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4mm mNSERVATIQ‘i IN GRAIN DRYERS

USING HEAT PIPEEXCHAMERS

By

SiahabSokhansanj

Grain drying is a major energy consuner in the processing of

agricultural prochcts . A heat exchanger med to recover the waste heat

from exhaust air is one way to increase the energy efficiency of the pro-

cess. However, gas to gas heat recovery is a low efficiency heat transfer

process and, consequently, a large and expensive heat exchanger is

required to transfer a certain annunt of heat. The newly developed heat

pipe exchangers are mre efficient than the conventional types. Transpor-

taticn of heat by evaporation and condensation of a liquid in an mclcsed

pipe is the principle of heat pipe operation .

In this investigation the heat pipe characteristics important in

a grain dryer application are considered. The performance of a coupact

heat pipe exchanger is analyzed when both sensible and latent heat are

present. A nonlinear optimization technique is used for an optiml design.

Also the possibility of using a linear optimization schare is investigated.

The profitability of heat pipe exchanger as influenced by the annual

fuel escalation, inflation, interest, and tax rates is investigated. A

5-year and a lO-year service life and 750 hours of operation per year are

the asampticns used in the economic analysis.



Shahab Sokhansanj

Experimental results show that up to 18 percent of the energy can

be saved in a ccncurrait-flow dryer by the use of a heat pipe exchanger.

Fouling in a heat pipe exchanger results in increased pressure

drop rather than in decreased heat transfer . To prevent the heat ex—

changer blockage, particles larger than .6 mn must be filtered out of

the grain dryer exhaust air prior to entry into the heat exchanger. At

least twice a year cleaning is recomnended for the heat exchanger surface

area.

Heat recovery with and without a heat pipe exchanger was investigated

by sinulation. Results show that direct recirculation in concurrent-counter-

flow dryers yields camarable savings to those obtained when recycling is

performed throrgh a heat pipe exchanger. A ccubination of direct recycling

of the cooler exhaust and, indirect recycling of the dryer exhaust through

a heat pipe exchanger , reduces the energy consunption to about 2964 kj

per kg of water renoved, as compared to 3488 kj for a concurrent-flow

dryer witmut recirculation and use of a heat pipe exchanger. Sinnlation

results also straw that the heat pipe exchanger in crossflow dryers is

less profitable than in concurrent-flow dryers .

The annual fuel escalation, inflation rate, interest rate and the

rate of taxation have significant effects on the profitability and the

net present value of a heat pipe exchanger .
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INIRCUJCI‘ICN

The gain drying process consumes more ttnn 65 percent of the total

energy used for on-farm corn production. To dry 100 kg of corn from

25 percent to 15 percent moisture content (WB) , an energy expenditure

of 3500 to 8000 kj is required in a conventional dryer. 'Ihe United

States produced more than 1.58 x 108 tons of corn in 1976. Assum'ng that

75 percent was artificially dried for safe storage, it can be estimated

that 7.15x.10 7 m3 of LP gas was consuned for the drying process. As

the fuel availability decreases and its price escalates, the proportion

of drying to the overall production cost will increase. 'lb preserve the

gain quality, to keep the costs down, and to match up with a high

capacity harvesting operation, improved or new drying methods must be

devised.

Considerable research and developumt are carried out to improve

the energy utilization of grain dryers. 'Ihe advent of the new, continuous

flow concurrent gain dryers is the result of such endeavors. Pre-

liminary investigations have shown that concurrent flow dryers are more

efficient in energy utilization than the conventional dryers. 'Ihe

efficiency may further be improved by using a proper heat recovery unit

to capture the exhausted heat .

Applications of heat exchangers in grain dryers have always been of

interest . The low efficiency of air to air heat transfer results in

large surface areas and high initial costs which are the two main obstacles
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in the heat exchanger application . Heat pipes capable of transporting

a large amount of heat are promising devices for the heat recovery

applications in gain dryers.

A heat pipe is a closed pipe into which a mall amount of fluid

has been introduced. When heat is applied to one end of the pipe the

fluid evaporates and the vapor travels to the other end of the pipe

where it condenses. 'Ihe condmsate flows back to the evaporator by

either gavitational forces or capillary pumping or both. Because

vaporization and condensation take place at a constant terperature, the

rate of heat transfer along the pipe will be high. As a result, the

heat pipe becomes an excellent thermal conductor. A bundle of these

pipes equipped with fins in a housing forms a carpact heat exctmnger

that is referred to here as "heat pipe exchanger". 'Ihe heat pipe

exchanger is able to exchange heat between the supply and exhaust air

streams in a gain dryer.



CBJECI‘IVES

'Ihe objectives of this study are to evaluate the technical and

economic aspects of the heat pipe and to investigate the future potential

of this device in gain drying operations. 'Ihe following steps are to

be followed in the analysis:

a)

b)

e)

d)

the heat transfer coefficient, pressure drop and fouling in a

heat pipe exchanger along with the performance of the individual

heat pipes will be analyzed and the proper netheratical relation-

ships will be developed;

a profitability analysis of the hat pipe exchanger will be

performed in conjunction with commercial concurrent flow gain

dryers, and the analysis will include the effects of interest

rate, inflation rate, and fuel escalation on the project

profitability;

an optimization procedure for weigh and analysis of an optimum

heat pipe exchanger will be deve10ped and utilized;

a set of experimarts will be performed to validate the computer

progame .



1. REVIEWQFLITHIATURE

1.1 Grain drying

Artificial gain drying in the United States was first practiced

in 1947 using World War II barber engine heaters (Foster _e£_a_l_.1 1976) .

Since then commercial grain dryers have been manufactured to dry large

quantities of wet gain harvested with big capacity combines. 'Ihese

dryers dry large volumes of gain by using a big terperature and a high

airflow rate. Grain exposed to high temperatures is susceptible to

breakage in subsequent handling, and may not be suitable for some

end uses (Brooker M. , 1975). Serious quality probl- have prompted

researchers to look for new ways of grain drying which not only ensure

a big capacity, but also result in a better quality grain. 'Ihe big

rate of mergy consurption in gain dryers becomes a serious problem as

energy prices increase. Theoretically 2258 kj is required for one kg

of water at 100°C to evaporate at atmospheric pressure . '1b the above

energy, an additional amount has to be added in the gain drying process

for sensible heating of the grain, and moving the gain and the air.

Depending on the design, commercial dryers consume from about 3500 to

about 8000-k1 of heat energy to extract 1 kg of water from the gain.

Table 1-1 shows energy requirements of different types of dryers.

(he type of dryer that shows promising features is of the concurrent

type. In this dryer the gain and drying air flow in the same direction.



 

 

cooler

 

 

Table 1-1. Energy requirements of different types of dryers to evaporate

one kilogam of water from wet gain.

Type of Dryer 511155 Specific Source

Conditions

Layer drying 4290 Inlet air 32°C Woodforde

15 cm - Inlet humidity and Lawton

deep (wheat) 8350 Ratio .0085 kg/kg (1965)

Batdr drying 2845 Inlet air Clark and

61 cm - Imnd (1968)

deep (wheat) 5194 15°C

lbdified 3700 Air partially Converse

cross-flow recycled (1972)

Modified 3000 Corn dried from Lerew et a1 .

cross-flow 22 to 15.5% (1972)

Concurrent 3387 Corn dried fron Anderson

flow with 21.7 to 16.4% (1972)

counterflow (Anderson design)

cooler

Crossflow 5803 5-point removal Morey and

(conventional) optimized conditions Irreschen (1974)

Fixed—bed 2456 Heat pipe and Lai et al

heat pump (1975)

Concurrent 4062 5-point reroval

flow with (Westelakm design) Westelaken

counterflow (1977)

 



'Ihe air and gain reach an equilibrium temperature well below the

inlet air temperature within a few centimeters from the top. Therefore,

high temperature air with high flow rates can be used without damaging

the gain due to excessive heat . 'lhis dryer not only preserves the quality

of the gain, but also proves to be efficient in energy consumption

(Graham, 1967). Becker and Isaacson (1971) simulated a concurrent-

flow dryer in a wheat drying experiment and reported favorable results

in energy consumption and in gain quality. Carano £131. (1971) built

a laboratory size concurrent gain dryer with a counterflow cooler; the

dryer was tested for quality and drying performance. Anderson (1972)

reported the experimental results of a commercially sized concurrent

dryer and confirmed the favorable energy and quality characteristics.

Bakker-Arkema 91:_a_1_. (1972) after an evaluation of different gain dryer

types stated that "the concurrent flow dryer should be considered more

seriously in future designs because of its favorable quality

characteristics".

'Ihe majority of the commercial continuous dryers are of crossflow

type. In these dryers a moving layer of gain about 30—45 cm thick is

exposed to the drying air. Iheven drying and short residmce time for the

air in the bed makes the crossflow dryers the least efficient dryer as

far as energy and gain quality are concerned.

A number of modifications have been done to improve crossflow

gain dryers. Converse (1972) conducted a series of tests with a recir-

culating crossflow dryer (the Hart-Carter Model), and reported a 50

percent decrease in energy consumption. However, the resulting quality

of the dried gain was not investigated. Lerew M. (1972) reported a

value of 3084 kj per kg of water removed when a modified crossflow was



7

simulated. In these analyses the recirculating air is a mixture of the

exhaust air from the middle and the bottom sections of a three-stage

crossflow column. New commercially available recirculating crossflow

dryers such as the ones manufactured by Ferrel-Ross (Anon, 1977) and

Beard Industries (Noyes, 1977) have beau claimed to improve the energy

efficiency and to preserve the gain quality.

Much of the on-fanm gain drying takes place in a fixed-bed type

gain dryer. In these operations a stationary layer of grain with a

depth from .3 to several meters is dried using heated or natural air.

There have been many changes and improvements both in fixed-bed drying

equipment (circulating grain, stirring, fluidized, etc.) and the drying

process (dryeration, low temperature drying, etc.) to make the operation

economical in terms of energ consumption and quality gain. Brooker

fl. (1975) presented a comprehensive review of these innovations and

listed the advantages and disadvantages of each system.

Definition of a dryer's efficiency is expressed differently by

various researchers. In order to standardize this definition, Bakker-

Arkema ial. (1973) proposed a new dryer performance evaluation index

(DPEI). 'Ihe index is a measure of the total energ required by a dryer

to remove one kg of water from gain dried under a set of specified

conditions . Later Bakker—Arkema 3131. (1974) introduced a variety of

couputer programs to evaluate the design parameters affecting the "DPEI"

values.

Although the concurrent dryers are more efficient than the other

types, the exhausted air temperatures are high enough to motivate further

investigations to recycle the waste heat back into the system. Both

gt_a_1_. (1973) simulated a heat exchanger in conjunction with a closed
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loop recirculating coumterflow heater and coumterflow cooler . They

showed that the theoretical WEI can be reduced to almost zero under

ideal conditions. Roth and DeBoer (1973) optimized a concurrent-counter-

flow gain dryer with and witl'out the use of a heat exchanger. 'Ihey found

that utilizing a heat exchanger reduces the DPEI by more than 20 percent.

Additional work on the same type of dryer by Bakker-Arkema gt__a_1_. (1974)

and Sokhansanj (1974) showed that fluids other than air in the heater

section improve the efficiency of the heat exchanger.

Althoug heat exchangers proved to be effective in improving the

energy efficiency of gain dryers, the problems of size and initial

costs remained a question. Lai and Foster (1975) conducted preliminary

investigations on the use of heat pipes in a batch type gain dryer.

'Ihe dryer consisted of a cylindrical bin of .75 m diameter and a height of

1.2 m. 'Ihe heat pipe exchanger was of a 6—row plate-finned type with a

face area of .30x 38 m on each side. 'Ihe heat pump consisted of a 3/4

hp compressor and a 3/4-ton refrigerator. 'Ihe dryer ethaust was directed

to the heat exchanger and then over the heat pump evaporator coil . 'Ihe

simulation results showed that with 21°C ambient air temperature and

49°C drying temperature energy saving of up to 30 percent with heat pipe

only, and up to 55 percent with both heat pipe and heat pump can be

obtained. However, the reported saving as a result of experiments

were in order of 10 and 40 percent for heat pipe and for heat pipe and

heat pump, respectively. Part of the discrepancy between the experimental

and simulated results may be due to the inaccuracy of the simulation models.

Bakker—Arkema M. (1975) optimized a system of heat pipes and

cmwrrentflow dryer based on minimizing a cost objective function. An

energy saving of 21 percent was obtained for a set of optimized conditions
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(45 ma/minlm2 airflow, 230°C drying air temperature, and 5 percent

moisture removal); the present study is a follow-up to this study.

1.2 Heat pipe

According to NASA (1975) the first technical paper on the heat pipe

was publiged by Grover M. (1964). Since then a large number of

references have appeared in the literature on all aspects of this device.

Feldman and Whiting (1968) reviewed the commercial applications of

the device. Excellent reviews on the technology of the heat pipe were

publidued by Winters and Barsch (1971). Asselman and Green (1973) gave

details on the heat pipe theory and the principles of operation.

Ibhani (1974) reported the limits of heat pipe operation when noncondensable

gases are present in the pipe. The most recent publication on the heat

pipe are books by Dumn and Reay (1976) and Chi (1976). In both books

the design relationships, limitations, and manufacturing aspects of the

heat pipes are discussed.

Parallel to the development of heat pipes, thermosyphon technology

was investigated. A thermosyphon is a simple version of the heat pipe

where condensate flows by gravity forces to the evaporator. Therefore ,

the wick is eliminated and as a result the construction of the pipe is

simpler. The review by Japikse (1973) on the advances in thermosyphon

technology is of practical interest . Streltsov (1975) presented simplified

equatims for calculating the heat transfer and the amount of working

fluid in a thermosyphon.
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1.3 Heat pipe exchangers

In spite of the commercial availability of heat pipe exchangers,

not much research has been published in the open literatuure. Amode and

Felduan (1975) reported the resuults of a test and an analysis of a heat

pipe exchanger made from arterial 1 type heat pipes . Aronson (1976)

and Ruch (1976) reported the application of heat pipes as heat recovery

umits, but did not give any specific data or relationships. Their

report contains a detailed description of a heat pipe exchanger operation.

At presa‘ut the only available data is that published in the sales

literatuure on some specific heat pipe exchangers .

One of the major problems in a heat pipe exchanger operation is

fouling. There is not much reported research on the subject of fouling.

The investigations usually are carried out by the manufacturing and process

industries. However, in recent years some investigators have classified

different modes of fouling and have proposed mathematical models. Among

these investigations those by Friedlander and Johnston (1957) , Kern and

Seaton (1959), Beal (1970) , and the excellent reviews by Taborek fl.

(1972a, 1972b) are of practical interest . lbst of these studies are on

industrial fouling where the process fluids are of a liquid type. The

proposed models are of a specific nature and cannot be applied to

general cases.

The characteristics of dust particles emitted from gain dryers have

not been investigated extensively . Converse (1971) , expressed the need

for removing dust particles from the gain dryer exhaust to comply to the

state and federal regulations . Johnson (1976) recommended specially

designed duust collectors for gain dryers . Meiering and Ibefkes (1976)

 

1Heat pipes with a grooved inside wall.
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investigated the type and size of the dust particles emitted from a

number of crossflow gain dryers. Avant (1976) reported analysis and

performance test results of a sorghum dust collection system.



2. REVIEW OF HEAT PIPE PRINCIPLES

2.1 Introduction

(he way of transferring a large amoumt of heat with a small temperature

difference is throuugh a phase change process. Energy that is used for the

evaporation of a liquid is transported through a duct by the vapors, and

is released uupon condensation . I In order to perform the operation

continuouusly the condensate must be returned to the evaporator. A

completely closed container in which this process takes place is called

a heat pipe or thermosyphon, depending on the way the condmsate returns

from the condenser to the evaporator.

