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ENERGY CONSERVATION IN GRAIN DRYERS
USING HEAT PIPE EXCHANGERS

By
Shahab Sokhansanj

Grain drying is a major energy consumer in the processing of
agricultural products. A heat exchanger used 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 amount of heat. The newly developed heat
pipe exchangers are more efficient than the conventional types. Transpor-
tation of heat by evaporation and condensation of a liquid in an enclosed
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 compact
heat pipe exchanger is analyzed when both sensible and latent heat are
present. A nonlinear optimization technique is used for an optimal design.
Also the possibility of using a linear optimization scheme 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 10-year service life and 750 hours of operation per year are
the assunmptions used in the economic analysis.
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Experimental results show that up to 18 percent of the energy can
be saved in a concurrent-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 mm must be filtered out of
the grain dryer exhaust air prior to entry into the heat exchanger. At
least twice a year cleaning is recammended for the heat exchanger surface
area.

Heat recovery with and without a heat pipe exchanger was investigated
by simulation. Results show that direct recirculation in concurrent-counter-
flow dryers yields camparable savings 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 concurrent-flow
dryer without recirculation and use of a heat pipe exchanger. Simulation
results also show 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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INTRODUCTION

The grain drying process consumes more than 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. The United
States produced more than 1.58 x 10° tons of corn in 1976. Assuming that
75 percent was artificially dried for safe storage, it can be estimated
that 7.15x10 7 m?® of ILP gas was consumed for the drying process. As
the fuel availability decreases and its price escalates, the proportion
of drying to the overall production cost will increase. To preserve the
grain quality, to keep the costs down, and to match up with a high
capacity harvesting operation, improved or new drying ﬁethods must be
devised.

Oonsiderable research and development are carried out to improve
the energy utilization of grain dryers. The advent of the new, continuous
flow concurrent grain 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. The
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 grain dryers.

A heat pipe is a closed pipe into which a small 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. The condensate flows back to the evaporator by
either gravitational forces or capillary pumping or both. Because
vaporization and condensation take place at a constant temperature, 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 campact heat exchanger
that is referred to here as 'heat pipe exchanger'. The heat pipe
exchanger is able to exchange heat between the supply and exhaust air
streams in a grain dryer.



GBJECTIVES

The 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 grain drying operations. The following steps are to

be followed in the analysis:

a)

b)

c)

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 mathematical relation-
ships will be developed;

a profitability analysis of the heat pipe exchanger will be
performed in conjunction with commercial concurrent flow grain
dryers, and the analysis will include the effects of interest
rate, inflation rate, and fuel escalation on the project
profitability;

an optimization procedure for design and analysis of an optimum
heat pipe exchanger will be developed and utilized;

a set of experiments will be performed to validate the computer

programs.



1. REVIEW OF LITERATURE

1.1 Grain drying

Artificial grain drying in the United States was first practiced
in 1947 using World War II bomber engine heaters (Foster et al., 1976).
Since then commercial grain dryers have been manufactured to dry large
quantities of wet grain harvested with high capacity combines. These
dryers dry large volumes of grain by using a high temperature and a high
airflow rate. Grain exposed to high temperatures is susceptible to
breakage in subsequent handlings, and may not be suitable for some
end uses (Brooker et al., 1975). Serious quality problems have prompted
researchers to look for new ways of grain drying which not only ensure
a high capacity, but also result in a better quality grain. The high
rate of energy consumption in grain 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. To the above
energy, an additional amount has to be added in the grain drying process
for sensible heating of the grain, and moving the grain and the air.
Depending on the design, comercial dryers consume from about 3500 to
about 8000 kj of heat energy to extract 1 kg of water from the grain.
Table 1-1 shows energy requirements of different types of dryers.

(One type of dryer that shows promising features is of the concurrent
type. In this dryer the grain and drying air flow in the same direction.
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Table 1-1. Energy requirements of different types of dryers to evaporate
one kilogram of water from wet grain.
Type of Dryer kj/kg Specific Source
Conditions

Layer drying 4290 Inlet air 32°C Woodforde

15 am - Inlet humidity and Lawton
deep (wheat) 8350 Ratio .0085 kg/kg (1965)
Batch drying 2845 Inlet air Clark and

61 cm - Lamond (1968)
deep (wheat) 5194 15°C
Modified 3700 Air partially Converse
cross—-flow recycled (1972)
Modified 3000 Corn dried from Lerew et al.
cross-flow 22 to 15.5% (1972)
Concurrent 3387 Corn dried frap Anderson
flow with 21.7 to 16.4% (1972)
counterflow (Anderson design)
cooler
Crossflow 5803 S-point removal Morey and
(conventional) optimized conditions Lueschen (1974)
Fixed-bed 2456 Heat pipe and ILai et al.
heat pump (1975)

Concurrent 4062 S5-point removal
flow with (Westelaken design) Westelaken
counterflow (1977)




The air and grain 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 grain due to excessive heat. This dryer not only preserves the quality
of the grain, 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 grain quality. Carano et al. (1971) built
a laboratory size concurrent grain dryer with a counterflow cooler; the
dryer was tested for quality and drying performance. Anderson (1972)
reported the experimental results of a coomercially sized concurrent
dryer and confimmed the favorable energy and quality characteristics.
Bakker-Arkema et al. (1972) after an evaluation of different grain dryer
types stated that ''the concurrent flow dryer should be considered more
seriously in future designs because of its favorable quality
characteristics".

The majority of the commercial continuous dryers are of crossflow
type. In these dryers a moving layer of grain about 30-45 cm thick is
exposed to the drying air. Uneven drying and short residence time for the
air in the bed makes the crossflow dryers the least efficient dryer as
far as energy and grain quality are concerned.

A nuber of modifications have been done to improve crossflow
grain dryers. Oonverse (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 grain was not investigated. Lerew et al. (1972) reported a
value of 3084 kj per kg of water removed when a modified crossflow was
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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 colum. New commercially available recirculating crossflow
dryers such as the ones manufactured by Ferrel-Ross (Anon, 1977) and
Beard Industries (Noyes, 1977) have been claimed to improve the energy
efficiency and to preserve the grain quality.

Much of the on-farm grain drying takes place in a fixed-bed type
grain 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 temms of energy consumption and quality grain. Brooker
et al. (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 et al. (1973) proposed a new dryer performance evaluation index
(DPEI). The index is a measure of the total energy required by a dryer
to remove one kg of water from grain dried under a set of specified
conditions. Later Bakker-Arkema et al. (1974) introduced a variety of
camputer 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. Roth
et al. (1973) simulated a heat exchanger in conjunction with a closed
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loop recirculating counterflow heater and counterflow cooler. They
showed that the theoretical DPEI can be reduced to almpst zero under
ideal conditions. Roth and DeBoer (1973) optimized a concurrent-counter-
flow grain dryer with and without the use of a heat exchanger. They 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 et al. (1974)
and Sokhansanj (1974) showed that fluids other than air in the heater
section inmprove the efficiency of the heat exchanger.
Although heat exchangers proved to be effective in inmproving the
energy efficiency of grain 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 grain dryer.
The dryer consisted of a cylindrical bin of .75 m diameter and a height of
1.2 m. The heat pipe exchanger was of a 6-row plate-finned type with a
face area of .30x 38 m on each side. The heat pump consisted of a 3/4
hp conpressor and a 3/4-ton refrigerator. The dryer exhaust was directed
to the heat exchanger and then over the heat pump evaporator coil. The
similation results showed that with 21°C ambient air temperature and
49°C drying temperature energy savings 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 savings as a result of experiments
were in order of 10 and 40 percent for heat pipe and for heat pipe and
heat punp, respectively. Part of the discrepancy between the experimental
and simulated results may be due to the inaccuracy of the similation models.
Bakker-Arkema et al. (1975) optimized a system of heat pipes and
concurrentflow 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 m®/min/m?® airflow, 230°C drying air temperature, and 5 percent
moisture removal); the present study is a follow-up to this study.

1.2 Beat pipe

According to NASA (1975) the first technical paper on the heat pipe
was published by Grover et al. (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
published by Winters and Barsch (1971). Asselman and Green (1973) gave
details on the heat pipe theory and the principles of operation.

Rohani (1974) reported the limits of heat pipe operation when noncondensable
gases are present in the pipe. The nmost recent publication on the heat
pipe are books by Dunn and Reay (1976) and (hi (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 sinple 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
sinpler. The review by Japikse (1973) on the advances in thermosyphon
technology is of practical interest. Streltsov (1975) presented sinplified
equations 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 literature. Amode and
Feldmn (1975) reported the results of a test and an analysis of a heat
pipe exchanger made from arterial! type heat pipes. Aronson (1976)
and Ruch (1976) reported the application of heat pipes as heat recovery
units, but did not give any specific data or relationships. Their
report contains a detailed description of a heat pipe exchanger operation.
At present the only available data is that published in the sales
literature 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 et al.
(1972a, 1972b) are of practical interest. Most 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 grain dryers have
not been investigated extensively. Converse (1971), expressed the need
for removing dust particles from the grain dryer exhaust to comply to the
state and federal regulations. Johnson (1976) recommended specially
designed dust collectors for grain dryers. Meiering and Hoefkes (1976)

'Heat 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 grain dryers. Avant (1976) reported analysis and
performance test results of a sorghum dust collection system.



2. REVIEW OF HEAT PIPE PRINCIPLES
2.1 Introduction

One way of transferring a large amount of heat with a small temperature
difference is through 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 upon condensation. | In order to perform the operation
continuously 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 condemnsate returns
from the condenser to the evaporator.

The 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 temperature of the heat sink (cold side), and
the heat source (hot side), respectively. The difference in temperature
results in difference in vapor pressure; consequently the vapor travels
fram the evaporator to the condenser. The depletion of the liquid by
evaporation causes the vapor/liquid interface in the evaporator to retreat
inward. The pressure of the liquid in the condenser is slightly higher
than that in the evaporator. This pressure difference causes the liquid
to travel from the condenser to the evaporator through the capillary
structure of the wick. Since the temperature remains constant during the
phase change, theoretically a considerable amount of heat can be transported
with no or a very small temperature difference between the condenser

12
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and evaporator. As a result the heat pipe has a high thermal conductivity.
Figure 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 supply 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 tempera-
ture. The performance of a heat pipe is often expressed in termms of
equivalent thermal conductivity. A tubular heat pipe of the type
illustrated in Figure 2.2, using water as a working fluid and operating
at 150°C has a thermal conductivity several hundred times more than
copper (Asselman and Green, 1973).

The thermosyphon is a simple version of the heat pipe in which the

wick has been eliminated. Thermosyphons are used in a vertical
Pposition where the gravity facilitates the return of the condensate

to the evaporator (Figure 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,
C(22) 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. The pipe is usually equipped with circular or plate fins on the
outside to increase the heat transfer area. The pipe material must be
conpatible with the wick and fluid. Generation of non-condensable gases
and subsequent corrosion of the pipe is a result of the inconpatibility
of the pipe material and the fluid. Non-condensable gases in the pipe also
block the transfer of the fluid and vapor along the complete length of
the pipe and sharply reduce thermal conductivity and the effective length

of the pipe. Copper, 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.
‘The length of the heat pipes used in thermal recovery devices ranges from

30 cm to 125 cm. The circular or plate fins on the external surface of

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

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

2.2.2 Wick

The wick is a porous layer that forms the capillary structure 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-
tox. The wick also provides a means of spreading the working fluid evenly
Thxoughout the pipe.

The wick performance greatly depends on the construction material
anq 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 surface of the pipe

wall. The selection of the wick depends on the type of operation and
performance expected fram the heat pipe. Wicks with a large pore size
are suitable for gravity assisted flows, while wicks with small pores have
inherently high 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 grooved 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
dmportant not to choose pipes with expensive wicks for applications
where gravity may be used. A simple and cheap arterial structure

Pxobably 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 high
latent heat, high surface tension, and high thermal stability. Chemical
COmpatibility between the fluid, the wick and the pipe material, is the
PXime requirement. To prevent fluid degradation a high thermal stability
1s needed. Often it is necessary to keep the operating temperature of

& 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 condenser 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
minimm amount of liquid in the pipe. Thermal 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.

The amount of fluid in the pipe should be sufficient to wet the wick
Plus a small amount to flow freely for safe and efficient operation. The
Pipe is vacuumed thoroughly prior to the filling. Tables 2-1 and 2-2
1ist some of the characteristics of some commercial working fluids used

in heat pipes.
2.3 Heat pipe thermal transport capability

The maximum heat that a heat pipe is able to transport depends

on the rate of fluid flow inside the pipe:
Q=mh fg (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
POxe radius, permeability, and thickness.

The expression for m can be developed from a pressure balance in

the pipe. The result is given by Dunn and Reay (1976):
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Table 2-1. Operating temperature range, melting and boiling points
of some commercial heat pipe fluids.!

Melting Boiling Useful Operating

Rt Rt R
Ammonia -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)

! For complete properties of the fluids, see Table 2-2
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i il (2 %% cos0 L ,, sino) (2-2)
m= COoSs - P, B S1n! -
17 Leff r, L eff

For a typical water heat pipe of 2 cm bore size and 30 cm long,
operating at 100°C, the values of m and Q will be calculated for hori-
zontal heat transport under the following conditions:
(1) The wick is made of a 4-layer, 100-mesh wire with a diameter
of .0045 cm; the thickness of the 4-layer is .036 cm,
(2) The pore radius of this wire mesh, r, is .002 cm and the
permeability kw, is 1.52 x 10™'° m?
(3) Using the water properties at 100°C with hfg = 2.256 x 10°
kj/kg and the assumption of perfect wetting, equation (2-2)

becomes:

958 x1.52 x107"° x .226 x 10™° 2 x .0589

m = —
.283 x 10 Xx.3 .02 x 10

= 2,28 x 10" kg/s

and Q= 2.28 x 10" x 2.256 x 10°
= 51.2 j/sor W

The heat transport capability of a thermosyphon reported by Streltsov
(1975) is:

oy & Ky (a1 13}/
4w, (L +L)° J

Where AT is the temperature difference between the condenser and the

h
Q=%IID0 tg (2-3)

Svaporator.
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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.
The resistances to the heat flow in the vapor duct, vapor/liquid, and
liquid/vapor interface are small campared to those between the outside
surface and the air stream flowing over the pipes. The axial heat
conduction through the pipe wall can be neglected, because its resistance
value is large campared with the resistance of the vapor in the duct.
Radial conduction strongly depends on the dimensions and the material
properties of the wick and the pipe. The radial resistance can be found

from the following relationship:

DO
ln il
__(_13.1'_)__ (2-4)

ZHKtL

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 cm is about 1.89 x 10™ " °C/W.
The operating temperature of a pipe depends on the ratio of the

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

©xchanger. To find the operating temperature, an energy balance over

Tthe pipe is written:

C (T

th ™ Tte) = B T (T = Ten) + Be Le (Te = Tee) (2-5)

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

Aand isothermal operation of the pipe:
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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* °c/W
R, , Ry 10° - 10
R, 10 -1
R, _ 10~°
R, 107"
R, _, 10°°

Sowarce: Asselman and Green (1972)

*=See Figure 24 for the nomenclature.
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and I.h = Lc (2-6)

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

T, +HT
- _h c _
T, =@ 1) (2-7)
h
where: H=ic-

Eqguation (2-7) indicates that the average temperature of the pipe and so
the vapor, in the duct approaches the temperature of the hot side if

hl) > hc, and to that of the cold side if hc > hh



3. HEAT PIPE EXCHANGER ANALYSIS

3.1 Introduction

The heat pipe exchanger consists of a bundle of finned heat pipes

pPplaced in a housing (Figure 3-1) and separated into two sections by

& prartition. The hot air flows through the exhaust side while the cold

ad x passes through the supply side. The evaporator section of the heat

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

The pipes are either individually equipped with circular fins, or

they are bundled in a series of plate fins. The arrangement of the pipes

is wsually staggered forming several rows. The typical distance between
TWO pipes in a row is about 6.4 cm, center to center, and the longitudinal
dAisstance between two rows is about 4.4 cm. The commercially available
heat pipe exchangers usually have 4 to 8 rows and the face surface area
Tanges from 2800 cm? to 30,000 cm?.

