In the example represented in Figure 2.6, the manifolds include five compartments in all, and the heat-exchange fluid performs three "outward" and two "return" journeys in all from the manifold 21 to the manifold 22. 
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Figure 2.6: Schematic 1 of the System Disclosed in US Patent 6,390,187 (Marechal, 2002)
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Figure 2.7: Schematic 2 of the System Disclosed in US Patent 6,390,187 (Marechal, 2002)


The paths for the fluid between the two manifolds 21 and 22 are then provided by the tubes 20, in which the fluid circulates. Hence, the tubes interact thermally with the airflow F. In order to optimize the heat exchange between the tubes 20, on the one hand, and the airflow F, on the other hand, it is necessary to keep the tubes spaced substantially apart from one another in order to create interstices between them.
The tubes of a single row form sinusoids substantially in phase, whereas the tubes of two consecutive rows form sinusoids in phase opposition. Rods 213, substantially parallel to each other and perpendicular to the rows 20A are furthermore provided. Each of these rods is inserted into the troughs which the sinusoids of the tubes of consecutive rows form, as. Such rods 213 thus make it possible to hold the tubes spaced substantially apart in the consecutive rows. Thus,
the spacing between the tubes, in particular in the troughs of sinusoids lets through the airflow F into the exchanger while perturbing the flow  F advantageously.

US Patent. 5,927,387 (Nystrom, 1999) discloses a heat exchanger, preferably intended for air conditioning in a fan installation, comprising a corrugated plastic element built up of heat exchanger packs. One of the air flows passes laminarly and unbroken in vertical flow paths formed between strips that hold the individual elements apart from each other. The other air flow passes through channels formed in each element. The walls of the element are thin and the thinner the wall thickness the better the efficiency obtained.
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Figure 2.8: Schematic 1 of the System Disclosed in US Patent 5,927,387 (Nystrom, 1999)

A complete embodiment of the invention is shown in Figure 2.8 as a double transverse-flow exchanger of the counter-flow type. Input air I flows continuously through a heat-exchanger section 17 built up of a number (approximately 100) of heat-exchanger elements 11. Extract air U is conducted into the heat-exchanger section 17 through an inlet 18 located in an inlet part in a first adjoining chamber 19 situated along the entire transverse side of the heat-exchanger section 17. Thereafter the extract air U crosses a first step 20 of the heat-exchanger section 17 which is divided for the extract air U in said first step 20 and a second step 21. A second adjoining chamber 22 is arranged along the other transverse side of the heat-exchanger section 17, in which the extract air U is deflected in order to pass the heat-exchanger section 17 again through its second step 21 and through an outlet part in the first adjoining chamber 19, then continuing out through the exchanger 10 via an outlet 23 fitted in the first adjoining chamber 19. 

Division of the heat-exchanger section 17 into two steps is achieved by the strips 16A being sealingly inserted between the heat-exchanger elements 11 as an extract-air barrier. A damper 24 is arranged connected to the strips 16A towards the ends facing the first adjoining chamber 19, sealing against the side of the heat-exchanger element 11 facing the first adjoining chamber 19, said damper dividing the adjoining chamber 19 into said inlet and outlet parts. The damper 24 is arranged in closed position to force the extract air U through the heat-exchanger section 17 twice, and in open position to allow the extract air U to pass through the entire heat-exchanger section 17. The extract-air barrier and the damper 24 are formed as a unit which is fitted from the "damper side" of the heat exchanger.

Some advantages of this invention are:

1. A primary object of a heat exchanger is that the power consumption is minimal and thus it  has a high degree of efficiency, as well as being easy to inspect and clean. 
This is achieved in that, according to the invention, the extract or input air has an unbroken flow through the heat exchanger while the other air flow has a transverse flow direction that passes the exchanger at least twice. Here, one air flow (e.g. the extract air) passes between adjacent elements whereas the other air flow (e.g. the input air) passes in channels arranged inside each element. 