'Ihe principle of heat pipe operation is shown in Figure 2.1. In the

steady state, the temperature of the liquid in the condenser and the

evaporator approximate the terperature of the heat sink (cold side), and

the heat source (hot side), respectively. The difference in terperature

results in difference in vapor pressure; consequently the vapor travels

from the evaporator to the condenser. The depletion of the liquid by

evaporation causes the vapor/liquid interface in the evaporator to retreat

inward. 'Ihe pressuure of the liquid in the condenser is slightly higer

than that in the evaporator. This pressure difference causes the liquid

to travel from the condenser to the evaporator throuugh the capillary

structure of the wick. Since the temperatuure remains constant during the

phase change, theoretically a considerable amouunt of heat can be transported

with no or a very small tauperature difference between the condenser

12
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and evaporator. As a resuult the heat pipe has a hig thermal conductivity.

Figuure 2.2 shows a tubular heat pipe construction and operation.

The heat pipe is equipped with circular fins to extend the heat transfer

area. The pipe's external area is divided into a suupply side (heat sink),

and an exhaust side (heat source). The average pressure inside the pipe

is the saturation pressure of the working fluid at the operating taupera-

tuure. The performance of a heat pipe is often expressed in terms of

equivalent thermal conductivity. A tubular heat pipe of the type

illustrated in Figuure 2.2, using water as a working fluid and operating

at 150°C has a thermal conductivity several humdred times more than

copper (Asselman and Green, 1973).

'Due thermosyphon is a simple version of the heat pipe in which the

wick has been eliminated. Thermosyphons are used in a vertical

position where the gravity facilitates the return of the condensate

to the evaporator (Figuure 2.3). To wet the wall evenly the inside wall

of a thermosyphon is usually grooved. Except for capillary pumping,

other features of the thermosyphon are identical to those of the heat

pipe.

2 . 2 Heat pipe construction

There are three main components in a heat pipe: (1) the pipe,

(2) the wick, and (3) the fluid.
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2.2.1 Pipe

The pipe separates the working fluid from the surrounding environ-

ment. 'Ihe pipe is usually equipped with circuular or plate fins on the

outside to increase the heat transfer area. The pipe material must be

compatible with the wick and fluid. Generation of non—condensable gases

and subsequent corrosion of the pipe is a result of the incouupatibility

of the pipe material and the fluid. Non-condensable gases in the pipe also

block the transfer of the fluid and vapor along the couplets length of

the pipe and sharply reduce thermal conductivity and the effective length

of the pipe. Cbpper, aluminum and stainless steel are the most common

materials used in heat pipe construction. The pipe diameter is usually

in the range of 15 to 25 mm. The pipe wall thickness is about 1.25 mm.

'Ihe length of the heat pipes used in thermal recovery devices ranges from

30 cm to 125 cm. The circuular or plate fins on the external suurface of

the pipes range from 2 to 6 fins per cm. The height and thickness of

the fins is 30-50 mm and .3—.5mrm, respectively.

2 .2.2 Wick

The wick is a porous layer that forms the capillary structuure of the

Pipe. The prime function of a wick is to generate a capillary pressure

sufficient to transport the working fluid from the condenser to the evapora-

tor. The wick also provides a means of spreading the working fluid evenly

thhouguout the pipe.

The wick performance geatly depends on the construction material

and the geometry of the pipe. Usually, the most expensive and hard to
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manufacture part of a heat pipe is the wick. Materials such as monel

beads, nickel powder, and fiberglass have been developed for heat pipes.

A layer of this material is bonded to the inside suurface of the pipe

wall. The selection of the wick depends on the type of operation and

performance expected from the heat pipe. Wicks with a large pore size

are suuitable for gavity assisted flows, while wicks with small pores have

inherently hig capillary pumping capability.

The wick thickness depends on the type of wick. A typical value

for a wick made from wire mesh is .058 cm for a 1 cm pipe diameter.

Sometimes, the inside wall is gooved for the condensate return (arterial

wicks). By this method the amount of wick material is either reduced or

totally eliminated. A combination of arteries and porous materials

usually improves the performance of the heat pipe.

The overall cost of a heat pipe depends largely on the structure,

materials, and manufacturing practices of the pipe and its wick. It is

important not to choose pipes with expensive wicks for applications

Where gravity may be used. A simple and cheap arterial structure

Probably will serve the purpose.

2 .2.3 Fluid

The fluid is the medium through which the energy is transferred from

One end of the pipe to the other end. A proper fluid must have a big

latent heat, big surface tension, and high thermal stability. Quanical

Wtibility between the fluid, the wick and the pipe material, is the

prime requirauent. To prevent fluid degradation a high thermal stability

is needed. Often it is necessary to keep the operating temperature of

a heat pipe below a specified value to prevent fluid breakdown.
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A high surface tension is required in order to enable the heat pipe

to work against gravity, and as a result the fluid can flow uphill from

the caldalser to the evaporator. It is necessary for the fluid to wet the

wick and the pipe in order to generate a high heat transfer coefficient

and to spread heat evenly throughout the pipe surface. A high latent heat

of vaporization is desirable to transfer large amounts of heat with a

minimun amolmt of liquid in the pipe. 'Ihermal conductivity of the fluid

should be high to reduce the radial temperature gradient and the possi-

bility of nucleate boiling at the interface of the wall or the wick and

the fluid.

'Ihe anemt of fluid in the pipe should be sufficient to wet the wick

plus a small amount to flow freely for safe and efficient operation. 'Ihe

pipe is vacuumed thoroughly prior to the filling. Tables 2—1 and 2—2

list some of the characteristics of some commercial working fluids used

in heat pipes.

2.3 Heat pipe thermal transport capability

'Ihe maximun heat that a heat pipe is able to transport depends

on the rate of fluid flow inside the pipe:

Q = 111 big (2-1)

Where m is a function of the working fluid properties such as density,

Viscosity, and surface tension, and of the wick properties such as

Doha radius, permeability, and thickness.

'Ihe expression for m can be developed from a pressrre balance in

the pipe. 'Ihe result is given by Dunn and Reay (1976):
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Table 2-1. (berating temperature range, melting and boiling points

of some commercial heat pipe fluids. 1

 

 

Melting Boiling Useful Operating

Point Point Range

°C °C °C

Amnonia -18 -33 -60 to 100

Freon 113 -35 48 -10 to 100

Methanol -98 64 10 to 130

Water 0 100 30 to 200

Source: Dunn and Reay (1976)

 

1For cmplete'properties of the fluids, see Table 2-2
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= 92 kw Aw (2 °2

“2. I"eff rc

 

m 0060 - on g Leff sine) (2-2)

For a typical water heat pipe of 2 an bore size and 30 cm long,

operating at 100°C, the values of m and Q will be calculated for hori-

zontal heat transport lmder the following conditions:

(1) 'Ihe wick is made of a 4-1ayer, loo—mesh wire with a diameter

of .0045 cm; the thickness of the 4-layer is .036 an,

(2) 'Ihe pore radius of this wire mesh, rc is .002 an and the

permeability kw, is 1.52 x 10"” m2

= 2.256 x 106

is

kj/kg and the assmption of perfect wetting, equation (.2-2)

( 3) Using the water properties at 100°C with h

becomes:

958 x 1.52 x10.10 x .226 x 10"“ (2 x .0589

.283 x 10.; x . 3 .02 x 10"

= 2.28 x 10’“ kg/s

and Q = 2.28 x 10‘” x 2.256 x 10*3

= 51.2 j/s or W

'Ihe heat transport capability of a thermsyphon reported by Streltsov

( 1975) is:

h 3 a a 3 V"
Qagnn 39,3 I<,,<Arr)1,l LC] (2.3)

° 4uf(Lh+Lc)3 J

where AT is the temperature difference between the condenser and the

 

e‘Bqaorator .
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As it is indicated in Figure 2—4, heat transfer through a heat

pipe is analogous to an electrical resistance network. In Table 2—3

typical values of the resistances are shown for a water heat pipe.

'Ihe resistances to the heat flow in the vapor duct, vapor/liquid, and

liquid/vapor interface are small camared to those between the outside

surface and the air stream flowing over the pipes. 'Ihe axial heat

conduction through the pipe wall can be neglected, because its resistance

value is large carpared with the resistance of the vapor in the duct.

Radial cmduction strongly depends on the dimensions and the material

properties of the wick and the pipe. 'Ihe radial resistance can be famd

from the following relationship:

D
0

111613-17)

" (2-4)

2 11 Kt L

The value of the radial resistance in a copper heat pipe of 30 cm length,

2.5 cm diameter and a wall thickness of .25 an is about Lw x 10-“°C/W.

'Ihe operating telperature of a pipe depends on the ratio of the

heat transfer coefficients of hot and the cold sides of the heat

exchanger. To find the operating temperature, an energy balance over

the pipe is written:

C (Tth " th) = [1b Ih (Th ' Tth) + he Lc (To ' th) (2‘5)

ASsuning equal lengths on the hot and cold sides of the heat exchanger

and isothermal operaticn of the pipe:
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Heat out Heat in

R

Rc " “u

R

Rwr or

R

R3 -v v-Z

Fig. 2-4. Heat path through a heat pipe and its

. analogy to an electrical resistance network.
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Table 2-3. Typical resistances against the heat flow in a water-operated

 

 

heat pipe.

Resistance“ °CZW

3 -Rc , Rh 10 10

Rw 10 - 1

—5

a2 _ v 10

R 10"
V

—5
RV _ 9. 10

Some: Asselman and Green (1972)

 

*See Figure 2-4 for the nomenclature.
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and Lh = Lc (2-6)

solving equation (2-5) for-the heat pipe temperature gives:

T +HT
_ h c

Tt- (H +1) (2'7)

h

where: H=Bfi

Eqrnation (2—7) indicates that the average talperature of the pipe and so

the vapor, in the duct approaches the temperature of the hot side if

hh > hc’ and to that of the cold side if h > bh’

c



3. HEAT PIPEWANALYSIS

3- 1 Introduction

'Ihe heat pipe exchanger consists of a bundle of finned heat pipes

placed in a housing (Figure 3—1) and separated into two sections by

a. partition. The hot air flows througl the exhaust side while the cold

air passes through the supply side. 'Ihe evaporator section of the heat

pipes is located in the exhaust side and the condenser in the supply side

'Ihe pipes are either individually equipped with circular fins, or

they are bundled in a series of plate fins. 'Ihe arrangaxent of the pipes

is usually staggered forming several rows. 'Ihe typical distance between

13m pipes in a row is about 6.4 cm, center to center, and the longitudinal

distance between two rows is about 4.4 an. 'Ihe camercially available

heat pipe exchangers usually have 4 to 8 rows and the face surface area

1"Bulges frcm2800 cm2 to 30,000 am.

A heat pipe exchanger is similar in construction to circular and

plate type carpact heat exchangers. In the operation, a heat pipe

e"filibunger is similar to a liquid-coupled heat embanger. 'Ihe cooling

system of an automobile engine is an example of a liquid-coupled heat

e"Ichanger. A comparison between different types of heat exchangers

1mlluding the heat pipe is given in Table 3—1. Heat pipes are more

etji'icient than other types of heat recovery units, because of low pressure

drops and high overall heat transfer coefficients , as is indicated in

24
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Figure 3-1. A bmdle of heat pipes in a housing

Source: Isothermics (1976)
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Table 3-1 . The partition separates the supply side and the exhaust side

to prevent cross contamination.

In the following sections the parameters and relationdiips which

govern the performance of a heat pipe exchanger are identified. 'Ihe

performance relationships will be coded in mm and the predicted

results will be compared with experimental data.

3 - 2 Heat pipe exchanger effectiveness

The effectiveness of a heat exchanger is measured by determining

its ability to transfer heat from the hot side to the cold side. 'Ihe

maximum heat available to be transferred in a comterflow arrangement

can be written:

Qmax = mmin (ehi " eci) (3'1)

wh - -ere "i i is the minimum flow rate, the smaller value of inn and mo.

'Ihe ratio of the heat gain by the cold side or the heat loss by the hot

Side to q (whichever has the minimum value of m) is called the

effectiveness:

(3-2)

min c (3.3)

(3-4)
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Q = "‘h (ehi ' eho) (3'5)

and the enthalpy (e) is:

e=419W+CT (3-6)

(3-7)where C=Ca+CvW

’Ihe heat exchanger effectiveness (2) , has been related to the ratio of

UA/("mm by Kays and Iondln ( 1964). 'Ihe ratio is called the nlnber

of transfer units (NTU) . 'Ihe e - NI'U relationships for a counterflow

heat exdlanger is:

1 a exp[-NTU(1- (m)min/(nc)m)]

 

 5 = 1 - (m)min/(m)max exp [-fifi: a"- (m)m/(mc)mu (3'8)

For the case of (mc)mn/(mc)m = 1, equation (3—8) reduces to:

E = TNi‘P‘m-u (3‘9)

To Obtain the rate of heat transfer, Q can be written as:

(3-10)Q=UAAT1n

Whel‘e AT , the log mean temperature difference, is obtained from:

(T -T )-(T --T)
ho ci hi co (3_11)

ATln =

1n[(Tho ’ Tci)/(Th1 " Too”
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Equatials (3—1) through (3-5 ) are written based on the overall enthalpy

difference rather than the temperature difference. 'Ihe reason for the

ethics is that the exhaust air from the dryer usually contains large

quantities of water vapor that will condense on the exchanger upon cooling.

However, the enthalpy difference reduces to the temperature difference

if there is no condensation .

For the evaluation of Um’ ASHRAE (1974) and MoQuiston ( 1975)

suggested to use:

Uh
(3—12)

for the situations where the diffusion rates of the water vapor to the

wall is low. When the rate of diffusion is high due to excessive amounts

of vapor in the air stream, Mizushina (1974) suggested modification of

equation (3—12) to:

Um = 3%- x 10‘3 (3-13)

where:

P - P 1/2

a = 59—75:; (1%) (3-14)

ASHRAE (1974) gave a value of .845 for Sc/Pr ratio in case of air-water

Vapor mixtures. Pst’ the saturation vapor pressure is evaluated at

the pipe temperature. 'Ihe pipe temperature is obtained using equation

(2‘7), for each element. Ch, can be evaluated by using equation (3-7).

'Ihe overall heat transfer coefficient (U) is defined as:

(3—15)  = 1 + 1% +Hf+am

a
l
t
-
4

U

0

:
5

0 u
p
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'Ihe fin surface effectivenesses, nh and nc, are developed based on the

effectiveness of the individual fins. 'Ihe effective surface area of a

finned tlbe heat exchanger is:

Aeff = Auf + A:f nf (3—16)

Equation (3—16) can be used to define the extended surface area effective—

 

mess:

A A A
eff _ uf _f
A - A + A nf (3—17)

also,

Af
n=1-r(1-nf) <3—18)

Where nf, the individual fin effectiveness is the ratio of the actual heat

transferred from a fin to the heat that would be transferred if the

entire fin area was at the base temperature. For a long square fin of

uniform thickness, the fin effectiveness is:

g tanh bh
nf bh (3-19)

where

1/2

_ 2 h

b - (Kf t) (3.x)

Equation (3-19) can be used for circular fins with less than 8 percent

error (Holman, 1976) .

'nle effectiveness of a wet surface is affected by the condensate

film. Mchiston (1975) added the latent heat to the heat balance over

a fin and consequently modified equation (3-20) to:
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2h 8
b s It; (1 + -a—C- hfg)]1./2 (3-21)

'Ihe slope of condensation line (S) will be discussed in the next section.

Equation (3—21) reduces to (3—20) when there is no condensation (S = 0).

'Ihe value of n1, for a wet fin is 2 to 3 percent lower than that

of a dry surface. Rich ( 1973) expressed the metal resistance Rm by:

R = (Jr—2.11) R + (3—22)
m n a BM

Equation (3—8) will be used to calculate the effectiveness of the heat

exchanger when the humidity ratio of the exhaust air is low (this will

be discussed in Chapter 6). Knowing the effectiveness, the heat transfer

rate is calculated fram equations (3-2) and (3—3), and the outlet

cmditions from equations (3—4) and (3—5).