A heat pipe exchanger is similar in construction to circular and
Plate type conpact heat exchangers. In the operation, a heat pipe
exﬂlanger is similar to a liquid-coupled heat exchanger. The cooling
SYSten of an automobile engine is an example of a liquid-coupled heat
Sxchanger. A comparison between different types of heat exchangers
including the heat pipe is given in Table 3-1. Heat pipes are more
©fficient 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 bundle 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 relationships which
govern the performance of a heat pipe exchanger are identified. The
performance relationships will be coded in FORTRAN and the predicted

results will be coampared with experimental data.

3.2 Heat pipe exchanger effectiveness

The effectiveness of a heat exchanger is measured by detemmining

i ts ability to transfer heat fram the hot side to the cold side. The

mea>ximm heat available to be transferred in a counterflow arrangement
can be written:

Qax = Bmin (®hi ~ €ci) (3-1)
where m i, 1S the minimm flow rate, the smaller value of m and m,.
The 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
©ffectiveness:

©" YWomx I Tyt (3-2)
€= Qc/Qm.x if min = M (3-3)

vhere: Qc = mc(e(>o - eci) (34)
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Q=m (e - &) (3-5)

and the enthalpy (e) is:
e=419W+CT (3-6)
3-7)

where C=Ca+va

The heat exchanger effectiveness (&), has been related to the ratio of

uA/ (m)min by Kays and London (1964). The ratio is called the nunber

o transfer units (NITU). The € - NIU relationships for a counterflow

heat exchanger is:

1 - exp[-NTU(1- (me), /(me) )]
€ = T (mo),, /() e [NU (1 = (@) /my T &2

Fox the case of (m)min/(mc)mx = 1, equation (3-8) reduces to:

_ N
€= 1+ NU (3-9)

TO obtain the rate of heat transfer, Q can be written as:

Q="UAT, (3-10)

vhel’e AT, , the log mean temperature difference, is obtained from:

(T, = Toy) = (Tyy = Top)
o ~ Ter) = (i = Teo (3-11)
In[(Tyo = Tey)/ (Tpy = Teo))

ATln =
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Equations (3-1) through (3-5 ) are written based on the overall enthalpy
difference rather than the temperature difference. The reason for the
choice 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

4 £ there is no condensation.
For the evaluation of Um, ASHRAE (1974) and McQuiston (1975)

suggested to use:

U =g X 1073 (3-12)

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

eqguation (3-12) to:

U =E“i-acx 1073 (3-13)
where:
P -P 1/2
a g Sc
a=p -p, @ (3-14)

ASHRjE (1974) gave a value of .845 for Sc/Pr ratio in case of air-water
Vapor mixtures. P, the saturation vapor pressure is evaluated at

the pipe temperature. The pipe temperature is obtained using equation
(2—7), for each element. G, can be evaluated by using equation (3-7).

The overall heat transfer coefficient (U) is defined as:

(3-15)

1_ 1 1
7= + nh+Rf+Rm
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The fin surface effectivenesses, My and n o» are developed based on the

effectiveness of the individual fins. The effective surface area of a
finned tube heat exchanger is:

Aope = Byr * ;g (3-16)

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

ness:

ng (3-17)

n=1-5 @ -ny (3-18)

Where Ng» 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
wniform thickness, the fin effectiveness is:

_ tanh (bh
e = ~—vn (3-19)
where
1/2
_¢2h
b-%;@ (3-20)

Equation (3-19) can be used for circular fins with less than 8 percent
error (Holman, 1976).

The effectiveness of a wet surface is affected by the condensate
film. McQuiston (1975) added the latent heat to the heat balance over
a fin and consequently modified equation (3-20) to:
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= 1/2

b [Kft (1 + S5 n01Y (3-21)

The 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).
The value of Ne for a wet fin is 2 to 3 percent lower than that

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

Ry= G- R, + R, (3-22)

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 C(hapter 6). Knowing the effectiveness, the heat transfer
rate is calculated from equations (3-2) and (3-3), and the outlet

conditions 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 amounts of latent heat upon condensation. For such cases
the heat exchanger must 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. The heat exchanger is divided into 6 elements each

containing one row of heat pipes. Assuming a constant flow rate in the
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Fig. 3-3. Specific humidity of the air-vapor mixture in
the element and on the fin surface in a heat
pipe exchanger.
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Fig. 3-4. The 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 temperature
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=mhchd1‘h+mhdwhfg (3-23)
= UmdA (Wh - wth) hfg + UhdA (Th - th)

and for the cold side:
& =m, C, dT, (3-24)
= UedA (T - Tp)
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 ameunt of water condensed from the hot air
in an element.

In a counterflow arrangement the inlet tenperatures, Thi and T ei
and humidity ratios "m and wci are the known values (Figure 3-2).

In order to find the temperatures and humidities, equations (3-23)
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 hunidity 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 34 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. The condition at the wall surface corresponding to
the outlet air is depicted by Point 2°.

Mizushina (1974) and McQuiston (1975) showed experimentally that
the broken line 1-1°-2-2° can be approximated by a straight line, or:

- ¥
S = ___:h - Tth (3-25)
h = Ttn
or:
W = Win = S (T - Ty
Also
Wi = Yo = 8 (Ty; - Tyo)
or:
W, =S dT, (3-26)

Substituting equations (3-25) and (3-26) in (3-23) and (3-24) gives:
Q= (my G + my Shgp) T, (3-27)
CQ = (Um a)fg + Uh) (Th - th) da (3-28)

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

dT,

1
=dQ ( ) (3-29)
h mhcb"'nh&fg



- 1
ar, = @ () (3-30)
c ¢

Conbining equation (3-29) and (3-30) results in:

1 1
dr [ - 14Q
T (Ch + Shfg’ T Cc

h~ 9T =

(3-31)

Equation (3-28) and the second part of equation (3-24) are cambined to

give the temperature differences:

T~ Ten T S B T O @& (3-32)
T, - T = g8 (3-33)

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

to equation (3-33) and solving for (dQ) gives:

aQ=UdA (Th - Tc) (3-34a)

where:
1
Um S hfg + Uh

1_ L
5= T (3-34b)

Substituting (dQ) from equation (3-34) into equation (3-3l1) yields:

d (Th - Tc) =UdAc (Th - Tc) (3-35)

where:
- 1 + 1
T (ch + s’fg) Me Cc

(¢



An overall energy balance also holds on the two air streams in the element.
Equating equations (3-24) and (3-27) yields:

darT,

Y, = R dT, (3-36)

where:
e Cc

R =
T (Ch + Shfg)

Equations (3-35) and (3-36) are the two main relationships to be written
for the elements. The quantities Uc, Ub’ hfg, m,, m, and Cc 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 condensation line have to be evaluated in each element.
Equations (3-35) and (3-36) will be solved by finite difference

techniques:
(Th—Tc)x- (Th-Tc)x+ Ax=dAUC (Th-Tc)x+1/2Ax
(3-37)
and
Thx = Thx + ax = B (Tex = Tex + o (3-38)
where
(T, - T,)

Cx + 1/2 A&x can be approximated by:

(T,

h - T Y (T, =T

b4 X + 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
where
p=dAU

r 1 + 1L ]
2 lm11(("’k1+8hfg) mc Cc
Equations (3-39) and (3-40) are written for all elements and after substi-
tuting for the known tenmperatures Th; and Tcs (Figure 3-2) the resulting
matrix can be solved for the rest of temperatures. An iteration scheme

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:

d2 Tt
KAy p =Up(T-Tt) (3-41)

Equation (341) 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):

a:T
t_
KAy o —Up(T-Tt)+Ump(W-Wt) (3-42)

Simplifying equation (342) by using equations (3-13) and (3-26) and

rearranging results in:

az T
t-ZR(r-1)a+3 n

dyz KAy aC

A theorem from the calculus of variations states that the points

tg) (343)
that satisfy equation (3-43) will also minimize the following integral:

dar 2
X = QK(F‘:) av +) 3U (T, - T)? ds (3-44)
S

For the case of equation (3-44) where (U) contains more than one temm:

X= iK(—d—rE)zdv+§U (14'§‘;'5h') (T _T)st
. dy -a C'fg s t

(3-45)
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. — Heat pipe or a solid bar
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Fig. 3-5. A section of the heat pipe (or a solid bar) for
which equation 3-41 is written.
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The exchanger is divided into square elements (Figure 3-6). Each element
contains a small segment of the pipe in the middle. The nodal points are
located in the middle of each side. Equation (3-45) must be written and
evaluated for each element.

Nodes 1 and 3 in Figure 3-7 are on the pipe and nodes 2 and 4 represent
the state of the process stream at the inlet and outlet locations. The
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=C, +C, Y (3-46)
with the following boundaries:

T(M1)=T (347)
T (Y3) =T; (3-48)

Applying the boundary conditions, solving for C; and C,, and substituting
back in equation (346) will give:

T=N1 T1 +N3 T3 (3—49)
where

Nl = Ya ;Y (3_50)

Ny, =Y m_t (3-51)

N; and N3 are called shape functions.
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The temperature profile in the element can be written in terms of the

four nodes:

T=N; T, +N, T, + N3 T3+ N, Ty (3—52)

The shape functions associated with nodes 2 and 4 do not enter into the

coordinate system, so their values are zero:

T=N T, + 0T2+ N;s T3 + OT, (3—53)
In matrix notation, (3-53) becames

T= [N] {1} (3-54)
where [N] is a row matrix:
[N] = [N; O N; 0] (3-55)

and {T} is a colum matrix:

{1} = | X2 (3-56)

ar _ dN

F-w M (51
Let

el = &5 (3-58)
and

Bl = 5l = 0 ol (3-59)



Then (3-57) can be written:
[e] = [B] {T} (3-60)
and its transpose

[g]T =t [B]T (3-61)
Substituting (3-54), (3-57), (3-60) and (3-61) in (3-45) will give:

x=j 3 [g]” [g] av + $UQ1 +%hng{m—Tle [T - 2]
S

v

+ [T =Ty [T - Tu]lds (3-62)

where

[T—T2]= [N1T1+ 0T2+ N3T3+ 0T§"T2]
=[N} Ty - T, + N3 T3 + 0 Ty]

or
[T - T;] = [N, - 1N; 0] T,
T2
Ts
Ty
Let
[¢] = [N; - 1 N5 0]
then
[T - T.] = [¢] {T} (3-63)
and
it - 1,)7 = T (g7 (3-64)

Similarly it can be written for [T- T,]:
let

W] = N, ON; - 1] (3-65)
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then
[T - Tu] = [y] {T} (3-66)
and

r- 7,7 = M7 T (3-67)

Substituting equations (3-63), (3-64), (3-66) and (3-67) in equation
(3-60) and expanding, gives:

x=) wm B Bl T av + 40+ Ghy )

l 1" 1617 [4] (T} ds, +J T 91T [v] (T} ds.} (3-68)
2

Sy

s, and s, refer to each half side of the pipe surface area exposed to the
nodes 2 and 4, respectiwvely.

Equation (3-68) is the one to be minimized with respect to the
temperatures in order to find stationary points where the differential
equation (3-43) will be satisfied.

Differentiation of X in equation (3-68) with respect to {T} and
equating the result to zero will give:

h
X _ T fg
STTT KJV[B] B] {T} av +U(1+Cp 8){

f 61" [4] T} s, +f 117 [¥] Thasd=0  (3-60)
S, Sy

Each integral in equation (3-67) can be evaluated separately as follows:
a. Evaluation of: K£ BT [B] T} av (3-70)
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Substituting equation (3-59) in expression (3-70) yields:

Im'

& T
K){ 0% M1 o Nz of (T2 by (3-71)
v sz dy dy T:

a

0

. d

Differentiating the shape functions with respect to Y and substituting
in expression (3-71) gives:

-1/L T,

0 P T2

Kv 1L [ T 0F o} p @ (3-72)
0

and after miltiplication:

1/L20 -1/L%2 0 T,
K 0O 0 0 O T, dv (3-73)
v|{1/L20 1/1L?0 T,

0O 0 0 O T,

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

dv = A dL (3-74)

Integration of expression (3-73) between O and L, after substituting
equation (3-74) for (dv) gives:

10 -1 0] |1
00 o0 ol Jr,

% 1 0 1 o] Y7, (3-75)
oo o o [
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The ratio %A? can be replaced by 1/R where R is the heat pipe thermal resistance

b. Evaluation of: i [017 [6] (T} ds, (3-76)
2

When [¢] 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 element (Segerlind, 1976).
The area coordinate for a one-dimensional element is a local coordinate
having the origin at one of the nodes. L; and Ls, the area coordinates
replacing the shape functions N; and Ns have the same properties as

the shape functions. Integration equations for the area coordinates
over length, area and volume are tabulated, and can be applied to the
sqEare matrix resulting from expression (3-76).
Substituting L; for N; and Ls for Ns in (3-63) gives:
¢ =[L1-1 Ly 0] (3-17)
expression (3-76) can be written:

L, T,
13, -1 Lyof{I2}as, (3-78)
A Ls Ty
2 T
O LY
or
r N
;2 -, IL;Lg O T
n‘lzg 1 -Ll 1 -Lg 0 gz dI.n (3_79)
LLsy -Ls Ls?2 O 'r:
K 0 0 0]
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In expression (3-79) ds, has been replaced by half of the pipe surface area:
D
ds, =1 3 dL (3-80)

Using the tabulated integration formilas for area coordinates (Segerlind,

1976), we get:
S L?du=% (3-81)
[ Ly d=% (3-82)
[ L=} | (3-83)

Swbstituting equations (3-81) through (3-83) in expression (3-79)

will yield:
2 -3 1 0 T,
DL 3 6 -3 0 T,
T |1 -3 2 of |1, (3-84)
0 0O 0 o T,
Similary it can be written
r
2 0 1 -3 T,
o L, 0O 0 O 0 T,
W W Md=5F |1 0o 2 3] T, (3-85)
Sy —3 0 -3 6 Ty

Substituting equations (3-76), (3-84), and (3-85) in equation (3-69)
results in:
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1 0 <1 ol(m 4 3 2 31[mn

Bolee e e Bl mogld 232 R
o 0 o of]m G ]33 9 3 6llm
(3-86)

Let C1 =%
DL, hy
and  C = =3 U(1+6-SS)

Then (3-86) can be written

C; + 4C, -3C2 -C; + 2C, -3C, T 0

-3C2 6C, -3C, 0 J T2 0
> =C ) (3-87)

-C; +2C; -3C; Cy +4C, -3C, Ts 0

-3Cz 0 -1{12 602 Tl. 0

\ \
- -

or [X] Ty = {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 for every ele-
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. The force matrix initially
has zero terms, but when the boundary conditions are applied, the global
system will be modified to incorporate the known temperatures. 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 becames
non-homogenous .