2. Known heat exchangers are usually manufactured of material with good thermal conductivity. Besides entailing high material and manufacturing costs, such heat exchangers are extremely heavy. A heat exchanger according to the present invention also eliminates these drawbacks since a highly efficient heat exchanger can be made from recoverable plastic material that requires little energy for manufacture or re-use.
3. An extremely high degree of recovery is achieved with the heat exchanger according to the invention since no frame is used.
4. Another advantage of the heat exchanger according to the invention is that the exchanger can easily be adapted to requirements of double, triple or quadruple transverse-flow exchangers. The use of three and four steps is in order to obtain higher efficiency and to be able to fit the connections of the exchanger to existing ventilation connections when carrying out conversions. The exchanger sections may be varied and not all the steps need be the same size. 
Hetsroni and Mosyak (1993) came out with results of experiments on heat transfer in a triangular channel specimen of a plastic heat exchanger. The channel geometry was designed to cause the augmentation of near-wall mixing processes in air. Experiments were performed over a Reynolds range of 400 to 4000. Enhancement of heat transfer coefficient on the gas side was used to compensate the overall heat transfer coefficient for low conductivity of the plastic. 
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Figure 2.9: Schematic of the Triangular Channel heat Exchanger (Hetsroni and Mosyak,1993)
Within the same pumping power, the heat transfer augmentation in a specimen of heat exchanger with triangular channels was found to be on the same level as a specimen with pin-fin internal geometry and microgrooved channels, but its construction was technologically simpler and remarkably cheaper. Turbulence enhancement was based on the augmentation of near-wall mixing processes in the sublayer through appropriate wall and near-wall streamwise periodic disturbances. The geometry was based on triangular shaped channels which were stacked alternately crosswise (Figure 2.9)
It was seen that the heat transfer rate for the triangular channel studied in the present work heat exchanger and for the pin fin variety was much higher than the heat transfer rate in the tube specimens. The improvement in Nu above that observed for the tube or channel specimens corresponds to the enhancement achieved as a result of the break up of the flow path and an increase in the turbulence. 

2.4 Conclusion

Starting with a basic introduction, the functioning of cooling coils along with various other types of coils is described. The geometry and arrangement of coils has also been presented. 
Several novel inventions of different types of plastic heat exchangers to overcome the limitations and to augment their performance of conventional heat exchangers have been described. Most of the systems are simple and easy to manufacture. All of these clearly suggest towards the potential which the plastic heat exchangers possess. 
CHAPTER 3

DESIGN  AND COSTING
3.1 Design Conditions 
The objective of the present section is to design cooling coils for Air Conditioner providing sensible cooling capacity of 1 ton. Chilled water is used as the secondary refrigerant to cool and dehumidify the air. The value of air side velocity has been chosen so as to prevent water carryover into the air ductwork. The design conditions for the proposed design are given below.
Design Conditions: 

external diameter of water tube, do 


3mm

internal diameter of water tube, di 


2mm
air side inlet temperature, ta1 



30oC
air side outlet temperature, ta2 


12oC

water side inlet temperature, tw1 


7oC

water side outlet temperature, tw2 


12oC

velocity of air, Vair 




2.5 m/s 
velocity of water, Vw 




0.5 m/s 

specific heat of air, Cpair 



1.00 kJ/(kg.k)
specific heat of water, Cpw 



4.18 kJ/(kg.k)

density of air, ρair 




1.2 kg/m3
density of water, ρw 




1000 kg/m3
coefficient of viscosity of air, μair (at 21oC)

18.15 x 10-6 N.s/m2  

coefficient of viscosity of water, μw (at 10oC)
1305.3 x 10-6 N.s/m2  
thermal conductivity of air, kair (at 21o c)

0.026 W/m-K             
thermal conductivity of water, kw (at 10o c)

0.575 W/m-K   
thermal conductivity of plastic, kplastic


0.2 W/m-K           

3.2 Design Calculations: 
The design calculations for the 1 TR cooling coils have been done for air flow over an aligned arrangement of bank of tubes. 
qsen.air = 1 TR = 1x 3.51 = 3.51 kW                                                                                          .....3.1
qsen.w = mw Cpw ∆tw                                                                                                                  .....3.2
where,

qsen.w = qsen.air = 3.51 kW                                                                                                       

∆tw = 5o c

Therefore, mw = qsen.w/(Cpw ∆tw) = (3.51)/(4.18 x 5) = 0.1679 kg/s


              .....3.3
Acs.t.i.tot = (mw)/(ρw Vw)                                                                                                             .....3.4
where,

mw = 0.1679 kg/s                                                                                                                  
Therefore, Acs.t.i.tot = (0.1679)/(1000 x 0.5) = 8.395 x 10-5 m2                                                 .....3.5
nc = Acs.t.i.tot/Acs.t.i                                                                                                                      .....3.6                                                                                           
where,

Acs.t.i.tot = 8.395 x 10-5 m2
Therefore, nc = Acs.t.i.tot /(π/4)di2 = (8.395 x 10-5)/(π/4)(2 x 10-3)2 = 26.73 ≈ 27                       .....3.7
Water Side Calculations: 
Re.w = (ρw Vw di)/(μw)                                                                                                               .....3.8
Therefore, Re.w = (1000 x 0.5 x 2 x 10-3)/(1305.3 x 10-6) = 766.105                                       .....3.9
For laminar flow inside tubes, Nusselt Number, (Nu)d = 4.364 = constant (Sukhatme, 2000a)
     
For turbulent flow inside tubes, Nusselt Number, (Nu)d = 0.023 Red.8 Prn  (Sukhatme, 2000a)
where, n = 0.4 if the fluid is being heated, and n = 0.3 if the fluid is being cooled


Since, the Reynolds Number is less than 2000, the flow inside the tubes is laminar.