Although the foregoing procedure is fast and simple, it fails to

predict the effectiveness and the outlet conditions correctly since the

exhaust air humidity is sufficiently high (more than .05 kg/kg) to

release large amolmts of latalt heat upon condensation. For such cases

the heat exchanger most be divided in smaller segments for the analysis.

In the following sections two such analysis methods are developed.

3.2.1 Finite differences

A cross section parallel to the airflow in a 6—row heat pipe exchanger

is shown in Figure 3—2. 'Ihe heat exchanger is divided into 6 elements each

containing one row of heat pipes. Assuming a constant flow rate in the



parallel to the airflow.

Figure 3-2. A cross section of heat pipe exchanger
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Air vapor mixture

Wall

Who

Wtho

  
 

Area -—-—§

Fig. 3-3. Specific humidity of the air-vapor mixture in

Fig. 3-4.

the element and on the fin surface in a heat

pipe exchanger.

 

 

   
 

1 1 .

.2 ‘ '1 Wm
_ IIIZZZ-.1Ill—.2":Eli-.1: who

a F a
i i

Tth Th) ‘ Th Thi

'Ihe psychrametrics of the air-vapor mixture in a heat pipe

exchanger. Point 1 depicts the inlet air, and point 1'

represents the air at a point where the wall tarperature

is below the air dew point temperature; point 2 approximates

the outlet air condition, and point 2’represents the condition

of the air close to the wall at the exit.
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heat exchanger the energy balance on each of the elements can be written:

for the hot side:

cn=mhchdrh+mhdwhfg (3-23)

= UmCIA (Wh ' wth) hfg + uhdA (Th " Tth)

and for the cold side:

(n = mc Cc ch (3—24)

Uch (th _ Tc)

Equation (3—23) for the hot side is based on the total enthalpy since

the possibility of condensation exists. In equation (3-24) the terms

associated with the heat of condensation are absent because the air at

the cold side is gaining sensible heat.

dA is the average surface area of the row of heat pipes (and fins)

in each element. dW is the amount of water condensed from the hot air

in an element.

In a counterflow arrangement the inlet temperatures, Thi and Tci

and humidity ratios W
hi

In order to find the temperatures and hunidities, equations (3—23)

and wci are the known values (Figure 3—2).

and (3-24) must be written for every element of the exchanger and then

solved simultaneously. Before writing these equations, proper relation-

ships are required for expressing humidities in terms of temperatures.

The humidity ratio of the air and the humidity ratio at the wall in an

element are shown in Figure 3—3. As the figure shows the humidity ratio

of the air decreases continuously and approaches a value close to that

of the wall. In Figure 3-4 the state of the air is shown on a psychro-

metric chart, as the air proceeds through an‘ element.. POint 1 depicts
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the temperature and humidity ratio of the air at the entrance point of

an element. The air cools down as it reaches a point where the wall

surface temperature is below the air dew-point temperature (Point 1’).

Point 2 approximates the state of the leaving air at the exit point

of the element. 'Ihe condition at the wall surface corresponding to

the outlet air is depicted by Point 2’.

Mizushina (1974) and McQuistom (1975) showed experimentally that

the broken line l-l’-2—2’ can be approximated by a straight line, or:

- w

h th

or:

wh ‘ wth = s (Th ' Tth)

Also

Whi who = S (Thi ' Tho)

or:

dwh = s dTh (3-26)

Substituting equations (3-25) and (3-%) in (3-23) and (3-24) gives:

in = (mu Ch + mu Shag) “In (34”)

Rearranging equations (3-27) and (3—24) gives:

1

dT=dQ( )

h thh+nllalfg

 

(3-29)



_ 1

dTc-(n(mC
cc

 

) (3—30)

Combining equation (3—29) and (3—30) results in:

1 1

h 0 mn (Ch + Sifg) mic Cc

 

( 3—31)

Fquatim (3-28) and the second part of equation (3-24) are combined to

give the temperature differences:

 

Th - Tth = (Um S hfg + Uh) dA (3-32)

T _ 'r =_Q_ (3-33)

Assuming the heat pipe is isothermal, addition of equation (3-32)

to equation (3—33) and solving for (Q) gives:

dQ = U dA (Th - Tc) (3-348.)

where :

l l
= + —— (3—34b)

Um S hfg + Uh Uc

 

C
i
l
H

Substituting (Cu) from equation (3—34) into equation (3-31) yields:

(1 (Th - To) = U dA 0 (Th - Tc) (3—35)

where:

l

m

= 1 +

mh (Ch + alfg) c Cc

 

C
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An overall energy balance also holds on the two air stream in the element .

Equating equations (3—24) and (3-27) yields:

 

d'l‘h = R ch (3-3)

where:

R = mo Co

+

mh (Ch Shfg)

Equations (3-35) and (3-36) are the two main relationships to be written

for the elements. 'Ihe quantities Uc’ Uh, hfg’ mc, Inn, and Co are assumed

to be constant throughout the heat exchanger. Um’ the convective mass

transfer coefficient, Ch the heat capacity of the mixture of air-vapor,

and S the slope of comdensatim line have to be evaluated in each element.

Equations (3—35) and (3-36) will be solved by finite difference

techniques:

(T -T)-(T-T) =dAUc(T -T)

h C:x h c:x+Ax h cx-I-1/2Ax

(3—37)

and

Thx Thx+Ax-R(Tcx Tcx+Ax) (3-38)

where

(T -T)

c x + 1/2 Ax can be approximated by:

(T -T)+(T -T)

h ox h cx+Ax

2
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Equations (3—37) and (3-38) can be simplified and rearranged:

 

Thx(l—b)+Tcx(—1+b)+Thx+AX(—l+b)+Tcx+Ax (3-39)

(l+b)=0

Thx (+1) +Tcx (-R) +Thx+Ax(-l) +Tcx+Ax(R) =0 (3—40)

where

b=dAU , l 1

+ —]
2 'mh(Ch+Shfg) mcCc

Equations (3-39) and (3—40) are written for all elarents and after substi-

tuting for the known temperatures lb; and T07 (Figure 3—2) the resulting

matrix can be solved for the rest of temperatures. An iteration schare

is utilized to calculate the constants in case of condensation and to

reconstruct and evaluate the matrix.

3.2.2 Finite elements

In the foregoing discussion the assumption was made that the pipes

are isothermal and thus the temperature stays constant along the pipe.

This temperature can be calculated from equation (2-7). For the cases

where an effective thermal conductivity can be defined for the heat pipe

or where some other means of heat transport such as a solid copper bar

replaces the heat pipe, the assumption of isothermality is not valid.

For a solid bar which gains or loses heat in a stream of air, the tempera-

ture profile in the axial direction is found from the following
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differential equation:

(12 Tt

KAy dyz =Up(T-Tt) (3—41)
 

Equation (3—41) is derived by writing a heat balance on an element of the

pipe shown in Figure (3-5). When there is condensation on the pipe an

additional term, which represents the heat released by the condensed

vapor, is added to the equation (3-41):

dzT

1:.
KAy dyz -‘Up(T-Tt)+Ump(W-Wt) (3—42)
 

Simplifying equation (3—42) by using equations (3—13) and (3—%) and

rearranging results in:

dz'r
12:31.2 _ _S__dyz Myer Tt) (1+ac hfg

A theorem from the calculus of variations states that the points

 

) (3-43)

that satisfy equation (3—43) will also minimize the following integral:

CH‘ 2

x= “(3313) dv+ §U(Tt-T)2ds (3.44)

S

Fbr the case of equation (3—44) where (U) contains more than one term:

X= 13K (353-)2 dv+§U (1+§_5h_) ('1‘ -'l‘)2ds
V dy ~a -fg 8 t

(3-45)



4O

 

 

 

\

KN/ Heat pipe or a solid bar

Tt

_h__.

T i.

Y
T

  
Fig. 3-5. A section of the heat pipe (or a solid bar) for

which equation 3-41 is written.
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'Ihe exchanger is divided into square elements (Figure 3-6). Each element

contains a small segment of the pipe in the middle. 'Ihe nodal points are

located in the middle of each side. Equation (3-45) must be written and

evaluated for each element .

Nodesland3inFigure3-7areonthepipeandnodes2and4represent

the state of the process stream at the inlet and outlet locations. 'Ihe

section of the tube in the element depicts a one-dimensional element.

It will be assumed that temperature changes linearly over the length of

the pipe in this element (Segerlind, 1976):

T = C1 + C2 Y (3'46)

with the following bomdaries:

T (Y1) = Tr (3'47)

T (Y3) = T3 (3-48)

Applying the boundary conditions, solving for C; and C2 , and srbstituting

back in equation (3-46) will give:

 

 

T=N1 T1+N3 T3 (3'49)

where

Y _

N1 = 3 L Y (3-50)

N3 = Y i Y‘ (3-51)

N1 and N; are called shape functions.
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Fig. 3-6. Division of a heat pipe exchanger into

square grids.
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specified nodes.
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'Ihe temperature profile in the element can be written in terms of the

four no®sz

T=N1T1+N2T2+ N3T3+ NuTr. (3-52)

'Ihe shape frmctions associated with nodes 2 and 4 do not enter into the

coordinate system, so their values are zero:

T=N1T1+ OT2+ N3T3+ 0T1. (3-53)

In matrix notation, (3—53) becanes 3

T = [N] {T} (3—54)

where [N] is a row matrix:

[N] = [N1 0 N3 0] (3-55)

and {T} is a colum matrix:

{T} = 2 (3-56)

dl‘ dN
a—Y" if {T} (3-57)

Let

[g] = [-331 (3-58)

and

B1=%1=—°ry-°1 <3—59)



'lhar (3-57) can be written:

[a] = [B] {T} (3-60)

and its transpose

[ng = mT [BIT <3-61)

Sutstituting (3—54), (3-57), (3-60) and (3—61) in (3-45) will give:

X =f Q‘K [g]T [g] dV + QUCI. + is? hng{[T - '1‘le [T — T2]

8V

+ ['1‘ - TulT [T - mas (3-62)

where

[T-Til=[N1T1+ 0T2+ N3T3+ OTg‘Tz]

= [NrTr'T2+N3T3+0TIo]

 

or

[T-T2]=[N1-1N30] “r,

4%:

I“

let

[¢]= [NI-1N30]

then

['1‘ - T2] = [t] {T} (3—63)

and

[T - '1‘le = (T? MT <3—64)

Similarly it can be written for [T- T..]:

let

[ID] = [N1 0 Na - 1] (3-65)
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thar

[T - Tu] = [lb] {T} (3-66)

and

[T - MT = mT MT <3—67)

Substituting equations (3—63), (3-64), (3-66) and (3-67) in equation

(3—60) and expanding, gives:

x=J an: m“ [13]T [B] {T}dv +tU(1+-§hfg){
v .

I {T}T [MT M {T} d82 +J {T}T MT [W {T} dS-o} (3-63)

2 52.

s2 and s, refer to each half side of the pipe surface area exposed to the

nodes 2 and 4, respectively.

Equatim (3-68) is the one to be minimized with respect to the

temperatures in order to find stationary points where the differential

equation (13-43) will be satisfied.

Differentiation of X in equation (3-68) with respect to {T} and

equating the result to zero will give:

h
ax = T fg
arr} Kips] [B] {T}dv +U(l+Cp S){

I MT m {T} as. J MT [w] {'1‘} ds.} = o <a-69)
32 Sn

Each integral in equation (3—67) can be evaluated separately as follows:

a. Evaluation of: KI [B]T [B] {T} dv (3-70)
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Substituting equation (3-59) in expression (3—70) yields:

.dN,

. -— T
dY l

K 0 EN; o 93‘: o $2 dv (3-71)

V sz dY dY T:

KY-

0

Differentiating the shape functions with respect to Y and substituting

in expression (3-71) gives:

-l/L T1

0 .1. l T2
K 1/L [— L O. L OJ T3 dv (3-72)

v
0 Ta.

and after multiplication:

1/L2 o -l/L2 0 T;

K o o o 0 '1‘2 dv (3-73)

v 1/L2 0 1/1.2 0 T3

0 o o o T.

'Ihe cross section of the pipe is constant therefore we can write:

dv = A dL (3-74)

Integration of expression (3—73) between 0 and L, after substituting

equation (3-74) for (dv) gives:

1 o -1 0 T1

0 o o 0 T2

% -1 o 1 o T, (3-75)

0 o o o T.
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'Ihe ratio 1K9. can be replaced by l/R where R is the heat pipe thermal resistance

b. Evaluation of: [MT {4:} {T} as, (3-76)

32

Wnen [4:] is replaced by its defining elements and the matrix multiplica-

tion is carried out, the elements of the resulting square matrix will

contain terms of second order in Y. Integration of this matrix is rather

difficult . In order to avoid the complexity, the shape functions will.

be replaced by the area coordinates. Area coordinates, ratio of areas,

have been originally developed for a triangular elarent (Segerlind, 1976).

'Ihe area coordinate for a one-dimensional element is a local coordinate

having the origin at one of the nodes. L, and L3, the area coordinates

replacing the shape functims N, and N3 have the same properties as

the drape functions . Integration equations for the area coordinates

over length, area and volme are tabulated, and can be applied to the

sqmre matrix resulting from expression (3-76) .

Slbstituting L, for N, and L, for N3 in (3—63) gives: '

4’ = [L1 - 1 La 0] (3'77)

expression (3-76) can be written:

 

L1 Tr

'1 L, - l L, 0 T2 :13, (3-78)
L3 T3

0 It

or

r- '1

L,2 -L, L1L3 0 T1

Hg 1 "L1 1 -L32 0 g: (11: (3_79)

1.:ng --L3 L3 0 T“

h.0 0 0 OJ 
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In expression (3-7'9) dsz has been replaced by half of the pipe surface area:

D

dsz = II -2- dL (3-80)

Using the tabulated integration formulas for area coordinates (Segerlind,

1976), weget:

/ L,2 dL=-% (3-81)

f L: 1., dL=%-; <3—82)

f L, on; ’ (13-83)

Slbstituting equations (3-81) through (3-83) in expression (13—79)

will yield:

2 -3 l o T,

m. 3 6 -3 0 T2

TE 1 -3 2 o T. (3'84)

0 o o o T,

Similary it can be written

r

2 o l -3 T,

o o o 0 T2

:[wlle] {T}ds.=% 1 o 2 -3 T. (3435)
SI. -3 O -3 6 Ta.

Stbstituting equations (3—75), (3—84), and (3—85) in equation (3—69)

results in:
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30-10 T, 4-32-3'1',

i4 -1 3 33 $§*U<1+3!s_>m '3 .3 '2 .3 $2”
0000 T.. Cp fi-30-36Tu.

(3—86)

-§A;let <2,-L

h

and c2=% U(1+E‘—-'ES)

'mar (3—86) can be written

  

C1 + 4C2 -3C2 -C1 + 2C2 -3C2 T1 0

-3C2 5C2 -m2 0 T2 0

= (3'87)

‘C1 + 2C2 -3C2 C1 + 4C2 —3C2 T3 0

’302 0 "302 6C2 Ti. 0

L .J

or [k] {-T} = {f} (3—88)

The matrix [K] and {f} are called the element stiffness matrix and the

element force vector respectively. The vector {T} contains the unknown

temperature. Similar equations are written and then evaluated forxevery eleL

ment . All elemental. equations have to be assembled into a global matrix. The

method of "direct stiffness" as explained by Segerlind (1976) is efficient

method of performing the assembling process. 'Ihe force matrix initially

has zero terms, but when the boundary conditions are applied, the global

system will be modified to incorporate the known tarperatures. As a

result of this modification same of the zero terms in the force matrix
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are replaced by non zero values, and the system of equations becomes

non-homogenous.

3.3 Heat transfer coefficient and friction factor

'Ihe performance of a heat pipe exchanger greatly depends on the

heat transfer coefficient and friction factor. 'Ihese values in turn

depend on the Reynolds number and other process variables such as

temperature and hunidity of the process streams. Kays and London (1964)

reported their extensive investigations on the performance of compact

heat exchangers for some specific surface configurations. Further

investigations by Mchiston and Tree (1972), Guillory and miston (1973)

and Rich (1973 and 1975) analysed the effect of desigr variables on

the performance of the carpact heat exchangers.