3.3 BHeat transfer coefficient and frictiom factor

The performance of a heat pipe exchanger greatly depends on the
heat transfer coefficient and friction factor. These values in turn
depend on the Reynolds number and other process variables such as
temperature and humidity 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 McQuiston and Tree (1972), Guillory and McQuiston (1973)
and Rich (1973 and 1975) analysed the effect of design variables on
the performance of the campact heat exchangers.

It is customary to approximate a heat exchanger surface by models
for which the performance data is available. There 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 number. The empirical models are usually limited to a specific
type of heat exchanger and the predicted values by the enpirical
relationship are often within + 20 percent of the actual values
(Rohsenow and Hartnet, 1973).

Shephard (1956) showed that for air at low velocities of about
1 m/s the heat transfer coefficient is about 28 to 34 W/m?*-°C, and a
pressure drop of 3 mm of water. The manufacturers (Hughes, 1975;
Isothermics, 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. The pressure drop
resulting from the specified velocity is about 5 mm of water. Table 3-2
contains some 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 London (1964). Table 3-3 contains the dimensions of the
selected heat exchangers along with a given alphabetical designation.

The pressure was calculated by using the following equation:

2
=g 0 L (3-89)

g b
A program that was written for the WANG 2200 Computer facilitated the
generation of data for different surfaces by different correlations.
The results are presented in graphical form in Figures 3-8, 3-9, 3-10,
and 3-11. An airflow of 53 m®/min-m? was used for Figures 3-9 and 3-10.
For Figures 3-11 and 3-12, airflows of 23, 53, 230 and 530 m?/min-m? were
chosen.

Figure 3-8 shows the heat transfer coefficients as predicted by
different correlations for different heat exchanger sizes. The pre-
dictions follow a similar pattern indicating that each variable has
similar effects on the correlation. The heat transfer coefficient
varies from 17 + 6 to 80 + 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.
The data from Kays and London (1964) fall somewhere in between; Mirkovich's
correlation predicts the lowest and McQuiston's the highest. 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.

McQuiston (1972) and Schmidt (1949) :

Mu=h [1-.217 (1/s) 469 (;l)
and b

.298 -.2

f=.33[1 - .467 (H/s) ] Re
where (hb) , the heat transfer coefficient on the bare tubes :

h =.8v:E et (perry, 1970)

Mirkovich (1974) :

l-N_¢
_ 1yl _1y—-15 £ -.25_ .67 _ .33
Nu = .244 (s'-l) (r'-1) (————Nf i ) Re, " Pr
1-N_.t
Eu = 3.96 (s'-l)'l4(r'-l) .18 (__f__ ’-.2 Re—.31
Nf H £
where
| -
s' = st/D0 ) r' = sz/ D0
2A
=d - S
Ral o G/u where dt Pry
and Re, = G/ where = 4V
£ dh i dh v
Perry (1974) :

Nu = .45 Re'625 R—.375 Prl/3

where

Jameson (1945) :

9 D;.ZS N G1.75

4P = 3.99 x 10 .

(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 coatinued)

4

4, 1
CHEE N

Rohsenow and Hartnet (1973) :
Dy Grax, .681 . 1/3 s, .2 .s..113
Nu = .135 (—2X) Pr (%) =)
H t
S

D
0 imax)-.316 ()92 k515

f =18.93 ( 3
2

- 2
AP—GlfNer/(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 Fins! Max No. No. of

Model diam diam thick pitch pitch per of pipes rows
designation am an an an an an  in a row

A .96 2.34 .046 2.48 2.03 2.89 4 6

B l1.64 2.85 .065 3.13 3.43 2.76 4

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 London (1964)

INurber 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 dimensions, 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 smll. The 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 m®/min-m? the pressure drop is very small. The
correlations given by Rohsenow 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 TFouling factor
The 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.

The constants hc’ hh’ Nes Mys and Bin of the overall heat transfer
coefficient (equation 3-15) have been considered in previous sections.
The resistance to heat flow Rf, due to the fouling is the subject of this
section.

The exhaust air fram 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).

Two modes of fouling may happen in a heat exchanger as shown in
Figure 3-12. One 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 removal 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:

&

f_¢ ¢
&®& " a " 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, (¢ d) and (¢r) can be formulated
in a number of different ways.
Kern and Seaton (1959) suggested the following definitions for

(¢g) and (¢,):

=K, C . m (3-104)

o4 d

¢p = K2 T X¢(2) (3-105)

where (1), 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:

&

& =K C

2
o m-K, ¢ g—g&"f‘t) (3-107)

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

reach a value of x;
*

Xe

. dxf
t = - (3-108)
_ Vip x.(t)
o K, Cym - K,f 52 ¥¢

v, the maximum air velocity is a function 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-e

s =Rp ( ) (3-109)

b 3
Where Rf is the value of fouling resistance (Rf), at the asynptote.
The coefficient B is a removal rate expression, related to the shear

stress as:

B=K, 1 (3-110)

*
R

The value of B is the slope of log (1 - -ﬁf) plotted experimentally versus

time.
3.5 Profitability model

Savings or costs resulting from an investment in the future have
a different value at the present. 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(1+f)k K = 0,102, ceeerns n (3-111)

vhere (AS) is the present fuel price, (savings)
Similarly, the annual operating costs (Ok), with an annual inflation

rate of (j) can be written as:

0, =40 (1 + " (3-112)
where (AO) is the present annual operating costs.

Subtracting (Ok) from (Sk) yields the cash income (CI):
CIk = Sk - Ok (3-113)

Assuning 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:

D, = Eno (3-114)
where (FCO) is the total first costs.
The annual tax (TAXk) is calculated based on cash income minus depreciation,

or:

TAXk = (CIk - Dk) t (3-115)
The net cashflow (CFk) results from subtracting taxes from the cashflow:
CFk = CIk - TAXk - FCO (3-116)

In order to calculate the present value, the net cashflow must be
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discounted at the true interest rate (i)!. In addition, the purchase power
of a sum of money will decrease at the rate of j percent inflation.
Therefore the net cashflow must be discounted at the rate of (i) and

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

CFy
DCF, =
k™ T R+ 3k (3-117)

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

Fy

a+fa+pk

(3-118)

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

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

CFx

a+¥a+pk

n

dC =1 (3-119)
1

where

dC=NPV-FCO

Whenever (dC) is equal to zero, the project is at the break-even
point. The 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 FORTRAN; and the routine was called "SUBROUTINE PROCESS'.
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 humidities in each element 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
"SIMY'"', which obtains the solution of a set of simultaneous linear
equations by theelimination 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) DCMPBD --—— deconposes 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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Finned surface effectiveness
equations 3-18 , 3-19

\

Mass transfer

Finite difference
equations 3-39 ,
3~40

. Overall heat transfer coeffiéient coefficient ;
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Figure 3-13. A flow chart of the subroutine

PROCESS.
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Additional subroutines for grid generation (FINITEEL), reconstruction
of matrices in case of condensation (OONDENS) supplement 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, foulirig 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 et al., 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.

The subroutine receives the temperatures, thehumidity ratios and
the flow rates of the n-number of air streams to be mixed. The 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
z Gi R1 ei
®n = R G R (3-120)
1 1
n
TG R W,
Wm = .ilG_R— (3-121)
r i'i
1
n
Gm = 21: Gi Ri (3-122)

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

"INPUIMIX'". A listing of "INPUTMIX" 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 campare
with those predicted by the simulation, and hence 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 from Isothemmics, 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, ISO-FIN, as specified
by the manufacturer.

Perfommance:
Nominal effectiveness % 67 + 3
Supply air volume m®/min 2.83
Exhaust air volume m?/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 drop nm 4.3
Exhaust pressure drop mm 7.6
Energy recovery kj/hr 9115
Construction:
Number of rows 6
Pipe material Aluminum
Fin pitch 4.3 fins/cm
Overall dimensions: width 3 m, depth .3 m, length .46 m

Isothemics, Inc., Augusta, New Jersey.



T

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 unit 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. Two thermocouples connected to a multichannel temperature
recorder were used in each location.

The humnidity ratio of the air exhausted fram the Aminco unit was
adjusted using the cantrols provided on the unit. 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.

The 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. The 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. The dryer was
equipped with two airlocks to separate and direct the air passing through
the cooler and the dryer. The 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 colums 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. The 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 corn drying experiment.
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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 temperature

Inlet moisture content

Grain flow rate

Length:
— Dryer
— Oooler

Cross section area of the dryer

and the cooler

120, 150, 177 & 205

.015

18.3
6.1

18

.976

.61

°C

kg/kg

m® /min-m?
m®/min-m
°C

°C

% (WB)

tonnes/hr-m?
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Figure 4-3. Schematic of the concurrent-counterflow dryer used
in the corn drying experiment.



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

Inlet drying air temperature

Inlet absolute humidity

Airflow rates:

—~- Dryer
— Cooler

Ambient air temperature

Inlet grain temperature

Inlet moisture content

Grain flow rate

Length:
-~ Dryer
— Cooler

Cross section of dryer and
cooler

205

.005

42.7

6.1

12 to 15

22

20 to 22.5

1.5 to 2.5

1.0

°C

kg/kg

m® /min-m’

m® /min-m?
°C

°C

% (WB)

tonnes/hr-m?




5. HEAT PIPE EXCHANGER QPTIMIZATION

5.1 Introduction

The design of a heat pipe exchanger for a specified set of inputs
including airflow, inlet air temperature, and humidity is discussed
in this chapter.

Heat exchanger optimization is a complex procedure that requires
the combination of experience and mathematical models. Kays and London
(1964 )stated that ''the methodology of arriving at an optimum heat
exchanger design is a camplex one, not only because of the arithmetic
involved, but more particularly because of the many qualitative
Jjudgments that must be introduced".

Exhaustive 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 estimates 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.

Two 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.
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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 =% C. X. (5-1)
=1 J J
J
subject to:
n
X a.. X. <b. (5-2)
j=1 ij 7j i
. >0
XJ
i= 12, « « «» , I
J= 152, - - ., 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 net annual savings can be written as:
NAS =P, Q-P, KWH - P; A"® (5-3)

(Q) represents the annual fuel savings in million kj, and (P,) the price
of fuel in $ per million kj. (KWH) represents the annual power expendi-
ture in kilowatt-hours, and (P,) is the price of electricity in $

per kilowatt-hours. The expression (P; A'®) represents the annual fixed
cost of the heat exchanger. The first cost of the heat exchanger is

calculated by:
6

FG, = FC, (%‘% (5-4)
a
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Using the first cost ($320) and the surface area (7.8 m?*) of the purchased
heat exchanger from Isothemies, Inc., Augusta, New Jersey; equation (5-4)
can be written as :

Ab 6

FCb = 320 (7_.8) (5-5)

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

6
FG, = 64 (%,A?f—s) (5-6)
or
FCb = 18.7 (Ab)'s (5-7)

Thus P; is equal to 18.7 in equation (5-3).
The constraints on the variables are obtained fram the following
relationships:
a) to establish the constraints on the friction power expenditure,
a simplified equation given by Kays and London (1964) is used:

- 3
KWH = 1.07 x 10 1"%, A Hr (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 (5-8) can be written:

3 3 L
KWH - 1.9 E-16 (G, + G2 ) AHr >0 (5-9)
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and

- 3 3 -
KWH 5.7E—16(Gmin+Gm)AHr60 (5-10)

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

counterflow heat exchanger can be written as:

Qex = Cnin 9 (5-11)

where C . = (MC) .
min min

and  d, = (Ty; - Ty)

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

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

Q=Cuin b€ (5-12)

Assuming that C_ . = C___, the effectiveness can be written for
min max

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

UA
C .
g = —=0 (5-13)
1 - UA_
Ciin
Substituting equation (5-13) in equation (5-12) results in:
_ UA
@= T % (5-14)
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Equation (5-14) specifies a value for the surface area when the
heat exchanger effectiveness is specified.

The exact value of (¢) 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_g* (5-15)

where (e*) is a specified value for (e) with possible variations.
The objective then will be to maximize the value of (e*) in order to
maximize the net annual savings (equations 5-12 and 5-3). However,
the maximum of Q cannot exceed me of equation (5-11). Actually Q
may be equal to the product of maximum value of e* and me A

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

Z - EQ)

Prob (-) ¢ V(Q) SA)=«

(5-16)
where (=) is a decimal representing the odds that (e) falls somewhere
between the maximum and the minimum of (e*); (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)

) (5-17)

where

Q - E(Q) _
Aoz TRy o 2A
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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+Xx V@Q =20 (5-18)
Q-2-X VQ < O (5-19)
Since (&) is a randam variable, using equation (5-12), the variance
of Q is written:

V(Q =V (Cy d €)= .c;in d; V (€) (5-20)

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

s.d. Q=VVQ) = Cmin do s.d. () (5-21)

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

Q"Cmindo e*+>‘Cmmdos.d. (e) 20
or

Q- Cmin do [e¥ - As.d. ()] > O (5-22)
and similarly

Q - Cmi.n d0 [e* + A s.d. ()] < O (5-23)

Equations (5-9), (5-10), (5-14), (5-22) and (5-23) are the constraints
to the objective function (5-3). The optimization scheme can be

sumarized as follows:
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Maximize: NAS =P, Q - P, KWH - P3 A"® (5-24)
subject to:
KWH - 1.9E - 16 (G;ax+G';in)AHr 2 0 (5-25)
KWH-5.7E-16(G;nx+G;ﬂ_n)AHr < 0 (5-26)
Q - UA_ UA do =0 (5-27)
Chin
Q-C, d [e*x-2sd ()] 2 O (5-28)
Q-C 9, [e*+1s.d (e)] < O (5-29)
Q A KWH > O (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 domain will be assumed, and then, 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:
£(A) = W, £(A)) + W, £(A;) + W3 £(A,) (5-31)
where W,, W,, and W; are the interpolating weights, such that:

3
oW =1 (5-32)
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For example the expression A’® in equation (5-24) is written:

A =W, A" + Wp A2°% + Wy A" (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 m®/min (supply and exhaust side airflows are
. equal)
Thi 65 °C
o
Tci 5 °C
€ 65 percent
s.d. (€) 15 percent
Hr 750 hrs/year
P, 3.3 $/10° kj
P, .035 $/kwhr
Ps $ 18.7
U 40 W/m?-°C
« 95 percent
3
0 1 kg/m
C 1.005 kj/kg-°C
Heat exchanger life S years

The calculated values:

do=Thi-Tci=GOC

Cinin = Cpax = ™

The data of this example are similar to the data specified for the ISO-FIN,
the experimental unit.