 (hi di)/(kw) = 4.364                                                                                                                .....3.10
Therefore, hi = (2 x 10-3)/(0.575) = (4.364 x 0.575)/ (2 x 10-3) = 1254.65 W/m2-K             .....3.11
For good heat transfer and ease of sealing, we take, (Michell, 1959)

SL = ST = (3.00)(do) 
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SL = ST = 3.00 x 3mm = 9.00 mm                                                                                     .....3.12
Air Side Calculations: 
Now, in the bank of tubes through which air passes, (Sukhatme, 2000b)
Vmax,air = Vair(ST)/(ST – do)







            .....3.13
where,

ST = 9.00 mm

Therefore, Vmax,air = (2.5)(9.00 x 10-3)/(9.00 x 10-3 – 3 x 10-3) = 3.75 m/s                            .....3.14
Re.air,max = (ρair Vmax,air do)/(μair)                                                                                              .....3.15
where, Vmax,air = 3.75 m/s                                                                                                    
Therefore, Re.air,max = (1.2 x 3.75 x 3 x 10-3)/(18.15 x 10-6) = 743.80                                    .....3.16
Pressure drop on air side, (Sukhatme, 2000b)
(∆p)air = (4f nr X ρair V2max,air)/2                                                                                             .....3.17
where, 
4f = 0.18 and X = 1 (Sukhatme, 2000b)
To keep the pressure drop on the air side and within reasonable limits, we take, nr = 20

Vmax,air = 3.75 m/s                                                                                                              
Therefore, (∆p)air = (0.18 x 20 x 1 x 1.2 x 3.752)/2 = 30.371 Pa = 3.1 mm of water column 
.....3.18
Now, for air passing over bank of tubes(aligned arrangement), (Sukhatme, 2000b)
(c2){(Nu)d}air = (c1)(Re.air,max)m                                                                                               

                  .....3.19
(c2 ho do)/(kair) = (c1)(Re.air,max)m
where,  

c2 = 1.00, c1 = 0.286, m = 0.608 (Sukhatme, 2000b)
Re.air,max = 743.80                                                                                                              
Therefore, (1.00)(ho)(3 x 10-3)/(0.026) = (0.286)(743.80)0.608
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 ho = 138.05 W/m2-K                                                                                                         .....3.20
B = (total external surface area of tube)/ (total internal surface area of tube)                       .....3.21 
B = (do)/(di)

Therefore, B = 3/2 = 1.5







            .....3.22
For Plastic tubes, 

Based on outer area, Overall Heat Transfer Coefficient, (Sukhatme, 2000c)
1/Uo = 1/ho + B/hi + (do - di)/(2kplastic)                                                                                                                              .....3.23
where, 

hi = 1254.65 W/m2-K                                                                                                          
ho = 138.05 W/m2-K                                                                                                           

B = 1.5                                                                                                                             

Therefore, 1/Uo = (7.243 x 10-3) + (1.195 x 10-3) + (2.5 x 10-3)
Therefore, Uo = 91.42 W/m2-K    






            .....3.24                                                                                                            
Log Mean temperature Difference, (ASHRAE Systems and Equipments Handbook,1996b) 
∆tm = {(ta1 – tw2) – (ta2 – tw1)}/ln{(ta1 – tw2)/(ta2 – tw1)}                                                       .....3.25 

Therefore, ∆tm = {(30 – 12) – (12 – 7)}/ln{(30 – 12)/(12 – 7)}= 10.148oC

.....3.26
qsen = (Uo)(Ao)(∆tm)                                                                                                                .....3.27                                                                       

where,

qsen = 3.51 kW                                                                                                                   
(∆tm) = 10.148oC                                                                                                                 
Therefore, Ao = (qsen)/(Uo ∆tm) = (3510)/(91.42 x 10.148) = 3.78 m2


.....3.28
Therefore, (Ao/nc) = 3.78/27 = 0.14 m2                                                                   



.....3.29                                                               
But, (Ao/nc) = π.do.lt                                                                                                                ....3.30

Therefore, lt = (0.14)/(3.14 x 3 x 10-3) = 14.86 m                                                                  .....3.31
l = lt/nr                                                                                                                         

.....3.32     
where,

nr = 20 

Therefore, l = 14.86/20 = 0.743 m = 74.3 cm





            .....3.33
Water Side Calculations: 
For Laminar flow inside tubes, friction factor depends only on Reynolds Number (Sukhatme, 2000d)
Friction Factor, f =16/Re.w                                                                                                                           .....3.34
where, 
Re.w = 766.105                                                                                           
Therefore, f = 16/766.105 = 0.0208           