It is customary to approximate a heat exchanger surface by models

for which the performance data is available. here are no mathematical

models to cover the wide range of variables and to calculate the heat

transfer coefficient and friction factor for different values of the

Reynolds nmber. 'Ihe arpirical models are usrally limited to a specific

type of heat exchanger and the predicted values by the empirical

relationship are often within 1 20 percent of the actual values

(Rohsenow and Hartnet, 1973).

Smephard (1956) showed that for air at low velocities of about

1 m/s the heat transfer coefficient is about 28 to 34 W/m2-°C, and a

pressure drop of 3 mm of water. 'Ihe manufacturers (Hughes, 1975;

Isothermrics, 1975; Q-Dot, 1976) of the heat pipe exchangers usually

require a face velocity of about 2.54 m/s for an efficient design
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resulting in an h value of about 60 W/m’-°C. 'Ihe pressure drop

resulting from the specified velocity is about 5 mm of water. Table 3—2

contains sale of the equations found in the literature that have been

applied to the design and analysis of finned tube heat exchangers.

In order to choose the proper correlations for heat transfer and

pressure drop, eight different sizes of circular finned tubes were chosen

from Kays and Iondon (1964). Table 3-3 contains the dimensions of the

selected heat exclangers along with a given alphabetical designation.

'Ihe pressure was calculated by using the following equation:

AP = f g: 1%; (3'39)

A program that was written for the WANG 2200 Omputer facilitated the

generation of data for different surfaces by different correlations .

'Ihe results are presented in graphical form in Figures 3—8, 3-9, 3-10,

and 3—11. An airflow of 53 m3/mli.m--m2 was used for Figures 3-9 and 3—10.

For Figures 3-11 and 3-12, airflows of 23, 53, 230 and 530 m’lmin-mz were

chosen.

Figure 3-8 shows the heat transfer coefficients as predicted by

different correlations for different heat exchanger sizes. 'Ihe pre-

dictions follow a similar pattern indicating that each variable has

similar effects on the correlation . 'Ihe heat transfer coefficient

varies from 17 i 6 to 80 1- 12 W/m2-°C. Commercial heat pipe exchangers

have specifications similar to the groups D and G in Table 3—3. For

these groups the heat transfer coefficient is between 15 and 30 W/m2—°C.

'Ihe data from Kays and Iondon (1964) fall somewhere in between; Mirkovich's

correlation predicts the lowest and muston's the higrest. Perry's
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Table 3-2. Correlations for predicting the heat transfer coefficient

and the pressure drop in a heat pipe exchanger.

 

miston (1972) and Schmidt (1949) :

Nu = hb n. - .217 (H/s)°4591 ($1)

and f

f = .33 [1 - .467 (H/s)'298] ne"2

where (hb) , the heat transfer coefficient on the bare tubes :

_ .6 .4
11b — .8 vmax /DO (Perry, 1974)

MirkoviCh (1974) :

l-N t
_ ,_ .1 ,_ -.15 f -.25 .67 .33

Nu - .244 (S l) (r l) (-—-——-NfH ) [eh Pr

l- N t

Eu.= 3.96 (s'-l)°14(r'-l) '18 (.____£L_.,--2 Re--31
Nf H f

where

_ I .—

s' - st/D0 ' r - sz/IDO

2.A
= d = .—Rah t.G%J where dt ‘pfn

and. Re = G/' 'where = £L353
f db, 11 db ‘V

Perry (1974) :

nu = .45 Re.625 R£375 Prl/3

where

R=.A_f_

fA

Janesm (1945) :

NG
9 D—.25 1.75

e r
4p=awxlf

(3-90)

( 3-91)

(3-92)

(3-93)

(3-94)

(3-95)

(3—96)

(3-97)

(3—98)

(3—99)
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(Table 3-2 continued)

dt

 

.4 1 l \ 4
[(213, (2J8.-1+2Jr'-1,]

lbhsenow and Hartnet (1973) :

C
}

D

Nu = .135 (myfll Pr1/3 @J (%).113

t

D
8

.9495.) ~316 (8.) .927 ($5,515

6
)

f = 18.93 (

1
:

_ 2AP-GlfNerax/(gp)

(3-100)

(3-101)

(3-102)
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Table 3-3. Dimensional specifications of finned tube heat exchangers,

utilized in the comparison of heat transfer coefficient

and pressure drop correlations.

 

Tube Fin Fin Trans Long Fins1 MaxNo. No. of

   

rbdel diam diam thick pitch pitch per of pipes ravs

designation an cm on an cm cm in a row

A .96 2.34 .046 2.48 2.03 2.89 4 6

B 1.64 2.85 .065 3.13 3.43 2.76 4 6

C 1.97 4.17 .031 3.96 4.45 3.56 4 6

D 2.60 4.41 .031 4.98 5.24 3.46 4 6

E 1.97 3.72 .031 6.92 4.45 3.56 4 6

F 1.97 3.72 .031 6.92 4.45 3.56 10 6

G 2.60 4.41 .031 7.82 5.24 3.46 4 . 6

H 1.97 3.72 .031 6.92 4.45 3.56 4 10

Source : Kays and Iondon (1964)

 

lNurber of fins of a pipe divided by the length of the pipe.
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Fig. 3-10. Heat transfer coefficient versus airflow for surface

G (Table 3-3) , Predicted by different correlations.
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and Rohsenow's values are consistently in the mid-range. Although both

Perry's and Rohsenow's correlations are valid in a wide range of heat

exchanger dinensions , Rohsenow' s correlation contains most of the variables

explicitly.

Figure 3-9 shows the pressure drop as predicted by the correlations

of Table 3—2 for the different models listed in Table 3—3. Although

a large variation between the predicted values is indicated, the overall

pressure drop in a heat pipe exchanger is small . 'Ihe difference between

the McQuiston's and Rohsenow's relationships for a D surface is about

2.54 mm of water and for the G—surface is even smaller. Jameson's

correlation also seems to be valid over the range of surfaces.

Figures 3—10 and 3-11 show the effect of airflow rate on the heat

transfer and pressure drop. Both figures indicate that for various

airflows the correlations follow each other rather closely. The

variation in heat transfer values as indicated before is less than

that for pressure drop. Figure 3-11 shows that for normal flow rates

between 20 and 50 ma/min-m2 the pressure drop is very small. 'Ihe

correlations given by Ibhsenow and Hartnet (1974) are chosen for the

performance evaluation of the heat pipe exchanger, because the resulting

heat transfer and pressure drop values are in the mid-range of other

correlations' predicted values .

3.4 Fouling factor

'Ihe process by which dust particles are deposited on the heat

exchanger surface area is called fouling. Fouling increases the resis-

tance against the transmission of the heat from the pipes to the process
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stream. Fouling also increases the pressure drop when there are enough

deposits to narrow air passages and to block the airflow.

'Ihe constants hc’ hh’ nc’ nh’ and It!) of the overall heat transfer

coefficient (equation 3-15) have been considered in previous sections.

'Ihe resistance to heat flow Rf, due to the fouling is the subject of this

section.

'Ihe exhaust air from a dryer contains a full spectrum of particle

sizes and densities. Grain dust, clay dust, trash, broken kernels,

stone particles, and light materials such as bees wings can be

expected in the dryer exhaust air. Each of these materials foul differently

and have their own specific fouling characteristics. A crust on the

individual heat pipes resulting from the caking of grain dust when the

air is moist and hot can be expected. Also, temporary clogging due to

loose, light, and larger particles is inevitable. Bacterial growth in

the heat exchanger is also another source of fouling (Anderson, 1977) .

'IWo modes of fouling may happen in a heat exdranger as shown in

Figure 3-12. (he is when the deposition rate predominates the removal

rate and there is a constant increase in the deposit thickness (Curve A).

As a consequence of this mode there will be a build—up of sediment on

the heat exchanger surface area. In the other mode, as the deposit

thickness grows the rate of reroval will increase to a point where the

rates of deposition and removal will be equal. Curve B of Figure 3-12

shows this second mode of fouling.

Based on the foregoing discussion the change of deposit thickness

with time can be written as:

3
‘

13.4) ¢
Tit-— d— r (3—103)
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Fig. 3-12. Fouling resistance versus time for systems in

which the deposition rate predominates (Curve A)

and in which the removal rate increases with the

fouling thickness (Curve B).

Source: Taborek et al. (1972)
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Depending on the type of fouling process, (cpd) and (cpr) can be formulated

in a mmber of different ways.

Kern and Seaton (1959) suggested the following definitions for

(dad) and (or):

= K1 C m (3-104)
4’d d

ch], = K2 T xf(t) (3-105)

where (T), the shear stress of the air on the surface is equal to:

(3-106)

Substituting equations (3—104), (3—105), and (3-106) in (3—103) yields:

.dx 2

dt‘f' = K, Cd m - K, f g-éP—xfm (3-107)

1

Equation (3-107) can be solved for time necessary for the deposits to

*

reach a value of xf

#
-

. dxf

t = ,4 (3—108)

0 K1 Cdm-K,f32’-§9xf‘t)

 

v, the maximum air velocity is a flmction of time, because as the deposit

thickness increases with time the air velocity also increases. After

the values of K, and K, were defined for a particular heat exchanger,

equation (3-108) can be integrated numerically.
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K, depends on the properties of the particles and the type of

fouling. K, can be defined as a sticking probability and expressed

as a fraction of particles sticking on impact. K, must be found

experimentally, using equation (3—104) . Kern and Seaton (1959), for

a fouling depicted by Curve B in Figure 3—12, proposed the following

simplified relationship:

Bt* ..

R=R l-ef f ( ) (3—109)

*

Where Rf is the value of fouling resistance (Rf), at the asymptote.

'Ihe coefficient B is a removal rate expression, related to the shear

stress as:

B = K, 1' (3-110)

:0:

R

'Ihe value of B is the slope of log (1 - BI) plotted experimentally versus

f

time .

3 . 5 Profitability model

Savings or costs resulting from an investment in the future have

a different value at the preselt . Factors such as the rise in energy

cost, the rate of inflation, the tax rate, and the service life influence

the profitability of a heat recovery system.

If the annual fuel escalation is at a rate of (f), the fuel

savings (Sk)’ at any year (k), can be written as:



Sk=AS(l+f)k
R: 0,122, °°°°°°° 3n (3‘111)

where (AS) is the present fuel price, (savings)

Similarly, the annual operating costs (0k), with an annual inflation

rate of (j) can be written as:

0k = A0 (1 + j)k (3—112)

where (A0) is the present annual operating costs.

Subtracting (0k) from (5k) yields the cash income (CI):

CIk = Sk - q( (3-113)

Assuming a straight line depreciation and a zero value for the heat

exchanger after n years of service, the annual depreciation (Dk) can be

written as:

Dk = $110 (3—114)

where (FCC) is the total first costs.

The annual tax (TAXk) is calculated based on cash income minus depreciation,

OI‘I

TAXk = (CIk — Dk) t (3-115)

The net cashflow (CFk) results from subtracting taxes from the cashflow:

ark = CIk - TAXk - FCO (3-116)

In order to calculate the present value, the net cashflow must be
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discomted at the true interest rate (1)1. In addition, the purchase power

of a sum of money will decrease at the rate of 3' percent inflation.

Therefore the net cashflow must be discounted at the rate of (i) and

(j) as suggested by Iblland and Watson (1977a and 1977b):

 

CFk
DCF =

The net present value (NPV) of the discounted cashflow can be written as:

CFn

va = z kk k (3-118)

0 (l + i) (1 + j)

 

Equation (3-118) is the model used in the economic analysis of the

heat pipe exchanger. Equation (3-118) can be rearranged to give,

CFk
(3-119)

1 (1 + i)k (l + j)k

where

dC NPV-PCO

Whenever (dC) is equal to zero, the project is at the break-even

point. 'Ihe values of (dC) greater than zero represent a profit, and

the values less than zero indicate a loss. Setting (dC) equal to zero

and solving for (i) in equation (3-119) for any particular value of (n)

will give the discounted cashflow rate of return (DCFR).

 

1A true interest rate does not include the inflation rate.



3.6 Simulation

The performance relationships developed in the foregoing sections

were coded in FGH‘RAN; and the routine was called "SJBROUTINE PMSS”.

Evaluation of the overall heat transfer coefficient and pressure drop

is performed using Rohsenow's equations (3-101), (3—102) and (3—102-1)

In the case of the finite element and finite difference analyses the

temperature and corresponding humidit ies in each elerent are checked

for condensation. When the overall effectiveness method (equation 3—8)

is used, condensation is checked at the exit points of the heat exchanger.

In case of condensation the overall heat transfer coefficient must be

re-evaluated using equation (3—34b). A flowchart of the subroutine

PROCESS is shown in Figure 3-13.

Equations (3—39) and (3—40) were solved using a package called

”SIN", which obtains the solution of a set of simultaneous linear

equations by the elimination method (Lukey, 1975). A set of subroutines

developed by Segerlind (1976) for solving a one-dimensional heat transfer

problem is utilized in the solution of equation (3—88).

The following subroutines are used:

a) ASMBLY --- constructs the global and stiffness matrices

b) BDY -----— applies the boundary conditions to the system

of equations and modifies the stiffness matrix.

c) DCMP ---— decomposes the global stiffness matrix into

an upper triangular matrix

d) SLVBD ---—-- solves the system of equations by the backward

substitution method.
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Additional subroutines for grid generation (FINITEEL) , reconstruction

of matrices in case of condensation ((DNDENS) supplerent the package.

A listing of the programs and samples of inputs and outputs can be

found in the Appendices A and B.

Parts of the analyses such as the heat transfer coefficient, pressure

drop, fouling factor and economic analysis were performed on a WANG

computer which utilizes BASIC. A listing of these programs can be

found in Appendix A.

For the purpose of drying simulation, the programs already available

(Bakker-Arkema e_t___a_l. , 1974) were utilized. In order to couple the

heat exchanger to the drying simulation programs a subroutine was

written to calculate the properties of the air recycled to the heat

exchanger and the grain dryer.

'Ihe subroutine receives the temperatures, the humidity ratios and

the flow rates of the n-number of air streams to be mixed. 'Ihe enthalpy

of the mixture is calculated using equations (3-6) and (3—7).

Specifying the ratio of each stream (R), the final mixture properties

can be written:

 

n

2 G1 R1 ei

em = n G. R. (3420)
1 1

n

EIG. R. W.

w = 1 1 ..1 (3-121)
m n G R

)3 i i

1

n

0,, - >13 61 R1 (3-122)

Equations (3—120) through (3—122)‘ are contained in the subroutine called

"INPUIMIX". A listing of ”INPUI‘MIX" can be found in Appendix A.



4. EXPERIMENTAL

4 . 1 Introduction

The experimental tests were carried out to establish:

a) the experimental data for the heat pipe exchanger to compare

with those predicted by the simulation, and heme to validate

the heat pipe exchanger computer program, and

b) the experimental application of a heat pipe exchanger to a grain

dryer and the investigation of the performance of the overall

system.

In order to fulfill these objectives, the experiments were divided into

two parts:

a) those related to the heat pipe exchanger, and

b) those related to the performance of a grain dryer and the heat

exchanger .

4.2 Heat pipe exchanger

A commercial heat pipe exchanger (similar to Figure 3-1) was pur-

chased frcm Isothermics, Inc., Augusta, New Jersey. The coil construction

and performance characteristics of the heat exchanger as supplied by

the manufacturer are shown in Table 4—1.

69
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Table 4-1. Performance characteristics and the construction of the

experimental heat pipe exchanger, Iw-FIN, as specified

by the manufacturer.