= 210 x 1.005
= 211 kj/hr-C
Gmx=Gmin=11175kg/m2 - hr
(based on .015 m®> of free frontal area)
From a probability table for « = 95% the value of \ 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"S (5-34)
KWH - .398 A > 0 (5-35)
KWH - 1.193 A < 0 (5-36)
Q-85 =0 (5-37)
Q > 3.38 (5-38)
Q < 9.02

Q, A, KWH > 0 (5-39)

Assuming 3 points for A, as follows: A; =1, A, = 10, and A; = 100;
equation (5-34) through (5-39) are tabulated in Table 5-1. A computer
program developed by Harsh and Black (1975) was utilized. The 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 effectivness of 80 percent.
The designed surface area, 4.3 m? is smller than that of the experimental
unit; and the anount of savings is higher. 1In fact, the algorithm
obtains the maximum value of Q, and then fram equation (5-37) finds

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

Q KWH W W2 Ws
3.3 -.035 -18.7 -74.05 -2%4 .8

0 1 -.398 -3.98 -39.8 2 0

0 1 ~1.193 -11.93 -119.3 < 0

1 0 -20.25 11.17 9.67 = 0

1 0 0 0 o > 3.38
1 0 0 0 0 < 9.02
0 o 1 1 1 = 1

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

the inputs of Table 5-1.

Objective function
Q

-8.71

9.02

x 10¢

(12026

1.67
4.3

kj 'year
kj/hr)
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because (KWH) has a small price in the objective function.

5.3 Nonlinear optimization

The 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. One
method is the Lagrange miltiplier technique by which the partial
derivatives of the objective function with respect to each variable are
set equal to zero. The resulting system of equations is solved for the
optimm 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
in FORTRAN Code is utilized in this study. The method is based on
the camplex procedure of Box. The procedure consists of maximizing the
function:

F (X,, xz,....,xN) (5-40)
subject to:

G <X <H k=31,2, ..., M (541)



The implicit variables XN +1, " " 2 XM are dependent functions of the
explicit variables X;, Xz, . . . , XN The upper and lower constraints
I-Ik and Gk are constants or functions of the independent variables.

The procedure finds an optimm solution from the cambination of the
points scattered over the feasible region. The feasible points are

generated by the following equation;

X; 5=G; +Y, 5 (H -Gy (5-42)
is= 15 2> o o o o N
-j F1y 25 ¢ o e e, k-1

k is the nunmber of conplex points chosen and is at least equal to N + 1.
Yi,J are random nunbers between O and 1. The 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 optimmm design.
5.3.1 Application to heat pipe exchanger

The coamputer program consists of three parts:
(1) The main program HPEXG 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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diameter, pipe diameter, fin thickness, number of fins per
unit length of the pipe, hot side pipe length, cold side pipe
length, number of pipes in a row, nunber of roms, distance
between two rows (center to center) and distance between
two pipes in a row (center to center),

d) maximm values for the overall heat exchanger dimensions,
i.e., width, height, and depth,

e) number of iterations and the convergence criteria.

2) ........ Subroutines DETAILD, OONSX, CHECK, and CENTER published
by Kuester and Mize. These subroutines carry out the optimiza-
tion procedure until either a maximum function value is reached
or the number of specified iterations is exceeded.!

(3) Additional subroutines are supplied to the main program as

follows:

OONST. . . . contains the constraints on the primary independent
and dependent variables

FU . . . . contains the objective function

PROCESS. . . contains the performance relationships

CAIC . . . . contains the relationships to calculate the heat
exchanger dimensions

REPORTP. . . output of the performance results

REPORTC. . . output of the dimensional and the core specifications

5.3.2 Results

A set of inputs similar to those specified for the experimental unit
were supplied to the conmputer program. Table 5-3 shows a comparison between

The 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.}

Units Optimal ISO-FIN
Design

Length cm 37.0 46.0
Height am 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 area’ m’ 7.42 7.80
Efficiency? Percent 57 67 + 3
Energy saved kj/hr 6928 9115
Objective function® ¢ .373 —_

'For the input conditions see Table 4-1,
2Total surface area including pipe and fins.
SValues 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 equation (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 ISO-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
schematic of the typical dryer. Table 54 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 camputer cost (CDC-6500, Michigan State University).

The numnber of iterations is also shown for each convergence value. As
can be seen fram 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 number of iterations and hence a higher computer cost. For
the purpose of this investigation, a convergence of 1.0 is chosen for
further analysis.



Figure 5-2. Westelaken grain dryer.
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Table 54. The Westelaken grain dryer specifications. |

Model No. Cross Section Dryer Cooler  Capacity® Airflow

Area Length Length
m? m m tonnes/hr m® /min
dryer! cooler?
810-A 8.90 2.0 1.0 20 407 203
1210-A 13.40 2.0 1.0 30 612 306
3010-A 23.80 2.0 1.0 7% 1087 543
4510-A 37.20 2.0 1.0 115 1700 850

Source: Westlake Agricultural Engineering, Inc., St. Marys, Ontario, Canada

!Based on 45.72 m:”/min/m2
?Based on 22.86 m>/min/m®
At 5 point moisture removal
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Table 5-5. The inputs for optimal design of heat pipe exchangers
for various models of Westelaken grain dryers.!

Inlet air temperatures

—— Exhaust? 62.0 °C

— Supply? 15.5 °C
Inlet humidity ratios*

-- Exhaust .05 kg/kg

— Supply .005 kg/kg
Fuel cost $/million kj’ 3.31
Electricity cost $/k W hr .035

lFor the airflows and the dryers dimensions, see Table 5-4.

2pirflow to the exhaust side of the heat exchanger consists of the
conbined exhaust from cooler and dryer.

3Airflow to the supply side of the heat exchanger consists of the
airflow to the dryer.

*The choice is representative of typical humidity ratios.

SBased on $92/m*® 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 m? 7.42 7.01 9.32 8.33
(bjective function ¢ -.78 -1.13 -2.92 -14.25
value!

Iterations No. 716 360 124 34
cpu? Seconds 45.4 16.9 3.9 1.4
Cost® $ 4.19 1.77 .68 .47

!®bjective function value is based on annual net profit maximization.

2Central Processing Unit (DC-6500, Michigan State University.

3Program execution cost.
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Table 5-7 shows the optimized dimensions of the designed heat
pipe exchangers for the various models of Westelaken grain dryers.
As the dryer size increases, the heat exchanger size increase is primarily
in the nunber of pipes. A small increase in the number of fins per unit
length is also evident. More savings are realized in larger heat exchangers
than in the smaller 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.

hh"h

with respect to each other do not change significantly. The choice of .02

In other words the relative values of (Rf) and (h—_) or (——

and .002 is based on the TEMA (Tubular Exchanger Manufacturers Association)
recommendations for the fouling allowance (Perry, 1974).
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Table 5-7. The optimal designed heat pipe exchangers for various models
of Westelaken grain dryers. 1

Grain dryer models

Units 810-A  1210-A  3010-A  4510-A
Length an 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 cm 1.58 1.58 1.59 1.60
Fins per cm 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 m? 553 1264 1837 2610
Efficiency Percent 63 72 63 60
Energy savings kj/hr .78x10°  1.33x10° 2.1x10° 3.08x10°

'Recycling of cambined drying and cooling air through the heat exchanger.
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Table 5-8. The effect of fouling resistance on the optimal designed heat
pipe exchanger for the Westelaken grain dryer Model 810-A. 1

Fouling thermal resistance C/W

Units 0.0 .002 .02
Length cm 182.0 183.0 178.0
Height cm 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 m? 553 421 510
Efficiency Percent 63 &4 54
Energy savings kg/hr .78x10°¢ .87x10° .67x10°

lRecycling of combined drying and cooling air through the heat exchanger.



6. RESULTS AND DISCUSSIONS
6.1 Introduction

The primary objective of this study was to evaluate the technical
and economic aspects of heat pipe exchanger applicatién to grain dryers.
In this chapter the experimental and the simulated results will be
campared. 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-Aire unit. Tests 5 to 8 represent corn drying experiments
and test number 9 is the result of a wheat drying experiment. The
last colum of Table 6-1 shows the heat pipe exchanger effectiveness
obtained from the experimental data. The average effectiveness is about
73 percent which is higher than the reported 67 + 3 percent by the heat

exchanger supplier.

101
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Figure 6-1 shows a comparison between deviations of the predicted

effectivenesses fram the experimentally obtained values. The horizontal
line represents the experimental results. The black circles represent
the use of equation (3-11) (Kays and London, 1964). The black squares
represent the use of equations (3-39) and (340) (finite difference).
The 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 temm representing the mass
balance between the supply and exhaust side must be added to equation
(341). The addition of the new term will camplicate the finite element
solution, because the new governing differential equation contains pipe and
air temperature gradients along n and y, directions. Furthemmore, 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 element solution was abandoned
for further analysis. Figure 6-1 shows 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 than .04 kg/kg, the results of the finite
difference are slightly superior to those predicted by equation (3-11).
Kays and London'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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Fig. 6-1. Deviations of the predicted energy savings fram the experimental
values; (0 line). '
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Table 6-2 shows the results of the wheat drying experiments. The
savings indicated in the table are the results of recycling the dryer
exhaust air through the heat pipe exchanger to preheat the drying air.
The 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 4slight1y increase.

Table 6-3 shows the test results of corn drying in a modified
concaurrent-counterflow grain dryer. The 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 combined 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 et al. (1974). The one stage Westelaken
ooncﬁrnent-oomterﬂow dryer model 810-A was used as an exanple. 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/m? - °C. The chosen values are based on the optimized values
which were between 55 to 72 percent for effectiveness and 20 to 60

W/m? - °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 hea_.t pipe ex_changer . 1

Drying Dryer Outlet Initial Final kj/kg Savings
Temperature Tenperature MC MC of H,0
°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 schemtic 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 m’/min-m’ 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 sumary of the output. The
recycling settings and the nomenclature are shown by a diagram on the
left side of the table. The 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). The program did not converge for a 75 percent direct
recycling of the dryer exhaust, because in each iteration inlet air
humidity was increased. The least amount 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 fram the preheated anbient air.. Table 6-6 shows
the savings obtained as a result of direct recycling of the exhausts,
and by-passing 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 kj 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 concurrent-counterflow
grain dryer. Model 810-A.

Inlet air temperature 230°C
Inlet absolute humidity .004 kg/kg
Airflow rates
. .dryer 47.72 m®/min-m?
...cooler 22.86 m®/min-m?
Ambient air temperature 18°C
Inlet grain temperature 24°C
Grain shelled corn
Grain moisture content 25% (WB)
Grainflow rate 2,184 tonnes/hr-m
Length
. .dryer 2 m
...Coo0ler 1 m

Cross section area of the
dryer and cooler 8.9 m?
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conservative value (it might be as much as 75 percent). The 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). The 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
systam is calculated based on $3.85 per kg (Goodfrey, 1977). The first
cost (FC) is the sum of the heat pipe exchanger and the ducting purchase
cost, (b) the annual operating cost is obtained fram 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
in the concurrent-counterflow dryer Model 810-A.!

ex

changer

e e e s
°C Percent DPercent m? Dryer Heat nipe System
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

1Sce 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.
The price of fuel expressed in dollars per million kj, is calculated
assuming a heating value of 3.86 x 107 kj per m® with a 70 percent

(Isothermics, 1975) efficiency and a price of $92 per md.

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 fram 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. The

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 Rate

.12 .15 .05 .50

Year First Fuel Operating Cash Dep- Net Discount Net

Cost Cost Cost Incane reci- Cash Cash Present

ation Flow Flow Value

0 3711 0 0 0 0 -3711 -3711 -3711
1 0 1441 399 1542 371 956 813 -2897
2 0 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 509 334 371 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 0 0 0 0 -6137 -6137 6137
1 0 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 2023 1299 773
6 0 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
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3010-A

Interest Fuel Inflation Tax
Rate Rate Rate Rate

.12 .15 .05 .90
o 0 0 0 -7943
5230 692 4538 74 2666
6014 726 5287 794 3041
6916 762 6153 794 3474
7954 801 7153 T4 3973
9147 841 8306 T34 4550
10519 883 9636 794 5215
12097 o927 11169 T4 5982
13911 973 12938 74 6866
15998 1022 14976 7% 7885
18398 1073 17324 794 9059

4510-A

Interest Fuel Inflation Tax

Rate Rate Rate Rate

.12 .15 .05 .90
0 0 0 0 -9828
7667 1269 6398 982 3690
8817 1332 7484 982 4233
10139 1339 8740 982 4861
11660 1469 10191 982 5587
13409 1542 11867 982 6424
15421 1619 13801 982 7392
17734 1700 16033 982 8508
20394 1785 18608 982 9795
23453 1874 21578 982 11280
26971 1968 25002 982 12992

-7943
2267
2198
2136
2077
2023
1971
1923
1876
1832
1790

-9828
3138
3061
2989
2921

2794
2735
2677
2622
2568

=7943
-5675
-3476
-1340
736
2759
4731
6654
8531
10364
12155

-9828

~-3628
-639
2281
5138

10668
13346
15968
18536
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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 fram the heat exchanger.
Considering similar conditions the importance of the inflation rate on
the profitability is shown 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 summary, Figures 6-2, 6-3 and 64 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 commercial 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 assumed 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 optimal design and same 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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DRYER . 1

SN

L - 1l

Figure 6-5. Ferrel-Ross recirculating crossflow dryer

Source: Bauer ct al. (1977)



Table 6-10. Some typical dimensions and process values of a
commercial crossflow dryer manufactured by Ferrel-

Ross Co.,

Saginaw, Michigan.

Drying air temperature:

level 8 102°C
level 5 106°C
level 2 23°C

Ambient air temperature
Ambient absolute humidity

Grainflow rate

Airflow rate:
..Oryer
...Cooler
Length -
...Dryer
...Cooler

Drying and cooling columns

Number of column in each level

Number of levels:
Dryer

Cooler

Holding Capacity

Source: Bauer ct al. (1977)

outlet air temperature:

33°C

70°C

52°C

18°C

.004 kg/kg
100 tonnes/hr

40 m3/min-m2

20 m3/min-m2

14.6 m
4.8 m

3 x2,4x3.1m

6

2

81.5 tonnes (shelled corn)




124

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.

Inputs:
Exhaust side Supply side
Airflow! m?/min 4813 5776
Tenperature’ °c 60 18
Humidity® kg/kg .01 .005
Fuel price dollars/million kj 3.31
Electricity dollars/kWhr .035
Outputs:
Overall dimensions m 5.8x2.8x.8
Fins per cm 5.04
No. of rows 10
No. of pipes in a row 48
Surface area m? 4842
Effectiveness percent 56
Savings kj/hr 6.43x10°

!Based on 94.5 m /min.-tonn of grain
2An average temperature
3A typical condition
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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
Opecrating cost $ 4972
Savings $ 15962
Interest Fuel Inflation Tax
rate cscalation rate rate
.12 .15 .0S .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 0 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 53n1 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. The 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 two characteristics that make the heat pipe exchangers

economically attractive in fluidized bed dryers.
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6.4.4 The effects of fouling on heat pipe exchanger econamics

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. The 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 mm)!. Beyond this point, the
heat exchanger is not economical. Figure 6-6 also indicates that the
changes in savings are small campared with the changes in costs. The
reason is the relative value of resistances due to the heat transfer (h)
and fouling (Rf). The 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/m?/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

The thermal conductivity of fouling material is assumed to be the
same as those of grains (about 1056 W/m-C).



128

3000 Savings

2000 Total costs

1000

Annual costs end savinos Dollars

e e e e e - e - e e Y
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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 810-A.
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Critical fouling thickness

Fouling thickness mm

200 400 600 Hours

Fig. 6-7. Time required for the fouling thickness to reach to the
critical thickness for various values of removal rate

(K2 ); see equation 3-114.
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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
ITI .4 - .6 12
v .15 - .4 14
\' <.15 11

Source: Meiering & Hoefkes (1976)
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""the particles below .6 mm can be assumed to have an amorphous,
concentric shape with a density similar to that of many biological
materials, about 1.2 g/ecm®.  The particles with diameters over .6 mm
have a foliar shape'.