.....3.35                                                                                              
Therefore, Total pressure drop inside tubes, (Sukhatme, 2000d)
(∆p)w = (nr)(f l ρwVw2/2di)                                                                                                         
where, 

f = 0.0208                                                                                                                                                                                                                   

l = 0.743 m                                                                                                                                                                                                                                                      

nr = 20                                                                                                                                  

Therefore, (∆p)w = (0.0208 x 0.743 x 1000 x .52 x 20)/(2 x 2 x 10-3) = 1.97 m of water column











            .....3.36
3.3 Costing:

The costing of the system includes the following costs:
1. Cost of Tubing:
Length of 1 pass, l = 0.743 m
Number of Water Circuits, nc = 27                      

Number of Rows, nr = 20
Therefore, total Length of tubing, lt.tot = l . nc . nr = 0.743x 27x 20 = 401.22 m                    .....3.37

Area of Cross Section of tube material, Acs.t.m = (π/4)(do2 – di2)                                           .....3.38
Therefore, Acs.t.m = (3.14/4)((3 x 10-3)2 - (2 x 10-3)2) = 3.925 x 10-6 m2


.....3.39
Volume of Tube Material = Acs.t.m  lt.tot






.....3.40
Therefore, Volt.m.tot =  3.925 x 10-6  x 401.22 = 0.001574 m3
Density of Polypropylene, ρpp = 900 kg/m3 (Michael and Ash, 1990)
Therefore, Total mass of Polypropylene required, mt.m.tot = (0.001574 x 900) = 1.416 kg
Taking allowance for bends and wastage, Total weight of Polypropylene required = 1.5 kg

Cost of 1 kg Polypropylene, costpp.kg = Rs. 120 

Therefore, total cost of Polypropylene tubing, costt.pp = 120 x 1.5 = Rs. 180
2. Header Material Cost:
The dimensions of the header plates are: 180mm x 250 mm
Let the thickness of the plate be 5mm 

Therefore, total volume of both plates = (180x 250 x 5)x2 = 450 cm3
Density of Polypropylene, ρpp = 900 kg/m3 (Michael and Ash, 1990)
Therefore, Total mass of the header plates = 900 x (450 x 10-6) = 0.405 kg
Cost of 1 kg Polypropylene, costpp.kg = Rs. 120

Therefore, total cost of header plates, costheader.pp = 120 x 0.405 = Rs. 48.6 ≈ Rs. 50 
3. Drilling Cost:

Total holes to be drilled = 20 x 27 x 2 = 1080
A person can position and drill 40 holes per hour
Therefore, time required to drill all the holes = 1080/40 = 27 hrs
Drilling machine cost is Rs 20 per hour

Total drilling cost = 20 x 27 = Rs. 540
4. Tube Bending Cost: 

Total bends to be made = nc (nr – 1) = 27 x 19 = 243
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 Cost of bending ≈ Rs. 250 

Total Cost = Tubing Cost + Header Material Cost + Drilling Cost + Tube Bending Cost
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 Total Cost = Rs. 180 + 50 + 540 + 250 = Rs. 1020 
3.4 Conclusion

Based on the design objective and a given set of conditions, an extensive design of the system incorporating all the important parameters has been done. The calculated results are found to be very good and competitive. 
An estimated cost of the same has been determined with a view to fabricate the system in the next stage of this project. 

CHAPTER 4

CONCLUSION AND FURTHER WORK
4.1 Conclusion

A detailed literature survey was done on the various types of coils, especially cooling coils. Extensive patent search identifying the relevant designs was conducted to identify the  technologically competitive innovations of plastic heat exchangers currently known. Most of these are simple and inexpensive but their design varies greatly depending upon the end requirements of these heat exchangers. The prior art also identifies the advantages which these designs possess over the conventional heat exchangers. 
Keeping in view the objective of this project, a plastic heat exchanger providing a cooling capacity of I TR has been designed. The heat exchanger uses Polypropylene tubes of 2mm internal diameter. The values of all the relevant parameters which affect the performance of the heat exchanger and the supporting accessories have been calculated.
An initial costing of the system has been done to ascertain the resources required during the fabrication of the demonstration unit. The cost obtained is competitive with the currently available technology. 
4.2 Further Work

The next stage of the project envisages the following:

1. Simulation and fabrication of an efficient and durable demonstration unit based on the design done in this report. This starts with material procurement and proceeds with the construction of the desired system.
2. Extensive testing has to be done to verify the competitiveness of this system. The results obtained have to be verified with the theoretical results to prove the effectiveness of this innovation.
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