 

 

 

Performance:

Nominal effectiveness % 67 1- 3

Supply air volure m3/min 2.83

Exhaust air volume m3/min 4.25

Supply inlet temperature °C -1

Supply outlet temperature °C 43.3

Exhaust inlet temperature °C 65.5

Exhaust outlet temperature °C 35.5

Supply pressure dr0p mm 4.3

Exhaust pressure drop mm 7.6

Energy recovery kj/hr 9115

Construction:

Nmber of rows 6

Pipe material Aluminum

Fin pitch 4.3 fins/cm

Overall dimensions: width 3 m, depth .3 m, length .46 m

 

Isothermics, Inc., Augusta, New Jersey.
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During the test the heat exchanger was equipped with four transition

ducts and a port at the bottom for the condensate to drip out . The

assembly was connected to an Aminco 1mit which provides airflows of

different temperature and humidity (Figure 4-1). The supply side of

the heat exchanger preheated the cold ambient air before entering into

the Aminco unit. The exhaust side of the heat exchanger received the

conditioned air with a specific temperature and humidity from the Aminco.

The outlet and inlet temperatures were measured by copper-constantan

thermocouples . 'IWo themeoouples connected to a multichannel temperature

recorder were used in each location.

The humidity ratio of the air exhausted fram the Aminco unit was

adjusted using the controls provided on the wit. The humidity ratio

of the supply side was measured using psychrometrics as follows: a

thermocouple wrapped in a wick and soaked with water was installed in

the air passage to measure the wet bulb temperature ; using the dry bulb

and the wet bulb temperatures, the humidity ratio was found from the

psychrometric chart .

'Ihe airflow in each side was measured by a pitot tube. A variable

speed fan was used on the Aminco unit to provide different airflows.

4.3 Grain dryer

Two series of experiments were performed with the grain dryer.

The first experiments were carried out in the summer of 1976 when newly

harvested soft wheat was dried in a laboratory concurrent-counterflow

dryer. 'Ihe second series of experiments was performed in the fall of

the same year, drying shelled corn in a modified laboratory concurrent

counterflow dryer.
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A sketch of the first dryer is shown in Figure 4—2. 'Ihe dryer was

equipped with two airlocks to separate and direct the air passing through

the cooler and the dryer. 'Ihe measurements for the heat exchanger were

the same as the previous tests. Table 4—2 contains the dryer dimensions

and the process settings for the wheat drying tests.

For the second experiment the design of the grain dryer was

extensively modified in order to reduce the moving parts and consequently,

to eliminate the air leakage (Kline, 1977). The air locks were replaced

by columns of grain to prevent the air leakage (Figure 4-3). In

addition the cooler was separated from the dryer so the cooler could be

bypassed whenever cooling operation was not necessary. 'Ihe method

of heat exchanger application to the grain dryer in both tests was

similar to the way it was used in Aminco tests. Table 4-3 lists the dryer

settings used in the com drying experiment.
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Heat pipe exchanger

Fig. 4-2. Schematic of the concurrent

counterflow dryer used in the wheat

drying experiments .



Table 4-2. Settings for the concurrent-counterflow dryer utilized in

the soft wheat drying experiment.

 

Inlet air temperature

Inlet absolute humidity

Airflow rates:

- Dryer

-- Cooler

Ambient air

Inlet grain tarperature

Inlet moisture content

Grain flow rate

length:

—- Dryer

-— Cooler

Cross section area of the dryer

and the cooler

120, 150, 177 8:. 205

.015

18.3

6.1

18

. 976

.61

kg/kg

ma/min-mz

ma/mjn-m?

°c

°c

% (WB)

tonnes/hr--m2
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in the corn drying experiment.
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Table 4—3. Settings for the concurrent-counterflow dryer utilized in

the corn drying experiment.

 

Inlet drying air temperature 205

Inlet absolute humidity . 005

Airflow rates:

-- Dryer 42.7

- Cooler 6.1

Ambient air temperature 12 to 15

Inlet grain temperature 22

Inlet moisture content 20 to 22.5

Grain flow rate 1.5 to 2.5

Length:

- Dryer 1.0

- Cooler .6

Cross section of dryer and ~09

cooler

°C

kg/kg

ma/min-m2

ma/min-mz

°c

°C

% (WB)

tonnes/hr—m2

 



5 . HEAT PIPE EXCI-IAI‘EER MIMIZATION

5 . 1 Introduction

’Ihe design of a heat pipe exchanger for a specified set of inputs

including airflow, inlet air tamerature, and humidity is discussed

in this chapter.

Heat exchanger optimizatiom is a complex procedure that requires

the combination of experience and mathematical models . Kays and London

(1964)stated that "the mettedology of arriving at an optimum heat

exchanger design is a ccnplex one, not only because of the arithmetic

involved, but more particularly because of the many qualitative

judgments that must be introduced".

Echaustive design requires optimization across at least 12 control

variables . Multivariate search methods are typically employed for

optimization. The product of the multivariate search method will be

an optimal heat exchanger with detailed specified dimensions . However,

for the purpose of cost estimath and overall planning a rough estimation

of the size and performance is sufficient. For this case a cheaper and

faster optimization scheme will be appropriate.

'Ihe optimization methods are utilized in this investigation. One

is a linear optimization that is based upon the heat exchanger's overall

performance relationships. The other is a non-linear search method that

utilizes the performance and dimensional characteristics of most of the

control variables .

78
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5 . 2 Linear optimization

The general form of a linear optimization problem (Hillier and

Lieberman, 1967) can be written as follows:

n

maximize: Z = X C. X. (5-1)

~=1 J J
J

subject to:

n

)3 a.. X. _<_b. (5—2)
3:1 13 J 1

X. > O

1 1:2: 3 m

J — 1:2: ) n

Here equation (5—1) represents the net annual savings , and equation (5—2)

specifies the constraints on the variables in the objective function.

For the heat pipe exchanger the met annual savings can be written as:

NAs=p,Q-p2KWH-P3A'5 (5—3)

(Q) represents the annual fuel savings in million k3, and (P1) the price

of fuel in $ per million kj . (KWH) represents the annual power expendi-

ture in kilowatt—hours, and (P2) is the price of electricity in $

per kilowatt-hours. The expression (P3 A' 6) represents the annual fixed

cost of the heat exchanger. 'Ihe first cost of the heat exchanger is

calculated by:

,6

“3b = ma (2'1) (5—4)
a
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Using the first cost ($320) and the surface area (7.8 mz) of the purchased

heat exchanger from Isothermies, Inc., Augusta, New Jersey; equation (5—4)

can be written as :

'6

Feb = 320 (25—8) (5‘5)

Assuming that the heat exchanger service life is 5 years, the annual fixed

cost of the heat exchanger is:

Ab "

OI‘

FCb = 18.7 (may6 (5.7)

Thus p3 is equal to 18.7 in equation (5—3).

The constraints on the variables are obtained frcm the following

relationships:

a) to establish the constraints on the friction power expenditure,

a simplified equation given by Kays and london (1964) is used:

- G3 A Hr
KWH = 1.07 x 10 1" 32 ' (5—8)

Equation (5-8) does not require estimates for various primary variables,

whereas, the equations in Table 3—2 do.

Substituting .02 and .06 as lowest and highest values for the

friction factor, and simplifying; equation (58) can be written:

— — 3 —KWH l.9El6(Gmin )AHrzO (59)
+3

Gmax
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and

.. 3 3 _KWH 5.7 E—16(Gmin + Gmax) A Hr 6 0 (5 10)

b) The maximum heat that can be transferred theoretically in a

counterflow heat exchanger can be written as:

q .._ Cmin do » <5—11)

where Cmin = (Mnmin

and do = (Thi ‘ Tci)

Multiplying equation (5-11) by a heat exchanger's effectiveness (2:) , gives

the actual heat that is transferred in a given heat exchanger:

Q = cmin d0 6 (5-12)

= be written forAssuming that Cmin Cmax’ the effectiveness can

a counterflow problem as follows (Kays and Iondon, 1964):

 

UA

C

e = m <5—13)
1 _ IA

Cmin

Substituting equation (5—13) in equation (5—12) results in:

UA

Q -’ 1 __IE do (5-14)
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Equation (5—14) specifies a value for the surface area when the

heat exchanger effectiveness is specified.

'Ihe exact value of (3) depends on the design and performance of

the heat exchanger. In order to introduce the variations of the

effectiveness into the optimization scheme, equation (5-12) can be written

as:

z = c . d e* (5-15)

where (5*) is a specified value for (s) with possible variations.

The objective thel will be to maximize the value of (6*) in order to

maximize the net annual savings (equations 5—12 and 5—3). However,

the maximum of Q cannot exceed Quax of equation (5-11). Actually Q

may be equal to the product of maximum value of 5* and Quax' A

probability is associated with this objective, that can be stated as:

(5—16)

where (or) is a decimal representing the odds that ('6) falls smewhere

between the maximum and'the minimum of (8*); (Black and Fox, 1976).

A normally distributed random variable, (Q) can be converted into

a standard normal distributed random variable, (A), as follows:

Z - E(Q)
V(Q) (5—17)

where

M31-

A 2we» 3*
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V(Q) and E(Q) are the variance and the expected value of (Q),

respectively.

Replacing E(Q) by Q and re-arranging, equation (5-17) yields:

Q-Z+l V(Q) 2 0 (5—18)

Q-Z-XWQ) $0 (5-19)

Since (8) is a ramde variable, using equation (5-12), the variance

of Q is written:

V(Q) = v (Cm do a) = cg“ a; v (6) (5-20)

and the standard deviation (s.d.) of (Q) is written:

s.d. (Q)=\/ V(Q = Cmim do s.d. (a) (5—21)

Substituting equations (5-15) and (5-20) in equation (5-18) yields:

doe*+AC dos.d.(e)20
Q‘Cmm min

or

Q - Cmim do [6* - A s.d. (8)] z 0 (5—22)

and similarly

Q - Cmim do [5* + A s.d. (6)] s 0 (5-23)

Fquatims (5—9), (5—10), (5—14), (5—22) and (5-23) are the constraints

to the objective function (5—3). 'Ihe optimization scheme can be

summarized as follows:
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Maximize: NAS=P1 Q-Pz KWH-P3 A" (5-24)

subject to:

3 3

KWH-1.9E-16(Gm+Gm1n)AHr 2 0 (5—25)

_. _ 3 s

KWH 5.7m 16 (Gm+ijn)AHr < 0 (5-26)

UA _
Q - T7314 do - 0 (5-27)

Cmin

Q - cmin do [5* - A s.d. (6)] z 0 (5-28)

Q - Cmin do [6* + A s.d. (6)] <_ 0 (5.29)

Q. A, KWH 2 0 (5-30)

As can be seen, the objective function (5—24) and equation (5—27) are

not linear in terms of A. In order to linearize these two equations,

several points on the area dmain will be assured, and them, the points

will be linearly interpolated to approximate the original equation.

Assuming a three-point interpolation, the function containing the surface

area can be written:

HA) ___ W1 f(A1) + W2 J{(152) "’ W3 f(A3) (5'31)

where W1, W2, and W,- are the interpolating weights, such that:

3

§ w. = 1 (5-32)
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For example the expression A' 5 in equation (5—24) is written:

A°5=W1A1'° +w2 A2’5+W3A3" (5-33)

After linearizing, equations (5—24) through (5—30) and equation (5-32)

will be all linear in terms of the variables; and can be solved by the

Simplex algorithm (Hillier and Lieberman, 1967) .

Example:

A heat pipe exchanger is to be optimized for the following data‘:

Airflow 3.5 m3/m1m (supply and exhaust side airflows are

0 eqml)

Th1 65 C

O

Tci 5 C

6 65 percent

s.d. (6) 15 percent

Hr 750 hrs/year

pI 3.3 $/1o‘i kj

p2 .035_$/kWhr

P3 $ 18.7

U 40 W/m’-°C

a 95 percent

3

p l kg/m

C 1.005 kj/kg-°C

Heat exchanger life 5 years

The calculated values:

Cmin=cmax=nc

 

1'Ihe data of this example are similar to the data specified for the Im-FIN,

the experimental unit.



210 x 1.005

211 kj/hr~C

Chax=6mm=lll75kglmz -m~

(based on .015 m2 of free frontal area)

From a probability table for or = 95% the value of l is 1.96.

Substituting the specified and calculated values in equations (5—24)

through (5-29) yields:

NAS = 3.3 Q - .035 KWH - 3.74 A“ (5-34)

KWH - .398 A z 0 (5-35)

KWH - 1.193 A _<_ 0 (5-36)

Q -—-fi—‘15'38.AA = 0 (5—37)

Q _>_ 3.38 (5-38)

Q _<_ 9.02

Q. A. KWH a 0 (5-39)

Assuming 3 points for A, as follows: A1 = 1, A2 = 10, and A3 = 100;

equation (5—34) through (5-39) are tabulated in Table 5-1. A computer

program developed by Harsh and Black (1975) was utilized. 'Ihe program

utilizes the Simplex algorithm. Table 5—2 contains the resulting

output of the program for the given inputs of Table 5-1 . Table 5-2

shows that the designed heat exchanger has an effectivmess of 80 percent .

The designed surface area, 4.3 m2 is smaller than that of the experimental

unit; and the amount of savings is higher. In fact, the algorithm

obtains the maximum value of Q, and then from equation (5-37) finds

the value of A. 'Ihe friction power is found after Q and A are specified,
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Table 5-1. Tabulation of the sample linear programming problem.

 

 

Q KWH W1 W2 W3

3.3 -.035 -18.7 -74.05 -294.8

0 1 -.398 -3.98 -39.8 2 0

O 1 -1.193 -11.93 -119.3 5 0

1 0 -20.25 11.17 9.67 = 0

1 O 0 O 0 > 3.38

1 O 0 0 0 S 9.02

0 0 1 1 1 = 1

 

Table 5-2. 'Ihe output of the linear programming optimization using

the inputs of Table 5—1.

 

(bjective function -8.71

Q 9.02 x 10‘

(12026

KWH 1.67

A 4.3

kj .’year

kJ/hl')
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because (KWH) has a small price in the objective function.

5. 3 Nonlinear optimization

'Ihe exhaustive design of a heat pipe exchanger requires a two-step

optimization scheme. First , the individual heat pipes are optimized

based on the properties of working fluid, structural characteristics of

the wick, and the geometry of the pipe. Second, the heat exchanger is

optimized for the overall performance and the core specifications . This

study is concerned with the second scheme which is similar to optimal

design of a conventional finned pipe heat exchanger.

The objective function used in nonlinear optimization is the same

as the one used in the linear optimization (see equation 5-3). Several

methods can be utilized to arrive at an optimal heat exchanger. (he

method is the Ingrange multiplier technique by which the partial

derivatives of the objective function with respect to each variable are

set equal to zero. 'Ihe resulting system of equations is solved for the

optimum variables. The Lagrange method is simple and fast provided

that the derivatives are defined and can be found.

A multivariate method reported by Kuester and Mize (1973) and written

inFCRI‘RANOode isutilizedimthis study. Themethodisbasedon

the camplex procedure of Box. 'Ihe procedure consists of maximizing the

function:

F(X1, X2, . . . . , XN) (5-40)

subject to:

Gks-XkSHk k=1,2,...,M (5-41)



The implicit variables XN + 1, . . . , XM are dependent functions of the

explicit variables X1, X2, . . . , XN.'1he upper and lower constraints

Hk and Gk are constants or functions of the independent variables.

'Ihe procedure finds an optimum solution fram the carbination of the

points scattered over the feasible region. The feasible points are

generated by the following equation;

Km. = Gi + rid. (Hi - Gi) (5-42)

1: 1, 2, o . o o , N

j: 1, 2, . . . . , 13-].

k is the nurber of complex points chosen and is at least equal to N + 1.

Yi, j are random mmbers between 0 and l. ‘Ihe selected points must

satisfy both explicit and implicit constraints.