It is assumed, in Figure 6-7, that the particles smaller than .6 mm
stick to the heat transfer surface area and form the fouling crust. This
amounts to 37 percent of the total emissions (74 g/m?-hr). The
remining 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 mm thickness 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 economically
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. COONCLUSIONS

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.

2. Simulation results showed a direct recirculation grain 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.

3. 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).

4. 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 some Lype of 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. The 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. Concurrent—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. SUGGESTIONS FOR FUTURE WORK

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.

To install a heat pipe exchanger on cammercial grain dryers
to investigate:

a) fouling characteristics

b) heat exchanger performance

c) savings and costs under different operating conditions

To extend the application of heat pipe exchangers to other
agricultural and food process industries.

To investigate the use of themmosyphons in grain drying and

other processes.
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Appendix A-1. A list of the heat pipe exchanger analysis programs.

PROGRAM ANALYSUINPUT,0UTPUT,TAPES ,TAPE6O=INPUT,TAPE61=0UTPUT)

& ANALYSIS OF THE PERFORMANCE OF A HEAT PIPE EXCHANGER
g SUBROUTINES
CALC, PROCESS, FINITEL, FINITED AASMBLY, BOY
0GPl 0SEC A 0F TREPoRt, TAEPOR TS, “REPBRTC ’

COMMON/PRIME/ZEFF 4NY1,0, WHE, WEH, WEC OPCoOPHoRECoREHvETAC ETAM g
:a¥ﬁgSP*VSH.GH.G09VH.UC.UOV.UOUC.U&VH.RH.RHCY.RHHYoOSOo SHoE*C. FM,
COﬂ%ONIDIFEN/ACPKGEH SP, Hfé av.AQEAC’AQEAF.AREA.‘F.Zi.Z?.ZSgZB

COMMON/ECONCNY /

COMMON /PPPRPTY/SA,CA 'CP. V’C“

COMMON/PRT/IC CUNT SR, & .Iténax ua.cox.IFLou.coer

COMHON/ PRT Y2 XKP ) XKE 3F0;

COMMON/INLET/TIRC, T inn,nxnc HINH, g.un

QHON/QUTLET /TOC,TOH,HOC, HOH ,CONO
§onnon1ppss /PATM
IMENSTON X (1,14)

DATA SALCA4CPoCV,CN,RHNP HPG/284%¢ 9 02% 9026 904691 0+842¢91080¢67

DATA XKPyXKFoPT/42%0 9120003014167

DATA Rx.gx.xnv.nn.ru&.e €7012000555¢57500 930500035/
c PATM= 14

READ THE INDEPENDENT VARIASLES OF THE WEAT EXCHINGER TO BE

§ ANALYZED SFIN DIAWETER, PIPE OIAMETER, FIN THICKNESS, FIN
¢ PIPE LENGTH IN COLD SIDE, NUMBER OF ROWS, NUMBER OF PIPES IN
¢ 4 POMIMAX) s LONGITUDINAL PITCH, TRANSVERSE PITCH, PIPE LENGTM
¢ IN HOT SIDEeceoeALL IN FEE
. READ 101, (X (1yJ),J21,10)
¢ INPUT INLEY AJ® TEMP F HOT S TINW, COLO SI INC
¢ ABSOLUTE RUNTDITY LB/LE NOT SIBE ninn, CobL0 S T5e nYRE

PEAD 13515 TINH, TINC, HINH, HINC

PRYNT 102, TINS, FING o HINNSHINC
192 EORMATIS(XED "8
187 FoenAT(afisids®
g AIR FLOWS IN LB/HR, HOT SIDE WH, COLO SIDE WC

READ 101y HH, HC.

PEINT 101

CALL CAL %«.1

CALL: PROCES frtiziit)
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SURROUTINE CALC(INsM,KeXsI)

CALCU ATECN OF THE CORE AND DIMENSIONAL CHARACTERISTICS
OF TH AT PIPE EXCHANGER

N/PRIME/EEFNTU, 2 WEH . HEC ,0PC , DPH REH,ETAC, ETAH .
*&au.CH. , Gc'ug uovc.uévn.&n.vncf nur.osc.&g 'Esn.

OINEN/ACCLACH SP MT'O VyAREAC,AREANAREA)AF3210,22,23924
pT%‘éKgli“F'& ° plUeVy ’ [ ] 1] [} L] ? ’
1]

XM D-Z M
Ao O

I

*>» .0
»20

343

-
- X

SISX(I,7)®1 2,

1)=ATC

()
o M
»

SUBROUTINE PROCESE (NyMyKeX,oI)
CALCULATION OF THE PEPFORMANCE OF THE WEAT EXCHANGER

CO'!HON/PRI JEFFaNTU, Qy HE,HEH , WEC y OPC yDPH o REC,REHLETACL,ETAH, R, 0

$ 0 ISCH VS WA AN A T LR At L PSS W AT S 3 18
33339355?3?37§c6.36nrgg :¥céa3.:§.§é AREAH , ARSA JAF o 21 4224234 26
R B A
COMMON/INLET/ZTING :TINH. $eln WC o WH ’
COHHON/OU".ET/TOC,TOH.H C HOHQCONDS

COMMON/PRT Y/ XKP o XKF o & FO,

FIMTNSTON X (KoM)oBA T12) 4 A(iZ.iZ).TN(?),YC(?).HR(?),TP(G)
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RHy SCo TTHAXP gHA ,CC1 » IFL Oy COEF
gbgé'g«.coué i ’

ITERATIONS ON THE EXCHANGER STOPPED AFTER ©®I2% TRI

*

~CONOS)e6Toe0+001) GO TO S
~CONDSy CTe0e001

>4 LD

TERATION ON THE EXCHANGER STOPPED HR OIFFEPENCE = ®F6,

[
*
MADDVDZPNOUONTZNAUXHDIZNANTO OOV

) GO YO 7
RH
Q? CONDENSATION AT MIN TEMP IN THE EXCHANGER 3*F6,2¢

*
C=HCNDZIZICN XZPPCNwXZ4~IXD

DAZ 40 Vidadl V4~ 4AND<4 NI
40 TP -4X0

ZMOMIE OOV NMMZ>OVINIMZ $ONOHOOC!

NE SLVBU(GSHoGFoXoNF'NBN.NCL.IDgNE.RHC.NN.HUH,NR.hEB

4
-

v THE GLOBAL MATRIX USING THE GAUSSIAN ELININATION

SUBSTITUTICN, AND OUTPUT THE RESULTIN

AOOOO

sRH,SCo ITMAXP,HA,CCL, IFLOW, COEF
HéNCbﬂlNH oWH
6&) AN NCL ) s RHC (NE) s HUMCNED

NNZZZZ 4P wC
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§ DECOMPOSITION OF THE COLUMN VECTOR GF( )
00250!31'N91

M
g(HJ.gY.NP) MJ=NP
NJ:

Lg%5018NJ.HJ
250 GF(J.KK):GF(J.KK)-GSH(I.L"GF(I,KK)IGSH(Ipt)
BACKWARD SUBSTITUTION FOR DETERMINATION OfF Xt )
YINP, KK)=GF (NP KK) /GSMINP,1)
?02§3K81.NP1
=NP=K
8
(Ionau-tl.GY.NP) MJaNP=T¢1

TN
%gtJ-Z.NJ

IF
Su
00
N=]¢J=1
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Xo® ITERATION NUMBER * 12 &

x SﬂilIgOUNT
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FOPMAT (1K1,
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1

DIMENSION Esn(KL.KL).EFtKL).A(JL».NS(KL)
SGSHtNP‘
Ob Izl oKL
0Ot y=1, NCL
Jizty=1r9NPens f
1 Beati=a a1 eefD
003 J=1,KL
i
I
2 J1=2J5SHETII=1) *NPNS(T)
ST AT rS L kad
3 conr:uug
& CONTINU
ETURN
£ND
SURROUTINE DCMPBD(GSN,NP,NB W)
DECOMPOSITION OF THE GLOBAL MATRIX TO A BAND MATRIX
DIMENSION GSM (INF,NBW)
ierse.
E ]
oozzsg i.upi
MJ=X+¢
TR CH I CToNP) PaaNp
NJ=] *1
HK=NBN
IFC(NP=I+1) (LToNOW) MKaNP-I¢1
00225J2NJy,MJ
HK=HK=1
NO=ND ¢
NL=ND#1
00225K=1,MK
NK=ND +K
225 GSM(J,KIZGSMEJyK)=GSM (T, NL) SGSN(T,NK) /GSMET 1)
226 gonr&k«e
" BETURN
enp
SUBROUTINE FINITEO(M,N,X)
YSING FINITE OIFFERENCE Tc SOLVE FOR TEMPERATURES
IN THE weir ex%nancg 1*+is suegougxn nssuxagR EaLLING
SIMO FRON THE HAL
COMMON/PRIME/ZEFFJNTU, 0, ue.ueu WEG , DPC, OPH yREC ,REH,ETAC ETAN, R
$8H, VSCoVSH, n.cc.vu.Gc.uov.uovc.ubvn.éu.anogcénut. SC,QSH.EFC
COMMONZECONCMI /auC 1FUC I EUC,RT, FIE 1o XNY
COMMON/DTMEN/ACE, AG H, SPo 6. AC, AREAM, AREA JAF 421,229 23+ 24
COMMON~ /PoPPTY /7SR, CANCPLC Yiro o HF
COMMON/BRT/TCOUNT S8 60, Sor$ vax.«a CC1, IFLOW, COEF
COMMON/INLET/TINCITINH, HIN & HEohH N
COMMON/OUTLET /TOC 2T OH ,HOC nbn. oo
COMMONZ PRT Y/ XKF , XKF , @ F0, BT
DIMENSION XK, M) RAL12) 9 AC22512) s THIT) o TC(7) JHR(T) 4 TP (6)
W1=WC* (CA+CV*HINE)
W2=Wie (CA+C Ve HINH)
CONL=1asN2=1arH1
NELAzAREA/12,
B=1IOVSCON1® CELA/ 2.
TPNCoNS LS 14) B2-B
o L
00 19 ?iax.ié
ATF RS
L]
aAtf;tsa
00 15 J=i,6
TPCaIINE 1) ACUdsdd=1dmge
[ ] [ ]
TFCIIINESLLIA( JJo%‘ 128
A1J3,00)2=1~8
A(JJ,JJ01)8-108
KK=2% )
IF(KKsNEe 2) A (KKyKK=2) =1
IF(KKeNFe12) A(KK,KK$1)ZCOND
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SUBROUTINE ASMBLY(ESM,EFsA, NS
ASSEMBLY OF THE GLOBAL MA

»JLs KLy NCL, NFY
TRIX

o ok,
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SUBROUTINE KAYS (NyMyX)

THE iUBROUTINﬁ USES THE OVERALL EFFECTIVEMESS METHOOD CIVEN

BY KAYS ANDO LONOON (1964

COHHON/PRIHE/EFF,NTU,O.HE.NEH.H’C.O’C

OPH,REC/REH,ETAC,ETAH, R, QC
& ’ [ 6 * [} &.

0K VSCLUSH, GH, GCaVH, VG, UGV, UGYC, GOVH, MoRMCT ,RMHT »OSC +OSHEFC ) EF
OGN T HE NZACE  ACH, S2oHT o0, ¥, AREAC, AREAH,ARER oAF o 21,220 23,2028
A R

ONHONIINLE¥9TINc:Y &n.ufnb S HCotn ’
COMMON/QUTLET/TOC, TOH noc.uou.conos
COMMONZPRTY 7 XKP o XKF o P

COMMON/ENTHAL F7#NHO®

DIMENSTON X (KyM)oA(10+10)+B(10),F1¢12)

W1=HC* (CA+CYSHIN)

W2=WH* (CA+CVY*HINH)

CHMAX=AMAX1 (W1, H2)

CMIN=AMINL (H1WH2)

P=CMIN/CMAX

TOTAL ATU SAVED

QMAX=CMTIN* (TINH=TINC)

EXE=EXP ( (=UOV /CMIN) S (1,=R))

EFF=(1.=EXE 1/ (14=RPEXED

ASC=QSH=QMAX® EFF

TOC=03C/H1eTIN

TOH=T T tiH=0SH/ W

HOMEHADP (TOH+460,)

IF (HOH, GT o HINH) HOM= HINM

HAVG=(HINHeHOH) 72,

COND S=HINH=HOH

PETNT 6,TOH,TOC,EFF CONDS, ETAN

FOPMAT (3X7F 106 33

RETURN

END



Appendix A-2. A list of the heat pipe exchanger design programs.

OO

AnMnOOO

aon

101

‘QH,VSCQVS sGH,y GCQVH'VC.UOV.UOVCQU

PROGRAM HPEXCHG(INPUT ,OUTPUT,TAPES ,TAPE6G=INPUT,TAPE61=0UTPUT)

PE FXCHANGER DFSIG NG THE NONLINEAR OPTIMIZATION
*Eguurnug ?snugrf MYZE AN K=u§¥ 1974 € INIZATIO
UARNUTINESS NETAILO, CONSX cnréx. CONST, CALC, PROCESS
PEPORTC, REGORTP, ANO THE FUNéTIONS! FUN, DELTA

COMMON/PRIME/EFF NTU,QoWE,WEN, OPC ,0PH,REC,REH,EYAC,ETAH,R, 0
Gy ¥ ’ o Qo WL, 6v éN'RﬁGT,énnt:osc’agﬂ'E*c sn'

WNTU

COMGON/DEHEN/ACC ACH, SP o HT v.aprac.ARCAn AREAGAF o 21,22,23, 76

COMMONZECONOMT 7 AUC ﬁuc.Eué A1

COMMON' /PPPPTY /SA,CA,CPICV, 6u ﬁno# e

COMMON/PRTY/ X KP y XKF éro PI

COH%ON/INL574TINC'ffNH,HINc HINH, HE o UM

COMMONZOUTLET/TOC,TO n.uoc.nbn.co&n

COMMON/PPESS/PATM

COMMON /SIZE/HTO,XLO,0

BIMENSTON X (14 3«).9§ %,0) F 1) ,G 16D, H{14),XC(10)

DATA S$ByCA, P &v,cm, ,urézz«:. 1026904691 e942¢91000e7

DATA XK .xxF.&I/izc..tzo.. 30161067
INPUTY INTEREST RA INFLATTON PATES NUMP
YEARS of SERUICE LI i HEZo CF Rx}gc 53 5
YEARSFOELSERNHCEok 13956 A90¢ :LECT ITY cosT
$ PER KILCWATT-HOUR

FFAD 101,01,E1,XNY, HP ,FUC, EUC

PPYNT #,2TNLETE TEXPERATURES,  HOT,COLD AND HUMIDITIES..HOT,COLO?

BEED 1015 TINH, TINC, HINH, HINC

PATM21Lo?