As can be seen fram the flow chart given in Figure 5-1, the convergence

of the objective function to a small specified value after certain

iterations provides the optimum design

5.3.1 Application to heat pipe exchanger

The carputer program consists of three parts:

(1) 'Ihe main programm that reads the inputs necessary for

the optimization:

a) inlet process conditions such as airflows, humidity ratios

and temperatures,

b) economic parameters such as fuel and electricity prices,

c) initial estimates for the following primary variables: fin
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Fig. 5-1. Box (CCMPIm AIGORI'n-M) logic diagram

Source: Kuester and Mize (1973)
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diameter, pipe diameter, fin thickness, umber of fins per

unit length of the pipe, hot side pipe length, cold side pipe

length, mnber of pipes in a row, nurber of row, distance

between two rows (center to center) and distance between

two pipes in a row (center to center),

(1) maximum values for the overall heat exchanger dimensions,

1.9., width, height, and depth,

e) number of iterations and the convergence criteria.

(2) ........Subroutines DEI‘AIID, GNSX, (HEX, and CENTER plblidred

by Kuester and Mize. 'Ihese subroutines carry out the optimiza-

tion procedure until either a maximum function value is reached

or the umber of specified iterations is exceeM. 1

(3) Additional subroutines are supplied to the main program as

follows :

5.3.2 Ibsults

. contains the constraints on the primary independent

and dependert variables

. contains the objective function

. contains the performance relatimships

. contains the relatimships to calculate the heat

exchanger dimensions

. output of the performance results

. output of the dimensional and the core specifications

A set of inputs similar to those specified for the experimmtal unit

were supplied to the computer program. Table 5—3 shows a comparison between

 

l’Ihe programs are listed in the Appendix -A.
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Table 5-3. A comparison between an optimal design of heat pipe exchanger

with ISO-FIN unit. 1

 

 

Units Optimal ISO-FIN

Desig

length cm 37.0 46.0

Height cm 21.0 17.0

Depth cm 29.0 29.0

Fin diameter cm 4.03 3.81

Fin thickness cm .03 .04

Pipe diameter cm 1.80 1.91

Fins per cm 4.40 4.30

No. of rows 6 6

No. of pipes in a row 4 4

Surface area2 m2 7.42 7.80

Efficiency 3 Percent 57 67 1- 3

Energy saved kj/hr 6928 9115

Objective function" e .373 ——

 

1For the input conditions see Table 4-1.

2Total surface area including pipe and fins.

3Values for ISO—FIN is given by the manufacturer.

“Based on $3.3 per million kj; 3.5¢ per KWhr, and the heat exchanger

cost from equaticm (5-7).
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the optimal design of the heat exchanger and the experimental unit, ISO-FIN.

As can be seen the optimal unit with a lower efficiency has almost the same

surface area and dimensions of the ISO-FIN. The optimal unit has also a

larger fin diameter and slightly more fins per cm than the Im-FIN.

The 1975 models of the Westelaken grain dryers manufactured by the

Westlake Agricultural Engineering, Inc. , St. Marys, Ontario, Canada were

used as examples of one—stage concurrent flow dryers. Figure 5—2 is

scheratic of the typical dryer. Table 5—4 contains the relevant dimensions

and the capacity of the different dryer models.

Table 5—5 lists the input conditions that remained fixed for the

analyses of the convergence criterion , the optimal design of the heat

pipe exchanger for various models of the Westelaken grain dryers, and

the effects of the fouling factor on the optimal design. Those values

which are not fixed are specified for the specific analysis. The choice

of the fixed values are arbitrary and generally are typical values in

a grain drying operation.

Table 5-6 shows the effect of different values of the convergence

criteria on the optimal designed dimensions for Model 810—A grain dryer,

CPU time, and the carputer cost (CDC-6500, Michigan State University).

'Ihe number of iterations is also shown for each convergence value. As

can be seen from the table, the objective function (equation 5—3)

value increases significantly as a smaller convergence criteria is

used. At the same time, the increase in the accuracy results in a

larger nulber of iterations and hence a higher computer cost . For

the purpose of this investigation, a convergence of 1.0 is chosen for

further analysis.
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Table 5-4. The Westelaken grain dryer specifications. .

 

Model No. Cross Section Dryer Cooler Capacity’ Airflow

 

Area length length

m2 m m tonnes/hr m3 min

dryer cooler’

810-A 8.90 2.0 1.0 20 407 203

1210-A 13.40 2.0 1.0 30 612 336

3010-A 23 . 80 2 . 0 1 . 0 75 1087 543

4510-A 37 . 20 2 . 0 1 . 0 115 1700 850

Source: Westlake Agricultural Engineering, Inc., St. Marys, Ontario, Canada

 

1Based on 45.72 m3/min/m2

2Based on 22.86 m‘glmlin/mz

3At 5 point moisture remval



96

Table 5—5. The inputs for optimal desigi of heat pipe exchangers

for various models of Westelaken grain dryers. 1

 

Inlet air temperatures

- Exhaustz 62.0 °c

-- Supply3 15.5 °C

Inlet humidity ratios“

-- Exhaust .05 kg/kg

- Supply .005 kslka

Fuel cost $/million kjs 3.31

Electricity cost $/k w hr .035

 

1For the airflows and the dryers dimensions, see Table 5—4.

2Airflow to the exhaust side of the heat exchanger consists of the

combined exhaust from cooler and dryer.

3Airflow to the erpply side of the heat exchanger consists of the

airflow to the dryer.

“The cloice is representative of typical humidity ratios.

5Based on $92/m3 No. 2 fuel oil with 3.86 x 107 kj/m’ heating value and

about 70 percent combustion efficiency.
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Table 5—6 , Comparison of different values of the convergence criterion

for the optimal designed heat pipe exchanger.

 

 

 

Units Convergence Criterion

0.01 0.1 1.0 2.0

Surface area m2 7.42 7.01 9.32 8.33

adjective function 9: -.78 -1.13 -2.92 -14.25

value1

Iterations No. 716 360 124 34

CPU2 Seconds 45.4 16.9 3.9 1.4

Cost’ $ 4.19 1.77 .68 .47

 

lChjective frmction value is based on annual net profit maximization .

2Central processing Unit (no-6500, Michigan State mivemity.

3Program execution cost .
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Table 5—7 shows the optimized dinensions of the designed heat

pipe exchangers for the varims models of Westelaken grain dryers.

As the dryer size increases, the heat exchanger size 111cm is primily

in the umber of pipes. A small increase in the nunber of fins per unit

length is also evident. More savings are realized in larger heat exchangers

than in the smller ones.

Table 5—8 shows the effect of different values of thermal resistances

due to the fouling on the optimal design of heat pipe exchanger. This

shows that thermal fouling does not have a significant effect on the

performance of the heat exchanger as far as heat transfer is concerned.

hhlnh)

with respect to each other do not change significantly. The choice of .02

 

, 1
In other words the relative values of (Rf) and (EC-71;) or (

and .002 is based on the TEMA (Tubular Ecchanger mnufacturers Association)

reooumendations for the fouling allowance (Perry, 1974).
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Table 5-7 . 'Ihe optinal designed heat pipe exchangers for various undels

of Westelaken grain dryers. 1

 

Grain dryer mdels

 

  

Units 810-A lZlO-A 3010-11 4510-A

Length on 182.0 234.0 304.0 360.0

Height cm 120.0 184.0 219.0 272.0

Depth cm 64.0 73.0 62.0 65.0

Fin diameter cm 4.54 4.61 4.87 4.88

Fin thickness cm .04 .04 .04 .04

Pipe diameter an 1.58 1.58 1.59 1.60

Fins per an 5.27 5.17 5.24 5.51

No. of rows 7 8 7 8

No. of pipes in a row 28 43 48 48

Surface area m2 553 1264 1837 2610

Efficiency Percent 63 72 63 60

Energy savings kj/hr .78x10‘ 1.33:»;106 2.1x10‘ 3.08x10‘

 

1Recycling of carbined drying and cooling air through the heat exchanger.
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Table 5—8. 'lhe effect of fouling resistance on the optiml designed heat

pipe exchanger for the Westelaken grain dryer Lbdel 810-A. 1

 

Fouling thermal resistance 01W

  

Units 0.0 .002 .02

length cm 182.0 183 .0 178.0

Height an 120.0 118.0 119.0

Depth cm 64.0 34.0 39.0

Fin diameter cm 4.54 4.52 4.87

Fin thickness cm .04 .04 .05

Pipe diameter cm 1.58 1.58 1.59

Fins per cm 5.27 4.53 5.27

No. of rows 7 7 7

No. of pipes in a row 28 25 23

Surface area m2 553 421 510

Efficiency Percent 63 54 54

Energy savings . . kg/hr .78x10‘ .67x10'5 .67x10‘

 ‘

1Recycling of coubined drying and cooling air through the heat exchanger.



6. RESULTS AND DISCUSSICNS

6.1 Introduction

'Ihe primary objective of this study was to evaluate the technical

and economic aspects of heat pipe exchanger application to grain dryers.

In this chapter the experimental and the simulated results will be

cmpared. Heat recovery by recycling the dryer and cooler exhausts,

either directly or through a heat pipe exchanger, will be investigated,

using the simulation models. The economics of heat pipe exchanger

application to different types of grain dryers and the effect of

fouling on heat exchanger economics will be presented.

6.2 Laboratory test results

Table 6—1 is a list of the performance test results of the

experimental heat pipe exchanger. Tests 1 to 4 are the results of using

an Aminco-Aim mit. Tests 5 to 8 represent corn drying experiments

and test umber 9 is the result of a wheat drying experiment. 'Ihe

last colum of Table 6-1 shows the heat pipe exchanger effectiveness

obtained from the experimental data. 'Ihe average effectiveness is about

73 percent which is higher than the reported 67 1 3 percent by the heat

exchanger supplier.
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Figure 6—1 shows a comparison between deviations of the predicted

effectivenesses from the experimentally obtained values. The horizontal

line represents the experimental results. The black circles represent

the use of equation (3-11) (Kays and Iondon, 1964). The black squares

represent the use of equations (3-39) and (3—40) (finite difference).

'Ihe black triangles represent the use of equation (3-88) (finite element).

Finite difference and finite element techniques are used to find outlet

temperatures and humidities. Knowing the outlet conditions, equations

(3—1) and (3-2) or (3—3) are used to find the heat exchanger effectiveness.

Equation (3-88) predicts the temperature gradient along the pipe only.

In order to use the finite element analysis a term representing the mass

balancebetween thesupplyandexhaust sidemustbeaddedtoequation

(3-41). The addition of the new term will complicate the finite element

solution , because the new governing differential equation contains pipe and

air temperature gradients along 11 and y, directions. Furthermore, the

temperature gradient along the pipe is minimal due to the low resistance

in the axial direction, and hence, the left hand side of equation (3—41)

is almost zero. For these reasons finite elanart solution was abandoned

for further analysis. Figure 6-1 straws that the accuracy of the predicted

values largely depends on the absolute humidity of the exhaust air . For a

balanced flow, i.e. equal supply and exhaust (m C), the predictions by

equation (3-11) and by the finite element method and the experimental

values are in good agreement up to a humidity ratio of .04 kg/kg. When

the humidity ratio is higher tran .04 kg/kg, the results of the finite

difference are slightly superior to those predicted by equation (,3-11).

Kays and Iondon's equation (3-11) is utilized in this investigation

for the economic analysis of a heat pipe exchanger in conjunction with a

grain dryer.
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Table 6—2 shows the results of the wheat drying erperiments. 'Ihe

savings indicated in the table are the results of recycling the dryer

exhaust air through the heat pipe exchanger to preheat the drying air.

'Ihe low values of percent savings (5.5 to 7.5 percent) are mainly

due to the high ambient temperature and low airflows. Table 6-2 also

indicates that as the drying temperature increases the percentage

savings {slightly increase.

Table 6—3 shows the test results of corn drying in a modified

concurrent—cormterflow grain dryer. 'Ihe main variables were the grainflow

rate and the initial moisture content . The experimental and simulated

energy requirements for removing one kg of water are in good agreement .

Energy savings due to different forms of recycling are between 8 and

18 percent. The largest saving is obtained when the curbined dryer and

cooler exhausts are recycled through the heat exchanger.

6.3 Simulation results

A series of simulated tests were conducted using the drying programs

developed by Bakker—Arkema _e_1_;__a_l_. (1974) . 'Ihe one stage Westelaken

concurrent-counterflow dryer model 810-A was used as an example . For

each simulation a heat exchanger surface area was calculated, assuming

an effectiveness of 60 percent and an overall heat transfer coefficient

of 40 W/m2 - °C. The ctosen values are based on the optimized valtes

which were between 55 to 72 percent for effectiveness and 20 to 60

W/m2 - °C for overall heat transfer coefficient.
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Table 6-2. Test results of wheat drying in a concurrent-counterflow

dryer equipped with heat pipe exchanger .1 1

Drying Dryer Outlet Initial Final kj/kg Savings

Temperature Temperature MC MC 01' H20

°C °C . % WB % .WB Removed

120 43 18.0 16.5 6298 6.1

150 45 17.7 15.6 5824 5.6

177 45 15 . 7 13 . 6 7349 6 . 1

2052 48 17.9 13.7 6007 7.4

 

1A schematic view of the dryer is shown in Figure 4-2; dryer settings

are listed in Table 4-2.

2Airflow in this experiment was 28.6 m3/min-m2 for the dryer section.
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Table 6—4 is a list of inputs to the program simulating a corn

drying process. Tables 6-5 and 6-6 show a summary of the output. 'Ihe

recycling settings and the nomenclature are shown by a diagram on the

left side of the table. 'Ihe ratios indicated in the table are provided

as inputs. The program will iterate until the final moisture content

reaches within .05 percent.

Table 6—5 is a list of the simulated test results, using a heat

pipe exchanger to recover heat in a concurrent-counterflow dryer (Westelaken

.MOdel 810-A). Thejprogramldid not converge for a 75 percent direct

recycling of the dryer exhaust, because in each iteration inlet air

humidity was increased. 'Ihe least amormt of energy (2988 kg/kg) is

used for the test in which the dryer exhaust is recycled into the heat

exchanger, the cooler eXhaust is directly recycled back to the dryer,

and the make up is from the preheated ambient air. . Table 6—6 shows

the savings Obtained as a result of direct recycling of the exhausts,

and'byepassing the»heat pipe exchanger. The first test indicates

conventional drying without using any heat recovery methods. As the

table shows a 30 percent make up from the ambient air will result in

a 3030 k3 per kg of water removed which is only about 1.5 percent more

than the lowest value in Table 6—5.

Tables 6-5 and 6-6 Show'that not much difference can'be found

between a direct recycling and indirect recycling through a.heat

exchanger. Holding an optimum ratio of direct recycling is a difficult

taSk and usually results in a varying inlet condition. When the exhausts

are indirectly recycled through the heat exchanger the inlet conditions

can be controlled more effectively. One more point must be mentioned

that the specified heat exchanger effectiveness of 60 percent is a
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Table 6.4 Settings for simulation of the comment-counterflow

» grain dryer. Model 8lO—A.

 

Inlet air temperature 230°C

Inlet absolute humidity .004 _kg/kg

Airflow rates

. .dryer 47 .72 m3/mins-mz

. . .cooler 22.86 :In"/Jnin-in2

Ambient air temperature 18°C

Inlet grain temperature 24°C

Grain shelled corn

Grain moisture content 25% (KB)

Grainflow rate 2.184 tonnes/luau2

Length

. .dryer 2 m

. . .cooler l 111

Cross section area of the

dryer and cooler 8.9 m2
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conservative value (it might be as much as 75 percent). Tne last two

tests of Table 6-5 are the repeat of the first and second tests, but with

a heat pipe exchanger effectiveness of 75 percent. The resulting energy

consumption is reduced by 2.8 percent.

Table 6-7 shows the effect of drying temperature on the energy

savings resulted from simulating the use of a heat pipe exchanger in the

concurrent counterflow model 810—A, Westelaken grain dryer. As the

drying temperature increases, a heat pipe will save more energy and the

required surface area decreases . However, the overall energy requirements

increase.