PRYNT ®,2 FLOW RATES HOT AND COLD 2

PEAD 131, WH, WC

PRINT 101, WH g

PEENT $,2'FCUOLING RESISTANGE #

READ 101,RFQ

PrINT 101,RFO

PRINT 3,7’ FUEL ESCALATION 2

READ 104,F1

PPINT 101,F1

FGRMAT (6F10¢2)

PRINT ®,2HEIGHT LENGTH  DEPTH2

READ 101,HTD, XLO,0DP

CALL neTdILe
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CONVERGENCE 2

21

6
’

%0)/.0
INT/10
1,355/

oK

MAIN LINE PROGRAM FOR COMFLEX ALGORITHM OF 80X
N

SUBROUTINE DEVAILD

|

OHPARAMETERS

-
x
o .
-]
("%
o
w
x
>
(=]
w
(5]
o
[+ 4
w
x
w
-l
[-¥
x
o
(&)
X
L 4
[\V]
-
- >
-t ©
[} -t
- [
W - -
z o\e
<
-

$104543X,

v GAMMA
12923 BHITHAX = ,
*“ = 9

BETA
FEI) 2

GHK =
X9 THBE

5

ALOKHA,
0 1243%
FSe2¢
Sv

1 ]
FAL)
172 JFeebs21))

ICy

2 IXgLHMN =

8HALPHA =
ol

{
)
I=

A = 4F6e5)
z ,E20.8)

ITMAX
2,9
]

iz
t
Zviﬁovfz

3

EL
39

TR :

INJL VALUE OF THE FUNCTION = ,E20,8,5X8HAFTER

K

8
IR(J'I,
29 4H

’
X{IEV

¢
X(yI

My
=
y
i
Tuax
FJETME NUMBER OF ITERATIONS HAS EXCEEDFD ,T6,10X,18

3X98H
o
L

g0
2
4]
AP ¢

N
0
14HFINAL X VALUES)

»14HRANDOM NUMBERS)
A

212477

N
2y
2
)
X
R
)
16))
Xy 2H

WhwTIww OQ e
o o OA L O
HANIZUIF - el
TO=-O~-LIRQ 4l
KX IOOOON . X

gt
)
1
t
1
X
N

:
/
I
']
2
8
2

L N\NT ® ot o
TONOONNON
P ZernZNNZ-y

N eww

S0 ALk GONTX S NoMoKo I THAX, ALPHALBETA L GANNA, XoRsFy 1T, TEV2, NO 4G,
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ann

[g121s]

(213 1]

51
52
o1e

8
56
6°

70

[N
o=
oo

130
140
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SUBROUTINE COhSX(NoN,K.ITH&X,lLPHA.B‘TA.GAHHA.X.R,F.IT.IEVZ.
1N0.»,H Xg %N?)
bINA ES SPECIAL PURPOSE SUBROUTINES
ARGUMENT LIST

}T = }TSR&TION INO; .
Evs = INJEX OF POINT WITH MINIMUM FUNCTION VALU
{ v : ggg%§ OZDPQIN' WITH MAXIMUM FUNCTION VALUE,
[ ]
KODE = XOQTRO{ KEY USED TO DETERMINE IF IMPLICIT CONSTRAINTS
RE PROVID;O.
K1 =00 LOOP LIMIT

QAXODO X4 X4

X9GyoH 1)
RS9 <eun
NoMyKeXoGoHy o KODE ¢XCy K1)

1&5%
"5052
X9 30HCOORCINATES OF INTIAL CCMPLEX )

Ot ™ R Zr4"r

(I04Jy X(I0yJ)oJd=2iyeN)
gHX(.IZ.1H..IZ.hH) =z L1PE13.6))
§ 56

11,00 X(1240) 921, N)

K
TNeMoKo XoF o 1)

HEXOOIRODLINE MHAZH-HOROX OO
POOPOOTNAD ?onmﬂ»o-t-uoo

WCZr W Zid~ 0t
GZ 4K~ X~

FIND POINT WITH LOWEST FUNCTION VALUE
f.ﬂﬂ.??
QZZHVQLUES OF THE FUNCTION )

Yy JU=1,eK)
zx.znfc.xz.uu) 2 91PE1346) )

€ O4 Y4
O NONe 4 O [

X e e OO
N Vienn
=) XXt~

N

-F(Icnt)zao.too.eo

AN N4
gzﬂomoxotn
At g o X~ Tt

<

Oe-4Id4
ommom
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REPLACE POINT WITH LOMIST FUNCTION YALUE

150 GALL CENTS (NoMyKoTEVLST,XCsXsK1)

160 g(!é!l'JJl=(1-00lLPHl)'(Xc(JJ))-ALPMA'IX(IEV!.JJ’!

H
ALL GHECK (NyMyKyX 3G oHo Iy KODE ,XCo K1)
CALL FUN (NyM3K3XsF oI}
REPLACE NEW POINT IF IT REPEATS AS LOMEST FUNCTION VALUE

170 IEv2s1
00 190_rcM=2,k
1::r(xzvgy-rlxcn))xeo.xso.xao

180 IEve = O

190 CONTINUE
IF(IEV2=TEV1) 220,200, 220

200 00 210 JJ=1,N
XUTEVL, 331 =(X(IEVL, JII6XCUIIN /2,0

210 CONTINDE
L=TEvL
CALL CHECK (NyMyKyX,GoHyIoKODE,XC,KL)

GALL FUN (NyMsKyXsF o 1T
GO TO 170

220 CONTINUE

Ir (IPPINT) 230,226,230

30 WPITE (NO,023) ;

23 FOPMAT (/792X 17HITERATION NUMBER oI5)
WETTE (NO,0241)

026 FCBMAT (752X, 30HCOORDINATES OF CORRECTED POINT)
ETT (No.szé) (TEVL, JC» X(IEVi,JCYsJC21,N)
WPrTY (NO,021)

WETTE (NO3022) (I, FUI), I=1,K)
WPTTE (NO, §25)

025 FOPHAT (72X, 27HE00PDINATES QF THE CENTROIO)
WPTTE (NOs028) (JC, XCEIC) s JC=14N

33 ;ga;TI}(/.3(zx.zux(.xz.en.c) s PEae s, 0xn

FOIT=TTMAX) 80,489,240

240 RETURN

END
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SURROUTINE CENTR (NoMoKoIEVL9T,XCyXoKLY
DIMENSION X (KoM)y XCCN)
00 0 J=1.N
J)=0,
10 IL=
XC(J&:XC(J‘ ¢ X(IL, 9)

XCOI) = (XCUIN=X(IEVL, ) )/ (RK=100)
REFORN ’ ¢

SngOUTINE CHECK (NyMyKoXoGyHyIoKCOE,X0oK1)
ARGUMENT LIST
ALL ARGUNMENTS DEFINED IN MAIN LINE AND CONSX
OIMENSION X (KyM)y GU(MD, H(M), XC(N)

10 KT=

20

N &l
[- 1~T1-1

60
o

90
100
110

+GH, VSC L USHy CneCoUnJads s vV, UOVC, U
oNTOC  NPUH *

0
CALL CONST (N.H.K.X.G.H.I.t)

CHECK AGAINST EXPLICIT CCONSTRAINTS
e )) 20,
(J) +DELTAC)
“X(I,J)) 40, 4O, S0
0 Sadltatsy 00 8

f093l

XD
ANOANO
- ~

- medt N
He IO0GWXo
~m e

W Lo [ 59
I~ ¥
o

H [221m]
o
&
m

F(KODE) 110, 110, 60
CHECK AGAINST THE IMPLICIT CONSTRAINTS

L]
Xz
P

QOX-HHHOOZ
-“MNN»0Z
HE ar

-~O»

R 4"0"0K9[EV1'IQXCOX’K1)
XTI, 000 ¢ xCCIMI/2.0

-4
(S

Y ¥ <2 BN ad
K=~ Or=pdps o0

-~

10, 110, 16

MU=OO XS
Mmoo

(=

b

SUBROUTINE COMNSTUINyMyKoXoGoHyoI,IPP)

o AND_UPPER BOUNOS ON THE EXPLICIT ANO IMPLICIT
VAPIkgLEg OF THE HEAT EXCHANGER

L SH,ETAC,ETAH
COMMON/PRIME/ZEFF,NTU, .NEH-HEcﬁe:?&D "ﬁgfcéﬁur,ogc,dgn.e

CoRadN /SIZE/HTD,XLD,OPD
DIMENSION X (KyM)oG(N) oH (M)

HIGH AND Logag¥u§"c CONSTRAINTS AND VARYIABLES
G(!’SoOGS'H(%p;. 8

G(Z"oOZﬁ S H

a
..

s«3»=.oooo é
6‘5)370 E
G")'.S $H(

, PeE'N
=
Ge&) ’o THE NU
G7) =

tHe TRANDVE

Z

XX =
A uddz-ﬂNu
CrC Cuwriw

Qa

#o8fn,
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FRONTAL AREA NOT AVATLABLF FUR FLUID FLO

T6egse (LT DI 3 eX T 2V osPYS R A DT W T RATIER
i

PR

-

mnxtu' it 218

AFIOE‘X t I.El STPIPES®12¢

M SURFA AREA
TREALAREREARREAN

;(I.S)'!(I' 11
EAC
T,13) *ACC/AREAC

SUBROUTINE FRCCESS (NyMysKeX, 1)

CALCULATION OF THE PEPFORMANCE RELATICNSHIPS

BETWEEN THE EXPLICIT AND INPLICIT VARIABLES
COMMON/PRIME/EFFNT Uy Qg WEy HEH y HEC y OPC,y DPH 4 REC,PEH,STAC, ETAH, R, O
»n»,vsr,vsn,cu.cc,v«.vc;uoﬁ.uoic,ubvn.én. B AR M L R

#NTUC,
fOﬂHﬂN/EFONON' /AUC FUC FUC FI FI EI XNV
MON/OTHE : & iH g M sRe R aRe 0k, 21,72, 23,26
oH

P AX.NA'COl +» IFLOW, COEF
NN,sg'HH

CE VELOCITY
#4500 g HINH)

195,2952%%,113
192,2852%%,113
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SIXIHATYLYAHIN A PONW !XSHQPACING 1X7HSPA N
HETTE (NO, 0261 (X (1161 X (1,713 SNI,SPT) CING/)
026 S?ﬁ?é{,‘,(‘,"i‘g; Teaxris 1.3 Xt 301
. »
823 FOPMAT (2X22HNIMEMSTONAL PARAMETTRS /77
#3X10MATOTAL/VOL2X12HAFLOW/AFRCONTZ X1 1HAFIN/ATOTALZ XBHHYD ,DIAM/)
WEITE (NO,024) 2197292342k
024 FCBMAT(GIIkF1a 28%s
XeY1)=X(1,1)/24e
X(T42)=X(T42)/24,
(T3 3V=X(T,3) /12¢
X(Y1,5)=x(t,5)/12,
x(i,100=x(f, 191712,
PETURN
END
c SURROUTINE REPGRYP
g REPORTING THE PERFORMANCE OF THE HEAT EXCHANGER
COMMON/PRIME /EEE \NTU 0, HE, HEH, HEC DPG A DBH, REC,REHETAC, ETAH, gc
.o$&g¢g{v2H sGHyGC VM ) VEIUOY » UOVC ;UOVH o @My RMCT s RMHT 3 GQSC 4 OSHLEFCLEF N,
N NYU
COHMON/"I"FN/ACC ACH SP 4 HT v,AREAc.AREAN ARFAGAFy 21 4224,23,26
R e A I ST e D S e
CGMMONZINLET/TINC,TINH, HINC, HINHy HC ) WH
COMMONZOUTLET/TQN, TOH,HOC, HOH, CONDS
PEAL NTU,NTUCHNTUN
PFINT 1098
PRYINT 120, YI“C TOC, TINH, TOW
PRTNT 110, HC,H
PPINT 200,00, 0H
poINT 510 vsg VSH
PEYNT 22C,6C,CH
PRINT 230,REC,REM
PRINT 130,0PC,0PH
PRYNT 136, HEC, WEH
PPINT 1L3,U0VC, DOVH
PPTNT 150,QSC,QSH
EPYNT 240,EFC,EFH
PRPTNT 250, NTUC,NTUM
PRINT 26§
UO‘I:UOV/((AQEACOAPFAR)IZJ
ETINT 180,NTU,R,EFF
PRY¥NT 197,U0V,PN,CON
100 FOPMAT(/71H1,20X1éHPRACESS ANALYSIS ///34X6HSUPPLY 23X THEXHAUST
736 X6 (1H=) 2357 (1H=) 7 LXIHINT X THOUT18X2HINZ X IHOUT/Z/)
110 FOPMAT(1H ,15HAIR FLOW LB/HR 15XE12,€6,18%XE12.6/)
120 FCPMAT(1H 3 1GHTEMEERATURE  OF14VFS o1, LXF5 o1y 1EXFE41,5XF541/)
137 FOPMAT(1H ,21+PSESSIIE DEOP IN H20 IXF1206918XEL2067)
135 FOPMAT(1H ,23+PUMPTNG ENEPGY XHWH/YR TXE12.6,18%X,E1246/7)
149  FOOMAT (1M L1htHZAT TPANSF GOEF 14XE12.6518XE12.6
+/1H 2Y13IHBTU/HAIIFT2/70F7)
150 FOOMATIIN S2NAENERGY CAUED BTU/ZHR 10XE1246,18X £1246/)
200 FOPMAT(1H s14HATR FLOW CFM 1EXE1246,18X,E12.6/)
210 FOOMAT(1H s 21HFAGE VZLNCITY FI/MIN' OXE13.6,18X,E12.€
520  FOPMAT (LH 224HMASS VELOCITY LB/HR/FT2 RPN tA T
236 FOOMAT(1H s 1GHP-YNOLDS NUMBF® 15XE12,6,18X,E12467)
San FORMAT(1H' ,10HEFFICIFNCY 28XE12,€ +18XF12,6/)
3ot FQCHAT (1M W37FHA, OF TRANSFER UNITS (NTU) 3IXE12.6,18XEL2, €/7)
& FOPMAT(1H , 1AHOVERALL ANBLYSIS //)
100 FOPMAT (4XSHNTULL6XOUCHIN/CRAY 12X11HOVERALL EFF //AXFuo2418XFU2,
190 FOPMAT (4 X3HU-0VERALL 1IX11HPIPE RESIST 10X12HCONODENSATION #/
1 2XE10e4y11XEL12464 15XFie37)
RETURN
FND

& W N B OOO

FUNCTION OELTA(J)
THE INCREMENTS FOR® THE EXPLICIT VARIABLES

MOOVIDOVIDVDD




A list of a concurreht-counterflow dryer program

equipped with a heat pipe exchanger.

Appendix A-3.
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¢ INPUT TO THE COOLEPE TEMP, AIPFLOW LB/HR=FT2, HUMIODITY
: LENGTH, CRNSS SECTIONAL AREA (ALL IN ENGLISH UNLTS)
PEAD 370,TAMBC,GAC, HINC,XLC,FT2
covena Er D 20T  CONCTIIONS OF ORVER TG BE SIMULATED
PETNT 201, INANE,IPROD
orap 331,150
PPYNT  34i
RFAD 300,TIN
PEINT 303
PEAD 320pMHIN
PRINT 303
PEAD 300,CFM
PPYNT 31&
FFAD 300,TAMB
PEINT 304
PEAD 30C,THIN
PRTNT 308
FFAD 300,XMO
poTNT 308
PEAN 300,08PH
PPINT 307
READ 300 XLENG
REFD 303 DBTPR
PRINT 34
w2 FCPMATLE 2.ROSS SECTICNAL AREA OF THE DRYER )
+OLERS)
rAO L9 CyoyRAC, HINC, XLCoFT2
401 T )
g P KE EXCHANGESR
501 ; ‘ ‘t v121,10)
TION OF THE COOLER TO THE EXCHANGER?

w

TION OF THE HEATER TO THE EXCHANGER?

(2]

YION OF THE ORYER INPUT FROM 8¢
RYER
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BN MNMNAROO® ZZO0>PD 100D 8¢ ODe OO OO ¢ OO OO0 D4 Nt

ZN VO et Nam—-{po0M
ONG \FDDDPWe & 7 4 4D D

650 TO 131
2HIN,OFM, TAMq.TNIN.xno.ePn.XLENG.OBTPR
CV,CP .CH.SA RHOP,FG,
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apPHz=RPH
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Sug  Fhomaris 2pesdCaRaY {0 SEC4MEecoven *FS5,1/
s% TNPUT CONTITIONS YO THE COOLER 4/
o% AIP FLOW LB/HR/FT2 SF15.27% ABSOLUTE HUMIDITY BFS.4/
+® LENGTH OF TH- NRYEFeF5,2/4°CPOSS SECTION AREASFS, 1/7)
PSTNT 309,CAyCVoCPyCW,SAsRHOPHEGyPATH
1010 CONTINUE
2020 0972820 I1=1,202
=2
P°L=o.‘°uc-.999315x17=0
XMENDS 64t
-0
Cosses COMBUYTE INLET RPH AND INITIALIZE Y ARRAY
601 CONTINUE
PHYN=RHDAHA (F (T IN) o HIN)
Y(1)=TIN
Y(2)=XM0
Y(¥)=HIN
V(h):THgN
Y(5) =0,
Y(11)=0.0
RH=RHIN
SP=0.0
Ce=®ss CONVEPT ATRFLOW TO LB/HR AN COMPUTE CONVErTIVE HEAT TRANSe
Conses LR COTFFICIENT ANO FCUILICRIUN MOISTURE GONTENT
CFYMOT=GASVEDSHA (FITIN) s HIN) /60,
IF(6A=5000) 24141
1 HC=, 363%GA®s 3
G0 Y0 3
2 HC=,69°GA®S, 49
3 CONTINUE
KMEZENC (PUIN, 1T
Gcessss  CONVERT GRAIN FLOW TO FT/HP AND LB/HR AND COMPUTE ATIR=GRAIN
Cessss  RATIO
GVFL =BPH1, 264
GP=GCVEL SRHOP Wop
LFGF=GA/GP
Ce®sss  PRINTY HEADER PAGE OF CONDITIONS AND PRCPERTIES
XMEW=XME/ (XME+1,)%100,
IF(IS0.FQ.0) 6O TO 102
GLS=GASL, 476
CFMHOTS=RFMHOT® 03048
HCS=5.678%HC
GVELSZGVEL®, 3048
GPS=(PaL,7h
PPYNT 316,RHy GAS,CFMHOTS,HCSy XMEN o XMZ,XMOyGVELS,GPS
PRTNT 357
102 GonTInge?
c PETINT 310,PHyGA CFMHOT,HGs Y MEW, XME o XMO o G VEL o GP
PETNT 311
103 CCHTINUF
Cessss ~ COMPUTE CONSTANTS USED BY ECUATICNS IN SUBROUTINE GERFUN
COM1=GASCA
CON2=GASCY
conz=HC*SA
cona:cp-gp
¢onszGPegu
COMA=1,/7AFGF
gensss CALL STAOT To INITIALI?Z SCLUTION FY TAKING PUNGS=KUTTA STEPS
CALL STARPT(L,33919165"691e5=69105=8900591e€°6,445)
Censss’ TREGINNING G L00B
Cess8s  CATCK NOISTURS CONTENTeeoIF oLTe o17 CCMPUTE NEW HFG
G IFV L2 aLTaadT) HrC=(anaessab7edie]ddils tua3hsiaxel-2,255Y(20))
Csss8s’  CHERK ARROPOTICN AND CONDENSATIOM FLAGesoIFf SET EXI?
3 TF(Y(11)e7T 40e") GO TO 10
Cessss™ cAlL PKAPSUR TO TAKE NEXT STEP
5 CALL SK&MSUB
Cessaa’ CoMPYTT RH
H=SHDRHATF (Y (1) ),¥ (3))
CFMT=GASVTDAHB(FIY(11),Y(3)) /606
CSP=SPH(CF~¥T/GR ,)%24 ,.5283Y(6)
cessss™ 4oV IF LOMG FNOUGH, MOISTURE CCNTENT LOW ENOUGH OR TIME TO
Cessea  Hp7.iT,,,.IF NCNE OF THESE GO TO BZGINNING OF LOOP
IFEY(SV=YLENG ) 6.6, 8
& TFUY(2)=Y¥rtD) B48,7
7 YF(Y(5)=P2() 4,9,9
Ce®ess” ST FLAG IF EXIT CONDITION MET
8 IFXIT=1
9 PRL=PPLNATPR
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Ce®»%%  MAKFE FINAL CALCULATIONS AND PRINT
il L
WATSR= (XMY=Y(2)) *RHOP®1, 26
ANy (317 ve2)slnpetgg.re2es
YE(ISO.EN.0) GO TO 104
DFPTR=Y(5) ®, 3048
ATEMP=FIC(YTLY)
31§3$“§IS‘Eép%& ETIME JATEMP,Y(3),F
e oTo 1059 o£ ’ J),FH,GTIMP,HSB,Y(2)
106 NI v sy ETIMELY(1),Y(3),QH,Y
TNY 1% H
r.iei.couggggq ;r ’ ;' Ce 1), :' ’ (&) “B'Y(z’
> "HFCK €
Ceass  GUREX IF EXIY CONCITION MAS BEEN MET...IF NOT RETUPN TO BEGIN
cosnns IFITETITRL) GOpits £35CEPTICN 0P CONDENSATIO
10 roorz?zr =T TON
(15G.€0,0) GO TN 2106
3g$§?=§{%1§:i3?“3597w
6o T0 107’ '
106 CONTINUE
PETNT 213,Y(12),Y(11)
107 CONTINUF
11 CONTTHU

108
109

(¢le1e]

701

(3 /219]

OO0

EATR= GA'(CA0CV‘HIN)‘(TIN-?AHBC)IBPH
HPSCFM=<P/& 15

PR 746onr s 101307 (4 S5 BPH)
FAUG=0.0
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ANSIEAIRS4EAUGSENERGYSyWATERS,B8TUH20S

z

L,SP,HP,EFAN,EAIR, EAUG,SNEPGY,WATEP,BTUH20
LZR(GAC,GPy TAMBC, Y (4),Y(2),HINC, TOUTC, THOUTC,XMOUTC,HOUTC
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S
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(HCUTC+HINC)Y/2,
(TAMBO+TNUTCI/ 26

ENEPGY CALCULATIONS OF THE COOLER

CCFM= GAP‘VSDQHAlevcbbsﬂ.oNAVG)ISOo
CSP=(nFM/50,)2¢1,528eX(C
CWATER=(Y(2)=- xnouT“b'cuoP‘i.Zb«
CHP=CCFMeC5P/6359,
CFF&N-.764‘CHP‘KM‘3./(.5‘BPH)

KD FI14ZT =

CEAUG=0

CFr:va:C’hUGOCEFAN

CEAIR=],

YMNIITC = XNOUTC/(l.QX*OUTC’

PLYNT ’“1,THOU’C YMOUTG,LTO u routc

FOBMAT (/% CO(L‘ ourpu*
*s (GRAIN T *Fhel/

+&  GPAIN M,(HB’ sfFe by
ss LIR TEMP *F6.1/
e AiP HUM *F6els)

Wwo=06

WAC=GAC

CHECK FOR THT CONVEPGENCE

TF(ABS(YMOUTC=X40LTO0) ¢LEee0G0S) GO TO 1020
XMOUTO=XMOUTC

IF(RAX oLEoOc) 60 TO 1330

CALCULATE THE MIXTUPE TEMP AND HUMIDITY OF THZ AIP TO THE
EXHAUST SIDE OF THE HEATY EXCHANGER

CALL INPUTMX(TINH,HINH, HH,Ytlb Y(3) WD, ROXy TOUTCy HOUTC, WAC,RCX,y
*0090090evlesdes0e9Boslovdey ML)

potnt e om0 1at0 T e tnadst 158 OF THE ExCHANGER?
WHH=WH*FT1

PEFYNT %,2 TEMP OF HR AIR RLOWZ2

PRINT 299, TINH,HINH, WHH
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€ THE MIXTURE TEME_AND HUMIDTTY OF THE AIR TO
?a%cgbggivtSIDEIOF THE HEAT EXCHANGER
CALL INPUTHX(YINCGWIgc'"CvTA"BO;NI"O.“OOLU,’“’.“.vn0900000900900'0
*o9Ne9levDendegle . *
ad s ot 18 THE §096L SI0E OF THE JEXCHANGER
Sifur ~:$INven9 oF AIR RLOW
WCr=WC*FTY
DETNT 2995T ING o H Iuc;ucc
FOPMAT (2X% (2XE10ek
THE OUTLET CONOITIONS USING THE OVERALL
G L AT T N GUERALL EFFECTIVENESS OF o75
W1=WCC® (CASCV*HINC)

W2=WHH® (CA+CV*H INH)
OHAX‘A“XNI(HloHZ)‘(YINNOTINC)
0C=.7‘°0

QH
Toc= QC/HWi¢T INC
TCH=TINH=OH /W2

DTLM=C((TINH=TOC) =(TOH=TINC) ) /ALOG ( (TINH=TOC) /7 (TOH=T INC) )
APEA=2,%0H/ (DTLNS7, )
HF=341F7C=-1L>(CA+GAC)**2,75%AREA
HOHZMANP (TOHSLEDe)
IF(HOH.GT HINH) HOH=HINH
HOC=HINC
PEYNT" 2 ZEXCHANGER OUTPUTE
PPYNT 32 TO HOC
PPYNT 380,708, H0
PFYINY 3,2 TOH HOHW2
PPENT 330,TOH,HOM
PETNT o, 2 Agén WE?
PPTNT 300, AREA
IF(RAXoLEsDo) }85=HOH=WH=RXD=TOCZHOC=HC= RAX=Q,.
TME INLET OSGYING AIR ( TO THE ORYER ) TEMP ANC HUMICITY

CALL TNPUTMY (TNEW,HMNEW,WHNEW,Y (1) 4Y (30,40, RON, TOUTE,HOUTC,
CWERSBCN,TAC, HOC, Wy RAX, TAYRC, qub NDOL DY B A0 FOd S HOM. UH, §XD, 1)
PEYNT °.tNEu INBUTITO Fug DRYER

DRTNT TEMP FR *AIR RLOWE

PPENT xba.rufu unew WO

zgne NEW

10
EeOe) HE=QSC=NPC=DPH=OK=0,

PGY CALCULATION IN THE KEAT EXCHANGER

564922612 78P
NeCEFAN+ EtFAN

~Z XOZ

P TR
>PHOOX I

=T
NEW
v00
FM0

0
NUE
el

=N OIx
mnooMNzT

c
0
N
1
u
[ ]
£

m

N

-

M MM
"1 OO U N NN

F>>poTm

N N = C PP

AN4TN—m <4,
n
AN QAIVIOZZ

m> =4
mmn-
>

»

N)*(TAMP-TAMBO) /BPH
=SENERGY

<

PENTRG
TvnTED WATFBP¢CHA
BTHUH20=ENTPGY/TH
CETYUH20=CENERCYZ
ES°'0

T3SP=5PeCSP ¢ESP
Earuuzo ECNZPRY/TWATY 9
TBYUH2N=TENERGY/TWATY
ABTYUH20=AENCERG v/tuATER

OUTPUT THE ENE?GY CONSUMPTION DETAILS

Y+ZEFANISOPHAFTY
TER

PRYNT ®,2 ENERGY BILLS

PRINT .2 ocY C COLE® HEATP]I PE SYSTEM?
PRINT 702,EFAN,GCEFAN, EEFAN.TEFAN

FCPMAT (LM FANG‘M(SXFG.Z )

PPTNT 703,EAUGCEAING, EEAUG, TEAUG

FAOMAT (114 4aVE GRATNG(SXFB ¢ 2))

PETNT T0u4,FAIR,CSAIR,EEAIP,TEAIR

FCOMAT (OW HZAT aTa  LTaxFal 1)
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PRINT 7CS,ENSPGY,CENESGY,CENERGY, TENERGY
705 FOBMAT(ER TOTAL 3IXa(LXFRe17)
PFINT 706,WATZR,0GHATEP, EWATER, THATER
706 50;3%745?"53A}E§ gs;o;gg /7H’ LB/BU 2X6(6XF643))
p N J )S S 1
7 FOPMAT (161 SYATIC PRESSURE _/14H INCH OF WATEF G(4XF642))
79 PEFTNT 7568,B8T1H20,CBTUH20,E8TUN20,TRTUH20
PPINT 709.48TUR2)
709 QPMAT (* _"BTU/H20 DIRECT RECYCLING * F6el)
IF(RAXOLEDOQ’ stTop

¢ FOPMATS

c

704  FORMAT(11M ATU/LS H20 &4 (5XF6.1))

300 FOPMAT(EF10¢3)

301  FOPMAT(* CONCUPIENT GRAIN_ORYER SIMULATION®/
¢ USING THE A1) YTHINLAYCR EQUATIONTFOR®A18//

PLEASE AT O 7STENT WITH .Itnro ENGLISH 03 SI UNITS ®//
M 17 S Y ARTE 243 LB SI UNITS 8/)

3¢1  FOPMAT(® INPUT CONDITIONSS/5X O NEET AR TEMP, F OR C )

392 FOPMAT (SX*INLCT 43S WHUM RATIO *)

303, FOSMAT (EXTAIR FLOW RATE (AT AM3IENT CONDITIONS ) CFM/SQ FT OR N3
4+ I

Jcu  FOSMAT(SX=INLET GRAIN TEWP, F_ 0P C_ &)

305 FOPMAT(EXSIALET MOTSTURE COMTENT, WEY BASIS PEPCENT *)

306 FOPMAT (SX*GRA IN FLOW DATE BU/HR/SO_ET OR KG/HR/M2 ®)

307 FOPMAT(5X#0PYEP LENGTH, FF OF ",

308 FOPMAT(SX®OUTPUT INTERVAL, FT or"

309 FOPMAT(//* AODITIONAL INPUT FROM eLocqutA'//
+% HEAT CAPACITIES, RYU/LB/F1%/

8 DRY AIRSF €, 3 WATSR VAPNROFE,3& ooy GRAIN‘FS ;
+® LIOUIN WATEDSF5, 37 SPECIFIS suprncr AREA, $¥/cu FTeFe.0/
&% RULK DAY MATTER DENSITY, LR/CU FT*F€.27
+® UEAT OF VAPCRIZATION (MCoGToikhe5 EFc NT WB)®F6.0/
+* ATMOSPHERIG PRESSURE PS?'FB.Z)
3000 FCPMAT (/7% ADCITIONAL INPUT FRON BLOCKDATA®//
+3 WEAT CAPACITIES, KJ/KG/C * /
s8 N3V ATPeFE, 34 WATER VAPNESFE,3%  NOY GOAINSFH,.3
$3 qyLIAUID WATEosFE 37 SPECTFICT SURF ACE AREA, M2/M3 ® F5e0/
+% ALK DAY MATTED DENSITY, KG/M3
+8 HZAT OF VAPNRTIZATICON (MCoGTeldeS Peoc NT WB) KJ/XG H20 *F6.0/
+% ATMOSPHTPIC B:SSURE, BAP*F6,2)