6.4 Economics of heat pipe exchanger

Equation (3—119) is used to analyze the profitability of the heat pipe

exchangers used in different sizes and types of grain dryers. For each

grain dryer an optimal heat exchanger is designed and the following

assumptions are made: (a) the purchase cost of the heat exchanger is

obtained using equation (5-7). 'Ihe ducting system is calculated based on

the length, the number of bends and also cross section to match the airflow

and the size of the heat exchanger frontal area. The cost of the duct

system is calculated based on $3.85 per kg (Goodfrey, 1977). The first

cost (PC) is the sun of the heat pipe exchanger and the ducting purchase

cost, (b) the annual operating cost is obtained from the power requirement

to overcome the static pressure in the ducts and the heat exchanger. The

power requirement is expressed in kilowatt hours per year and is calculated

based on 750 operating hours per year. The price of electricity is taken

as 3.5 cents per kWhr. A 5 percent of the first cost is added to the operating

cost as maintenance cost (Perry, 1974), (c) the annual savings is obtained



Table 6-7. The effect of drying temperature on the savings, as

a result of simulating the use of'a heat pipe exchanger

in the concurrent—counterflow dryer Model 810-A.l

 

   

Dang m. ii
°C Percent Percent m2 Drygr_ 9221.2329. §X§E§E.

121 25 22 509 3237 310 2927

149 25 21 508 3305 324 2981

177 25 20 506 3349 334 3015

232 25 18 503 3413 338 3075

288 25 17 500 3488 359 3138

 

1See Table 6-4 for the dryer settings. The combined dryer and cooler

exhaust are recycled through the heat pipe exchanger.
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based on the heat gain by the supply side of the heat exchanger expressed

in million kj. Fuel oil number 2 is chosen as a typical fuel for the dryer.

’Ihe price of fuel expressed in dollars per million kj, is calculated

assuming a heating value of 3.86 x 107 kj per m3 with a 70 percent

(Isothermics, 1975) efficiency and a price of $92 per m3 .

6.4.1 Heat pipe exchanger and concurrentflow dryer

Table 6—8 is a list of costs and savings data for the profitability

analyses of the heat pipe exchangers used in the Westelaken grain dryers.

Table 6-9 is generated by using equation (3-125) and applying data of

Table 6-8. A ten-year cashflow and a net present value analysis is utilized

assuming typical values for interest, fuel escalation, inflation and tax

rates. Table 6-9 shows that in 4 to 5 years the heat pipe exchanger

will break even. The exhausts fran the dryer and the cooler must be

combined and recycled into the heat exchanger, unless the heat exchanger

is designed for smaller airflows. In other words a heat pipe exchanger

must be Operated at its maximum potential, in order to give the desired

economical results.

The net present value is analyzed as a function of the fuel escalation

for three different ranges of tax rate, inflation rate and discounted

cashflow rate of return. For each case two different service lives,

5 and 10 years, are considered. Figure 6-2 shows that, for a service

life of 5 years, an annual fuel escalation rate of 10 percent will have

a net present value of about $2200 when no taxes are paid, while the

same yields minus $200 if a 50 percent tax rate is to be paid. 'Ihe

profitability of the heat exchanger will be altered to a large extent
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Table 6-9. Cashflow and net present value analysis of different sizes

of heat pipe exchangers, used in the westelaken grain dryers.

 

   

 

810-A

Interest Fuel Inflation Tax

Rate Rate Rate Bate

.12 .15 .05 .50

Year First FUel Operating Cash Dep- Net .Discount Net

Cost Cost Cost Income reci- Cash Cash Present

ation Flow Flow Value

0 3711 0 0 0 0 -3711 -3711 -3711

l O 1941 399 1542 371 956 813 -2897

2 O 2232 418 1813 371 1092 789 -2107

3 O 2566 439 2127 371 1249 768 -1339

4 0 2952 461 2490 371 1430 747 ~591

5 0 3394 484 2909 371 1640 729 137

6 0 3904 509 3394 371 1882 711 849

7 0 4489 534 3954 371 2163 695 1544

8 0 5163 561 4601 371 2486 679 2224

9 0 5937 589 5348 371 2859 664 2889

10 0 6828 618 6209 371 3290 650 3539

1210-A

Interest Fuel Inflation Tax

Rate Rate Rate Rate

.12 .15 .05 .50

0 6137 O 0 0 0 -6137 -6137 -6137

l O 3319 471 2848 613 1730 1471 -4665

2 0 3816 494 3322 613 1968 1423 -3242

3 0 4389 519 3870 613 2241 1378 -1863

4 0 5047 545 4502 613 2558 1337 -526

5 O 5804 572 5232 613 2923 1299 773

6 O 6675 601 6074 613 3344 1264 2037

7 0 7677 631 7045 613 3829 1231 3268

8 0 8828 662 8165 613 4389 1200 4468

9 0 10152 695 9457 613 5035 1170 5639

10 0 11675 730 10945 613 5779 1142 6781



Table 6—9 (continued)
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Fig. 6-2. Net present value as a function of fuel escalation and tax

rate, for a heat pipe exchanger life of 5 and 10 years of

service; and 750 hours of Operation per year.
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when a longer service life can be expected from the heat exchanger.

Cbnsidering similar conditions the importance of the inflation rate on

the profitability is shovm in Figure 6-3. In this figure a 10 percent

fuel escalation and a 5—year service life will not generate any net

income unless the fuel price escalation reaches a value of more than 14

percent. Figure 6-4 shows that if a 20 percent discounted cashflow rate

of return (DCFR) is the result of investment in the heat pipe exchanger,

the life of the project must be at least 10 years.

In summry, Figures 6-2, 6-3 and 6—4 indicate that a careful study

of such parameters as fuel escalation, interest rate, tax rate, and

inflation rate is necessary in the profitability analysis of a heat

pipe exchanger.

6.4.2 Heat pipe exchanger and cormercial crossflow dryers

Figure 6-5 shows a schematic view of a recirculating crossflow

dryer manufactured by Ferrel—Ross, Saginaw, Michigan. The exhaust air

from the heat levels 3, 4 and 5, and the cool level 2 is recycled

directly back to the burner after it is mixed with the anbient air.

Typical dimensions and process conditions are listed in Table 6-10. For

the purpose of a profitability analysis, it is assuned that the recycled

exhaust is directed to a heat pipe exchanger to preheat the drying

air. An optimal heat pipe exchanger is specified using the non-linear

optimization program, developed in the previous chapter.

Table 6-11 lists the inputs for optinal design and sane of the

outputs specifying an optimal designed heat pipe exchanger for heat

recovery in the Ferrel—Ross crossflow dryer. Table 6-12 contains the

surface area, the savings and the profitability analysis of using
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Fig. 6-3. Net present value as a function of fuel escalation and

inflation rate for a heat pipe exchanger life of 5 and

10 years of service; and 750 hours of operation per year.
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Fig. 6-4. Net present value as a function of fuel escalation and

discounted cashflow rate of return (DCFR), for a heat

pipe exchanger life of 5 and 10 years of service; and

750 hours of operation per year.
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Table 6-10. Some typical dimensions and process values of a

commercial crossflow dryer manufactured by Ferrel-

Ross Co., Saginaw, Michigan.

 

Drying air temperature: outlet air temperature:

level 8 102°C 33°C

level 5 106°C ‘ 70°C

level 2 23°C 52°C

Ambient air temperature 18°C

Ambient absolute humidity .004 kg/kg

Grainflow rate 100 tonnes/hr

Airflow rate:

. .Dryer 40 103/min-m2

. .Cooler 20 m:"/min-m2

Length :

..Dryer 14.6 In

..Cooler 4.8 In

Drying and cooling columns .3 x 2.4 x 3.1 m

Number of column in eaCh level 6

Number of levels:

Dryer

Cooler 2

Holding Capacity 81.5 tonnes (Shelled corn)

Source: Bauer et_al;11977)
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Table 6—11. Input for the optimal design and output specifying the

optimal designed heat pipe exchanger for use in the

Ferrel-Ross crossflow dryer .

 

Inglts:

Airflowl m3/min

Tenperature2 °C

Hunidity3 kg/kg

Fuel price dollars/million kj

Electricity dollars/kWhr

Qitputs:

Overall dimensions m

Fins per cm

No.0frows

No. of pipes in arow

Surface area m2

Effectiveness percent

Savings Kj /hr

Exhaust side Sppply side
 

4813 5776

60 18

. 01 .005

3 . 31

.035

5.8x2.8x.8

5.04

10

48

4842

6.43x10"

 

1Based on 94.5 m /min.-tonn of grain

2An average tenperature

3A typical condition



Table 6-12. Annual cashflow and net present value analysis of the

optimal heat pipe exchanger, used in the Ferrel-Ross

crossflow dryer.

 

 

 

First cost $ 33246

Operating cost $ 4972

Savings $ 15962

Interest Fuel Inflation Tax

rate escalation rate rate

.12 .15 .05 .50

Year First Fuel Operating Cash Dep- Net Discount Net

cost cost cost income recia cash cashflow present

-tion flow value

0 33246 0 0 O 0 -33246 -33246 -33246

1 0 15962 4972 10990 3324 7157 6086 -27159

2 0 18356 5220 13135 3324 8230 5951 -21208

3 0 21109 5481 15628 3324 9476 5826 -15382

4 0 24276 5757 18520 3324 10922 5710 -9671

5 0 27917 6043 21874 3324 12599 5601 -4069

6 0 32105 6345 25759 3324 14542 5497 1427

7 0 36921 6662 30258 3324 16791 5398 6825

8 0 42459 6696 35463 3324 19393 5301 12127

9 0 48828 7345 41482 3324 22403 5207 17335

10 0 56152 7713 48439 3324 25881 5115 22451
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the heat pipe exchanger in the crossflow dryer. Table 6—12 shows that

savings in fuel will pay back the heat pipe exchanger costs after 5

years. The heat pipe exchanger in the crossflow dryer shows a lower

level of profitability than the concurrentflow dryers. However, at the

present, crossflow dryers are the major types being used and the heat pipe

exchanger definitely results in net savings which otherwise will be lost.

6.4.3 Heat pipe exchanger and batch type dryers

Application of heat pipe exchangers to deep bed dryers largely

depends on the price of fuel. 'Ihe exhaust air from a well designed and

operated deep bed dryer is saturated and its temperature is low. However,

when the ambient air temperature is lower than the exhaust, sensible

and latent heat available in the exhaust stream can be recovered by using

a heat pipe exchanger. The effectiveness of the heat exchanger will increase

as the drying proceeds in the bed and more heat becomes available to be

recovered.

Use of heat pipe exchangers in layer drying operation is similar to

the crossflow dryer. However, layer dryers operate at lower temperatures

than the crossflow dryer, and thus, a lower net present value is expected.

Use of heat pipe exchangers in fluidized bed dryers is similar to

concurrent flow dryers. In fluidized dryers, the total airflow is higher

than in a concurrent flow dryer with the same dimensions. The absolute

humidity of the exhaust air is also higher. The high airflow and available

latent heat are the tm characteristics that make the heat pipe exchangers

economically attractive in fluidized bed dryers.
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6.4.4 ’Ihe effects of fouling on heat pipe exchanger economics

The effects of fouling on the economics of a heat pipe exchanger

is shown in Figure 6-6 where the annual costs and the annual savings are

plotted versus the thickness of fouling layer. 'Ihe analysis is for a

heat pipe exchanger specified for the Westelaken grain dryer model 810-A.

However, the results will be similar for other units. Figure 6-6 shows

that the savings and costs intersect at a fouling layer thickness that

can be considered a critical value (.44 mn)‘. Beyond this point, the

heat exchanger is not economical. Figure 6-6 also indicates that the

changes in savings are small compared with the changes in costs. The

reason is the relative value of resistances due to the heat transfer (h)

and fouling (Rf). 'Ihe fouling build up results in higher velocity air

which eventually produces a high heat transfer coefficient. The

relative increase in the heat transfer coefficient is the same or more

than the relative increase in fouling. As a result, not much change is

noted in the amount of heat transferred. However, high velocity air

results in a higher pressure drop which is responsible for the operating

cost increases.

To calculate the frequency of heat pipe exchanger cleaning in a year,

Figure 6—7 has been plotted. Meiering and Hoefkes (1976) measured an

average amount of 200 g/mZ/hr dust in the exhaust air of several sizes

of crossflow grain dryers, and gave various quantities and sizes of the

grain dust particles (Table 6-13). Meiering and Hoefkes (1976) stated that

 

1The thermal conductivity of fouling material is assumed to be the

same as those of grains (about 1056 W/m—C).
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Fig. 6-6. The effect of fouling thickness on the total annual costs

and savings of a heat pipe exchanger specified for the

Westelaken grain dryer Model BlOeA.
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Critical fouling thickness
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Fig. 6‘7- Time required for the fouling thickness to reach to the

critical thickness for various values of removal rate

(K2) ; see equat ion 3—1 14 .



I30

Table 6-13. Particle size and the weight percentage in a typical

exhaust air from a crossflow dryer.

 

Category Particle Size Weight

mm Percentage of Total

I > 1.2 44

II .6 - 1.2 19

III .4 - .6 12

IV .15 - .4 14

V <.15 11

 

Source: Meiering 8; Hoefkes (1976)
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"the particles below .6 m can be assumed to have an amorphous,

concentric shape with a density similar to that of many biological

materials, about 1.2 g/cm3. The particles with diameters over .6 mm

have a foliar shape”.

It is assured, in Figure 6-7, that the particles smaller than .6 mm

stick to the heat transfer surface area.and fonm the fouling crust. This

amounts to 37 percent of the total emissions (74 g/mz-hr). The

remaining 63 percent dust particles have to be removed in a settling

chamber or a bag house. Otherwise, these particles will block the

frontal area of the heat pipe exchanger. Figure 6-7 shows the time

required to build up to .44 mmlthickness with various removal rates

(see equation 3-108). In about 300 hours of operation, fouling builds

up to a critical value. Therefore, at least twice a year a cleaning

operation is required if the heat exchanger is to be operated economfically

750 hours a year.

The cost of filtering equipment has not been considered in the

economic and fouling analysis, because most of the commercial dryers

are equipped with some type of filtering device. The profitability of a

heat pipe exchanger will be reduced considerably, if a collection device

is to be used and the costs are charged to the heat exchanger.



7. (DNCLUSIONS

Based on the analyses and experiments performed in this study, the

following conclusions can be drawn:

1. Energy savings from 15 to 18 percent can be obtained in grain

dryers as a result of heat pipe exchanger applications. These

values were obtained both experimentally and by a simulation.

Simulation results showed a direct recirculation gain dryer

yields savings in a concurrent-counterflow comparable to those

obtained when recycling is performed through a heat pipe

exchanger. A combination of direct recycling of the cooler

exhaust and indirect recycling of the dryer exhaust through a

heat pipe exchanger reduces the energy consumption to about

2964 kj per kg of water removed as compared to 3488 kj for a

concurrentflow dryer without recirculation and use of a heat

pipe exchanger.

The profitability of a heat pipe exchanger depends on the annual

fuel escalation, inflation, interest and tax rate. Heat pipes

used on a concurrentflow dryer showed a break even point after

5 years of operation, while on a crossflow showed a pay back

after the fifth year of operation (750 hours of operation

per year).

Particles larger than .6 mm must be removed from the exhaust

air entering into the heat exchanger to prevent these particles
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from blocking the air passages. It is recommended that heat

pipe exchangers be used in the grain dryers already equipped

with same type or emission control devices. Purchasing filtering

devices solely for the sake of heat exchanger and charging the

costs to the heat exchanger will alter the presented profitability

analysis to a large extent, because the cost Of filtering

equipment is usually several times more than the cost Of the

heat pipe exchangers.

Fouling results in high pressure drop and increased operating

costs. 'hhe rate Of heat transfer and, as a result, the annual

savings remain rather constant with increased fouling thickness.

This is partly because the relative values Of the convective

resistance and fouling resistance do not change with the layer

build up. Cleaning must be performed about 300 hours of operation

before the Operating costs exceed the savings.

The economics of heat pipe exchangers used in either a concurrent-

counterflow dryer or in a crossflow dryer depends on the exhaust

temperatures and the airflows. Obncurrent-counterflow grain

dryers have better design characteristics to use heat pipe

exchangers more economically, than in crossflow and batch dryers.

The high airflow in crossflow dryers will Offset the large initial

investments in the heat pipe exchanger equipment.

The analysis and the optimization methods developed in this

investigation are valid for a wide range Of size and.process

variables. Therefore, the computer programs can be used for

future analysis and designs.



8. SUGGESTIO‘IS FOR FUI‘URE WCRK

Based on the analyses and conclusions of this study, the following

recommendations are made for further investigations:

1. TO investigate the characteristics and quantities of emissions

from different types of dryers.

2. To install a heat pipe exchanger on commercial grain dryers

to investigate:

a) fouling characteristics

b) heat exchanger performance

c) savings and costs under different Operating conditions

3. 'Do extend the application Of heat pipe exchangers to other

agricultural and food process industries.

4. TO investigate the use Of thennosyphons in grain drying and

other processes.
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Appendix A-l. A list of the heat pipe exchanger analysis programs.

PROGRAM ANALVS(INPUT.OUTPUTngPES oTAPEGO=INPUToTAPEGI'OUTPUTI

ANA YSI OF THE PERFORMANCE OF A HEAT PIPE EXCHANGER

g SUB OUT NEST

CAchBPRO ESSEDFTHTTEL*FINITEOa KI AAsnva. eov

mom 0 OLI . REPOR 6

Y5

REPORTP .REP RTC

COHHON/PRIHE/EFF,NT“. OoflEoHEH, EEC 090:0”H9RECQREHQETACéETIH 30

za¥figsc*3SHgGH,GC:VH,VCoUOVgUOVCoUOVHgRH.RHCT,RHHT.OSOcaSHQE¥C: PH.

COMMON/DTPENIACC‘A H;SP, HTw5V:::EEC,AREAF..AREA9‘F921QZZoZ3gZ“

COHHOHIE ONCHY IL

COHHON inPPTV/SA.CAfCP.cv.cu G
CONHON/PPT/ICCUN'oSQE095CchlTézxx.HA.C01.IFLOH.COEF

CCHHON/PRTY4XKP XKF PI

COHHON/TNLE /IINC.TINHfiNINc HINN. Mg.HH

OHHON/OUTLET/TochOH .Noc.N N.c0No

answerer
DDT; SSPCAocP’éV CH.PHO°.HFG/2ha.c.26..26..h6.1..62..1000.I

DATA xxp xNP,PI/iza. 120..3.1~15/
DATA RIogonNTQHRgFUEcEUC’e12900595097500.30500035/

c PAINsru.

READ THE INDEPENDENT VARIAEEES or THE HEAT EXCHANG R 70 as

§ 3?¢ENZE° IFIN DIAMETER. PIP DIANEIEN. FIN THICKNE s. FIN

c PIPE LENGIN IN COLD SIDE. NUHBER or nowas NUMBER or PIPES IN
c A QOHIHAX! LONGITUOINA} PIICN. TRAHSVEP§£ PIIcN. PIPE LENGTH

8 IN nor srné.....ALL IN EE

0 READ 101.cx11.4). J-1.10)

c INPUT INLET A o TEHPF HOTSsgos IINN. c030 SI
8 ABSOLUTE mun Irv LB/LB HOT E NINN. CLO s E Re

PPAo 1:1 TINN,IINc NINN.NINc

PRINT 10%, TINH TIN .NINN.NINc

13v FOPHATISIX515An
1 i FORMAT(BF1 . T

g AIR FLOHS IN La/NR. H01 5105 NH. c0Lo SIDE HO

READ 101.HH.W

PPINTW1OE

CALL cAL "£4.1m

gakL PROCESs§ 1.1L 1.x.1:

D
O



o
m
u
u
n

C
”
?

C
N
S

C
K
’
t
O

(
N
D

C
)

C
)

C
K
)

C
I
C
W
O

C
)
0

C
M
?

{
1
0

C
M
,

C
K
)

c
u
a

9
0

144

SURROUTINE CALCINngKoXOI)

CALCU AT CH OF THE CORE AHO DIMENSIONAL CHARACTERISTICS

OF TH H AT PIPE EXCHANGER

COHH N/PRINP/EPP NTU O NEN NEO OPc OPN, caREHETAc TA gR ac.
:ggbggg*gaN.CN.OcIVN.6c’U3v.UOVC.UOVH,RH.PHCT%NNT.'Osc.REMHO:EPN.

COWHBN/OIHEN/ACCOACH SD: HINOQVORRE‘CORREAflpAREAOAF92192292312“

ONNON/PRTT/XKP XNP.RPO

INENSION xAN.N{

RAaer STIXAI $0)

TOTAL NUNOE CF PIPES

TPI9553X(Iu6’/Zo“20.x‘IO7A‘IO,

FPI‘FIN TH CNNEss

TSP=X(I 3D’Xtighb

PIN §PAO¥NA

5P=¢1./12.- SPT/xtI.AT

NEAT TRAN§FER EURPAcP AREA

Ci=2.’°1‘(X( IP-z. -xtf ZIP-2.AXTI.1TPNTI 3T)PXII.NT

APEAc=¢c1A2.PP ‘XCI.ZT‘SP¢1(I.NIT‘XCI,5)‘TPIPES'iz.

APEANzAREAc/RA

EXCHANGER OEPTN

X‘IoI3I3XT .9I‘X‘196,

EchANOER HEIGHT

XCIOAII=X(IQ7"X(IOC’

EXCHANG R L NGTH

x‘I'1TAEXOIAEORALIOIgTANc
xtI.1AT=snRTix(I.9TPP2.ox§I.OTPP2./N.T

EXCHANGER NOLUNE

vsch.1ITPxcI.12TchI.13T

PRONTAL AREA NOT AVA! ABLE POR PLUIO PL

ATC=2.‘CX(I.1)‘XII.3) .ZTT‘SP)‘X(I.NF‘XCI?STPXTI.TTP12.

ATHslTC/RA

FRE‘ PLON AR A

Acc:x¢§.son¢I Iii-ITO
AON=x¢I.IOT-xci.11T-ATN

PIN AREA

AF=C1’X(I.5)‘TPIPES‘12.

'TOTAL SURFAgE AREA

AREAzAREAco REAH

EXCHANGER [IHENSIONAL PARANETERS

21: REA/v

22=Acclcx¢I ST‘XUIO11D)

Z3=AFIAREAC

sth.’X(I.13)‘ACC/AREAC

PETURH

ENO

SURROUTINE PROOESE «N.N.K.R.IT

cALcULATION OP TNE PEPPORNANOE OP TNE NEAT EXCHANGER

CONNON/PRI IEPP, NTU.O.NE.NEN. NEc OPc OPN RPO.REN.ETAO ETAHER OO.

STUésfi¥hSN, N. cc.vN.Uc.Uov.Govc.U6vN ,PN.Rch.PNNT.OscWASHgE EPN.

3833§3$§§3937ic6‘3°a‘33'.g¥05RI.:gE§§.mAREAN AREAAP z 22 23 26

CONNON IPPPRTV/SA,CA:CP:V ’ ’ RNO HG ’ ' 1’ ' '

CONNON/PRT/ICCUNT.SO.RN C’ITPHAXfNA.cc1.IPLON.cOEP

CONNON/INLET/TINO.TINN.NINMO .NN

CONNOR/OUTLsT/TOc.TON.Noc NON.couos

CONNON/PRTY/XK°.XNP RPO.°

nrn=NSION xcw.N).eA512T.A¢(12,12).THI7)iTCI7),HR(7).TPI6)
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SUBROUTINE FINITEL1N9N9X1

C

N RAT ON OF THE r N N s an? CATION OF THE BOUN AR

8 CSN ITI NS. CALCUL‘TEON CF'THE ECNSTANTS OF THE STIEFNESS

g NAvaIX

CONNON/PRIN IEFF.Nru.O.N .NEN.NEC 0P0 DPH.R c R N.ETAC AN R.

:£¥figsg*5aHQEHoGCOVHgVCoUSVQUCVCOUCVHQNNpRflcgpéN ToOSCoCELoEECQESN

COHMbN/PRT/ICCUNT.SB.RH,SC ITHAXP HI.CC!.IBLOH.00EF
CONNON/INLEt/TINC.TINN.HIN6 N1NN,N , N

COMMON/OUTLETITOCoTOH NOC.N6N.CONO

COHHON/PRTY/XKP.XKF,P1

DIMENSION 8(1001 PNCC100).HUNI1OO).ev16).IaNtal.Ierts).NE
.112) V(N HD‘D(1001,N5811§1

oxNENsxoh N.111.53N1A.u1.srtu1.pntcur.Aczoo01

DATA IN/60/.Ic/61/ NCL/1/.Io1/a/.NNP£/b/.NOOF/tl.KL/b/

OnrA cc1.IFLON/1..1/
NAsNINN

ICOUN =0

NNIO

NP=X11QB1

NPR13’N966
NESS’NP

NHN32‘NROZ

C IC86

 

JGF=NP+NP‘ L

JGSN=JGFON NCL

JEND=JGSH+NF‘NBN

JL‘J Nn-JGF

0013 =1‘JEND

c 13 8(1180.

E ASSEGN Nc THE BOUNDARY VALUEScOCUNTERFLON..IFLON-n.

C CON UR ENT FLOHOOIFLON'1

IFCIFLOH.EQ.01 GO to 10

00 ii 131‘

IBM! 1:12 -11‘NR¢I

BVtID=TINH

11 IBF(I)=Z’I'NROI

no 12 tab

IBN 1):;‘3'NROI
ev¢11=1 t

12 IBF(I)=(2‘I-11‘NROI

60 T? 13

1o CONT Nu -

no a 1:1 6

IaNtI)=t§‘I-1)'NR+I
BV(§)=TINH

IE( .68.“, BVQI1=TINC

a CONTINUE

CO 5 131‘6

éar1112 I’NRO!

s ONTfNU

1b CONT NO

00 6 1:1 6

6 NFatlisli-s1'flflo1
no 9 1:7 1

9 NEB(I)=(1-61‘NR

35:11’357H7’1-91

c INITIAtigxuc THE STIFFNESS MATRIX
CC.CCC‘§.§

D 6 I. v“

00 i J: 5

c 26 ESH .Jrsb.

g INITIALIZATION or vscroa 9 FOR use IN susnourrue CONDENS

no 27 1-1 100
27 311130. '

XX-

00

(Z‘Nfloib

(6.'12.1

c
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)
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61XIHOTVAX8HIN A FUN RISHSPACING 1X7HSPACING/i
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~ 0

023 FODHAT(2X22FDIHENSIONAL PARAMET:Rs 1;;

‘3:§¥g¢;873%£¥9&2;32HAFLOH/AFRONTZX11HAFIN/ATOTALZXOHHYOADIAH/fi
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x¢!.1T=xtI.1T/z«.
x(192’=XII92”2Q.

xTT.3T=x«T,3T/12.
XCI.ST=X(I S)/12.

xtI.Ic)=x(i.IOT/12.

RETURN
END

c SURROUTINE REPORTP

g REPORTING TNE PERPORNANOE OF THE HEAT EXCHANGER
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GRAN FOR THE SIHULITION OF A CONCURRENT FLOH DRYER

SED

HART PACKIGE
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Q

A list of a concurrent-comterflow dryer program

equipped with a heat pipe exchanger.
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C PPINT 2699TIN9HIN9CFN9TANB9 THIN9XHO9 BPH9XLENG9 OBTPR

C PFINT 3B9 FTIEGAC HINC9 X F

3&9 FODHATI‘ éPcs- SECTION' OFCTHE £°YEP ‘Fs.1/

9‘ INPUT CONDITIONS TO THE COOLER ‘/

9. AIR FLOR LB/NR/FT? F18 .2/3 ABSOLUTE HUMIDITY ‘F59ul

" LENGTH OF TN? ORVEF‘F59 21‘ 055 SECTION REAA‘FF591/I
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Appendix B-2. A sample of the performance analysis of a designed

heat pipe exchanger .

pRucrss ANALYSIS

EHJF1311Y' EZX11fifljkil

.con 0..- a... 0.. o-o 0.. 0-. 3...

IN OUT IN

TEMPERATURE OF 50.0 62.7 130.0

AIR PLUM LB/HH .400000E+03 .600000E+03

AIR FLON CFM .976123E+02 .146419E+03

FACE VELOCITY FT/MIH .252228E+03 .378342E+03

MASS UELUCITY LB/HP/F12 .272205E+04 .408307E+04

REYNOLDS NUMBER .226755E+03 .340132E+03

PRESSURE DROP 1H H30 .536520E+00 .109239E101

PUMPING FHKHHY th/YR .120801E102 .375947E+02

HEAT TRANSF CUFF .114100E+02 .142774E+02

BTU/HR/F19/OF

ENERGY SAVED BTU/HR .123933E+04 .193537E+04

EFFICIENCY 158?35h+00 .Qaalea5400
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Appendix B-S..A.sample of the dimensions of a designed.heat.pipe

exdxmger.

HEAT PIPE EXCHANGER DESIGN

AE-NSU

CALCULATIONS AFTER AUUNDING OFFS

EXCHANGER OVFRALL DIMENSIONS IN FT

LENGTH LENGTH HEIGHT DEPTH LTOTAL

COLD HGT

2.695 3.30 0.00 2.02 5531.57

CORE SPECIFICATIONS IN INLH€S

FIN PIPF FIN FPI

01AM OIAM THK QTY

1.814 .620 .017 13.50

ROH °IPES PIPE Row

QTY IN A Row SPACING SPACING

7.0 25.0 1.920 3.h62

DIMENSIONAL FAgAHFTERS

VOLUME

48.40

AIOTAL/JUL AFLOH/AFRCNT AFIN/ATOTAL HYD.0I#M

114.19100 .53275 .97659 .01666
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Appendix B-4. A concurrentflow dryer analysis using a heat pipe exchanger

FRA071§R or THE cooLER to THE EXCHANGER

PRAc*1 s:OF THE HEATER 70 THE EXCHANGER

PRAgriou:or THE DRYER INPUT PRO” 3

c R

39%.
650:3:GER EXHAUST

:XOHAchR SUPPLY

Anfigggr AIR

DEPTH IIHE AIR Aas REL GRAIN no '

IEMP Run Run IEHP we 00

FT BR F LBILB osc HA5 F PERCENT oscInAL

.01 .go .01.. .1932 . 1; 117.0 25.00 .332;

6:.6 o 9 16309 02576 .6 6 163.7 19.6. 02“

COOLER 007Pur 1

GRA N 7 HP 73 5

65ATEN u (H8) 1701

:P 15 .3
HR 00‘73

IuPursu70 THE EXHAUST SIDE or THE EXCHANGER

"”11 F ”Run .35 “LE"mms
IRPui ?0 ing’SUPPLY $506 or in? EXOHANGER

7 "P 2+0 "R6000E 35R RL33976.05
axcgiuzg OUIPUT. '

122.576 "230.

139‘362 .107

R23IugugF70 IREEERVER

%§ AIR RLOH

155F .206 676.260

DEPTH IIRE AIR Ass §5L GRAIN MC no

TEMP HUM n IEHP H8 09

FT HR F LBILB oec HAL F PER EN 050 H

0.1 03" “01.6 02062 0 1““ 117.0 2 .0 o 3

6.0b .59 169.6 .2639 . 233 166.0 19.3 .2.

COOLER OUTPUT .

GRAIRI 73.5

. A1?fi (H8) 1737

A R 156 0

A RH .0475

HENERsv BILL

DRYER COOLER HEAIPIPE svsren

FAN 730 23 33.97 A 35 775.35

E GRAIN 8. 0 .00 0 0 0.00
A AIR 10h73.2 0.0 o657.5 10015.3

707AL 11211.5 33.0 -~53.3 0726.5

HAEER Renoveo

L IBU 4.663 1.573 0.000 6.036

STATIC PREssuRE

5"“) mm 9:32 2313-.
3¥05H20 31R607£§5$3LING 323.1 ° '