318 FOPMAT(//* FASLINTNARPY CALCULATED VALUES=//® FEL HUM o;gvnn
4F6o® AICFLOW 3ATC, LB Co¥ AIRFH/SH FTeFB, 1% CFM4 AT TIN®FE.1/
e» WEAT TRANSF S CNEF, BTU/MR/SQ FY/F®F8,37
+% EQUIL MG, WB PZRCENTSFE,28 ~ ORY BASIS, DECIMAL®F6,6/
a8 TNLTT MGy N°Y Q8SIS NECIMAL®Fheu/

48 GOAIY VELNCITY, FT/uReF5, 24 LB DRY MATTER/HP/SN FTSFE,2)

311 FOPMAT(//3X6HN oYL XLYTIMES X 3WATPSX THARSS X 3HR 'L3XSHGQAXN6XZHHC
SOX2HMN /2 XLHTEMDSYTHHUME XIHHUMEXLHT "MP6X 2HW36X2H0BY/Z
$6XZHFTEX2HHA? ¥1HF3XEHLB/LIBH CECINALTX17HF PEFCENT DECI PAL)

312  FCPMAT (2F8,2,FAo1,2FRetayFRo1,FA 2,F8,4)

213 FCOMAT(7/766M5T2UNT TAN ERCOUNTERED WHICH CAN NOT BE MODELED//A18,2
12H FLAG SZT AT (NATH OF FH43,3H FT7)

314 FOPMAT(/731M STEYIC POF3SURE, THCHES OF H20F6.2/17H HORSEPOWEP/SQ
AFTF6,2/722H SREIGY INFUTS, BTU/Z3U/ZLGX12MFAN (o5 EFF)IF7,0/10X BHHEAT
¢ AYRGXFT N/ 0X1IHMOVE GRAINZXFT.0/10XSHTOTALZXFT,9/7/721H WATER REMO
SVEN, L2/3UFP, 277411 BTU/LB H2CFI, 2)

31 FCOMAT (SX=AMBIENT TEMP, F OF G ®)

331 FOPMAT(I1)

209 FCOMAT(27H INLET AIP TEMP OF F10.2/
1 19H HONICITY RATIO F10.5/
2 272H AIP FLOW CFY47FY2 Fi10.27
I 194 AMBIENY TENP  0F F10.2/
& 23H FOATN INL-T TEMP OF  Fb6el/
€ 21H GRAZN IKL-T MC(NB) F10.3/
6 30H GPAIN FLOW FATE LB/HR/FT2 FSel/
7 1AM ORYEP LENGTH FT  Fi0e27
8 234 DISTe AcT. POINTS FT F5.3/ )

2090 FOPMAT(2)4 YHLEY AIP TEMP OC Fi0e2/
1 19H HYMIDIYY RATIO F10,5/
2 22H AIP FLOW M3I/ZMIN/M2 — F10.27
3 $9H AMRTENT TEMP 0C F10e2/
& 23H GPLIN YNLEY TEMP 0C  F6el/
5§ 21H GRAIN IKLET MC(NB)  F103/
h TOH GOATN FLOW PATE KG/HR/N3 FSedi/
7 <8H ORYZP LENGTH ™ F10e2/
A 23H GIST. BET, PRINTS M F65e37 ) .

316 FCRMAT(/71H 2,X;23HPZ=LIMINARY CALCULATED VALUES//

1 IEX16HOEL HUM "DECTIMAL Fbel/13X2LMAIN FLOW FATE  KG/HP/V2 F6o1/
3 {EY2AHAIP FLOW PATF AT TIN  M3/MIN Fh.1/15X27HHEAT TEANSFER GOEF
3 W/0C/M2 FRe3/715X23HSOUIL MC (W3) P:PCENT Fbe2,5X20HDRY BASIS OE
KCIMAL F5,L71 €X 29H _NLFT FC 0QY 8ASTS HERIMAL. Fbok/
5 15X ZIHGRAIN VILOTITY  H/HR F6s2.5X20HKG DRY MATTER/HR/YM2 FB8,2
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317 FOPMAT (//3XSH nrpruaxuuranSxauntnqx3uaassyswvrtsxsucnurnskzunc
‘6'2“"Sézgx“?;’"’3%3222855&?:’E?‘Qﬁlf?ﬁ?¥58“3?55=~r nECl
6 X2H X2 HH XiH CQ
318 gognntc//uru 5ITUATTION ENCOUNTERED WHICH CAN MNOT BZ MODELED//A10.2
12H FLAG ST AT LENGTH OF Fhe3g3H M
319 FOPMAT (/715X 2 {HPEPF ORMANCE DATA 7/ 15X
+ 20HSTATIC PRESSUPE BAP LXE12,6/
o “{5X13HPOMER W Lkx£12,6/
+1EX22HENERGY INPUTS  KJ/KG /
¢ ATXLIHFAN Lo 8 EEF) LXEL256/
¢ 37X aMERTING AIR X éé.s/
¢ 17X 10HMOVE GPAY WXE12¢6/
¢ 17X 12HTOTAL ENEQGY  &XE1246/
+ "I5X3LHWATER REMOVED KG M20/KG GRAIN 4XE12.6 /
+F§§xsonsusncv FOR EVERY KG OF WATER OEMOVED 4XE12.6® KJ @)

84G39R3I4ThoHAyGuoePly T5,H5,6

OO0

anon

cessses
Cossss
Cosssa
Cesass

snenn
Cosans

ssvss
Cossss
Cossss

SURROUTINE INFUTHX(TH!,NHX;H:;.?1."1.61.R1.YZ.H2.GZ.R2.73,H3
1 .

ALCULATION OF THE TEMP AND HUMIDITY OF THE 5 GIVEN
gT%gANS BEING MIXED AT A KNOWN RATIO

N /PRPRTY/SA ce

COMHO 2CA .

N TE5) R(E) 805} RSN JENLS] ,OPLS)
9%?§§¥{91czgsrézr(33=vwli(u)=%utt«5¥= 5
ML) HITH(2) =H23R(3) =HIRH L) =Fu3HIE)=HD
G(1)26126(2)=2625G(2)=6326(4)=GL3G(5)=6
R(1)2P13R(2)3R23R(3)=RILRIL) =Ru3R(5)=R
HS=0
“"'33.
£5* 00 121,58
O E ) CAST (I)4HIII® (10614¢465°TII)
WMVY=WMXeG(IV*RI(])

ES=ES+ENIT)ER(I) eG(T)
HS=HS+HR(II*G(IV*R(T

COMT INUE

A

TMX= (ENX=1061e2HMX) /7 {CA® (&5 SHNX)
Fha e

‘§UBROUTINE COOLEFR(GA 9GP TINyTHINyXMIN JHIN,TOUT, THOUT, XMOUT,HOUTy XL

COOLER SIMULATION BASED ON ROTH AND DEBOER COOLER MOOEL

GOMMON /PRPPTY/SAyCALCP,CY1CH

CFM=GASYSAB A (TINCLAD ., ]G agRHOP KRG

FHNUTETHING ( (GASCAI S (] aEnP ol 2329XL) ) (TIN-THIN)/ (GASCAS s 83))
MR S T Pt (A TR § P T LR 1L 4 (e Trigt -+ 11 PR

)
SXL®% 54665 (1,8155=3% (TIN=50,)+1,)% 9E=2%(THIN-
8'(XNiN-&21)Oi.D/CFH".BtSZ ¢)¢10)%01.509E=2%4THIN=1

(16
GPsC
3992
S.44
=THCUT=-HIN) *CA/GP

SUBROUTINE DERFUN

LeEe LEREW, PROGRAMMER
DESCRIPTION

USAGE
SUBROUTINE TO COMPUTE DERIVATIVES FOR RKAMSUB

YSED WITH RKAMSUB FOR CONCUSRENT FLOW DRYER MODEL
COMMON /PRPPTY/SA,CA,CP,CV HF G

G nON JEoNe TN scaa Cor s e SN e ok L EoNs . cons.GA

COMMON /PKAN/V(Z?

FHYH=ZY (1)=Y (k)
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c"'..vtr?T'95N§9%355g SCON2Y (3)) *TMTH
Se=(,
sssss " CALL SUBROUTINE CONTAINING DIFFERENTIAL FORM OF THINLAYER
S g
Cevsss O R FOUATION
c"~“v(gﬁ?ﬁggf?3§‘2)051xon
Qé%&%;(CON3’YN?M—(NFGOCV'YHTﬂ)'GA‘Y(Q))I(CONQOCONS‘V(2$)
n
R NE OIF
—— R0U7150935u$gne CONTAINING THINLAYER EQUATION BY TolLo THOMPSON
ssess IN DIFFERENTIAL FO
sssss USED WITH concuaaeur AND COUNTER FLOW GRAIN DRYER MODELS
eans b CALGULATE OMZOX
COMMON /9XIN/XH0,CFM,GVEL
COMMON /NAMEZINANE, IPROD
COMMON /PKAMZY (202)
DATA INAME,IPROD/10HTHOMPSON ,10H CORN
IR T SR aae FE 1S £ 1 P
= Y -
cosses D708 2 2R0NENTOTHY va%xo.. iF CK CONTINUE AND COMPUTE RH
IFCY(3)oLToelE215) 6O T0 3
SH=PHOAN tvca)ousq.eq,vtsb
C®#88a8  CHECK RHepeeIF OK coutxnus AND COMPUTE EQUILIBRIUM MOISTURE
Cessss  CONTFNT ANE MOISTURE RATIO
IF(PH,E,1,0) GO TO &
IFIOHDBHA (Y (1 14459,69,Y(3)) (GE.1,0) GO YO &
XME=EMC (PH, ¥ (4) )
XMO= (Y (2) =XME )/ (XMO=XME )
Cossss  CHFCK MOISTURE RATIO (ABSORPTION) seeIF OK CONTINUE
IFCXNDY 2.2,1
1 ALMF=ALOG(X4R)
Coss8s  COMBUTE EQUIVALENT TINE
TI=ALMO® (A+ASALMR)
RAN=SNPT(A®Aehk, *88TT)
cessss  nysnx cquATioN
Y(A) 2= (XMO=XNE) /GVEL®EXP ((=A=RAD) / (3+R)) /RAD
RETURN
2 ¢C NTENUE
C*es8s SET MOISTURE RATIO FLAG, FORCE PCSITIVE AND CONTINUE COMPUTA-
c..“' TIO“S
YiLgdevisy
Y(£2)=210 nox; RATI)
XMP.= XNR® (=1%o §)
GO TO 1
3 conrgnur
Cesa¥s " SET HUMIDITY FLAG,FORCE HUMIOITY PATIO UP ANO CONTINUE COMPU=
Coesss  TATIONS x
Y(L1)=V(5
Y(12)=40H ABS HUM
Y(3)=,1E=15
xna-;( )7 XHO
XME=2(Q,
GO 10 1
& CONTINUE
Cesess SET RH FLAG, FORCE RH DOWN AND CONTINUE COMPUTATIONS
Y(11Y=v(S5)
Y(12)=10H REL HUM
PH=, 9999999449
xns=V(€)
XMP = ° 1 ‘6
GO TO 1
END
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Appendix B-2. A sample of the performance analysis of a designed
heat pipe exchanger.

FROCESS ANALYSTS

SUFFLY EXHAUST

IN WWMMOUT IwawwmwaUT
TEMPERATURE ~ OF 50,0 62.7 130.0 117.4
AIR FLOW LE/HR .406000E+03 +600000E+03
ATR FLOW  CFM 2761235402 +146419E4+03
FACE VELOCITY FT/MI fR252228E403 + 378342E403
MASS VELOCTTY  LER/HRE/ZFTZ W 272205404 +408307E+04
REYNOLIIG NUMEER ¢ 2267GHEH0D +340132E+03
FRESSURE DRCGF TN H20 326520400 « 109239401
PUMFING FERGY PWHZYR 1208011402 375947E402

HEAT TRANSF COET » 114100402 1427741402
BTU/HKR/F T2 /701

ENERGY SAVED ETU/HR CA23933E+04 ¢ 193537E+04

EFFICIENCY + 189250400 2481576400
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Appendix B-3. A sample of the dimensions of a designed heat pipe
exchanger.

HEAT PIPE EXCHANGER DESICGN
AE-MSU

CALCULATINHNS AFTER &QUNDING OFFS

EXCHANGEF OVERALL DIMENSICNS IH FT

LENGTH LENGTH HEZGHT CEPTH LATOTAL vV OL UME
coLO0 HCT
24695 3.30 4.00 2.02 5531.57 483,44

CORE SPFCIFICATIONS IN INCHES

FIN PIPE FIN FPI

DIAM OIAM THK QrY
14814 624 017 13.54

ROW OIPES FIPE ROW

QTyY IN A FUOW SFACING SPACING
7.0 25.0 1.920 3.462

DIMENSIONAL FASAMETERS

ATOTAL/VUL AFLOW/AFRCNT AFIN/ATOTAL HYD.OIkM
114,15100 53275 «37659 «01866
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Appendix B-4. A concurrentflow dryer analysis using a heat pipe exchanger

rnuct;iu OF THE COOLER TO THE EXCHANGER
FRAcTIO8  OF THE HEATER TO THE EXCHANGER
raagrion OF THE DRYER INPUT FROM 8

CodLER

003 8
EXCHANGER EXHAUST
EXCHANGER SUPPLY

ifi o

DEPTH TIME AIR ABS GRAIN MC nC
TENP HUM ugn TENP W8 08
FT HR F  LB/LB oscsn * f PERCENT DECIMAL
001 og. Ll1.4 1982 # 117.0 25. 00 0332;
6006 59 16309 02576 278 163,7 19,68 o2l
COOLER GUTPUT 8
GRAIN TEMP 73,5
CRAIN HC(HB) ’5«1
AIR TEPP 3
R H 0473
INPUTS Yo THe EXHAUST SIDE OF THE EXCHANGER
TN e 185, R ar0E 400" "t9877E a5
Iupu?igé §ng sup&L gingtgraigg & ehinceR
-0 Q7E+
exculnzg Eou;’UT.ulooe 2 <2597E+QS
Toc HOC
%220576 0805
HOH
139,362 - 147
1
néu 3&50* T0 rné 3avea
Teup AIR RLOW
1 7055 020“ 676,240
DEPTH TIME AIR ABS REL  GRAIN
TEMP HUM N TENP
FT HR F  LB/LB DECIMAL F Peageu oecgu
081 og.’ %01.8 02252 081446 117.0
6e0k 28 10L:8 2835 c3iss  1El)  23:% o 24
COOLER OUTPUT
GRAIN TEMP 73.5
AIN HC(kB) 1737
AIR TEM 155,0
ATR HUM o047
ENERGY BILL
ORYER COOLER HEATPIPE SYSTEM
FAN 738423 32.91 4s1s 775,35
MOVE GRAIN 3. 80 <00 0.0 .00
AT AIR 106732 0.0 ~457.5 10015.8
ToTaL 112115 33.0 «453.3 87265
58y 4863 10573 0.000 6.436
STATIC PRESS
INCH OF WATER 50,94 Goltls 9,00 55438
Yiy826281rect EetveLine s28ed * ¢



