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ABSTRACT

The most common method used to prepare grain for preserva-
+ion in this country is drying. Accordingly, grain drying is an
energy-intensive agricultural operation likely to be increasingly
affected by rising costs and reduced supplies of energy. In this
country, corn drying alone consumes well over 1013 KJ/year of
thermal energy. Since many grain drying operations use fairly
low temperature heat, solar energy has potential as a thermal
supplement to conventional heat sources in grain drying. If
solar collection can be added economically, it will likely make
at least a modest contribution to conservation of conventicnal
energy supplies.

This study was concerned with computer modeling techniques
for investigation of drying grain with selar energy. An infinite
NTU eguilibrium drying model was derived from the governing,
coupled equations for heat and mass transfer between flowing air
and porous media. The model is shown to have some unigue gquali-
ties in its equilibrium approach. It is especially suited for
computerized transient simulations of solar supplemented grain
drying using actual weather data to determine inlet conditions.
Previous grain drying models tend to be more elaborate and heavily
concerned with empirical rate measurements and transfer co-
efficients. The model which is derived and demonstrated in this

thesis functions without the need for extensive characteristic



rate and coefficient data on each batch of grain. It is flexible
in its application. It is concluded that the new model, compared
to other published models, 1s simpler to apply, is more gfficient
with respect to computer time (allowing larger time steps and
node sizes; involving fewer equations and variébles), and is of
apparently adequate accuracy for simulating full scale solar
grain drying experiments.

The drying model is compared satisfactorily to limited
available data and other theoretical presentations. Computer
simulations of solar drying systems with various collector sizes
and flowrates are presented for a selected bin design and a
selected grain utilizing actual hourly weather data from the
Madison, Wisconsin "design-year” weather data tabulation. It
is tentatively concluded that solar energy has economic potential
as a supplemental energy source for grain drying in some cases
if the proper design conditions can be determined in advance of
collector installation. It 1is believed that the hodel (and
computer version thereof) and modeling approach presented in
+his thesis can serve as useful tools in conducting thorough
investigations into the economic potential of solar-assisted
grain drying and to develop design guidelines for such systems.
Several model options intended to provide investigators with in-
crveased versatility (e.g., partial recirculation) are also demon-
strated and discussed. A course of further study considering a

variety of systems designs, grain types, locations, and climatic



data utilizing computer simulation techniques to ultimately

determine design guidelines is discussed and recommended.
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1.
SUMMARY

1.1. Problem Statement

Grain drying is an energy - intensive operation in the United
States and other countries. For corn-drying alone 1t is estimated
thaf 6 x 1013 kJ of thermal energy Were expended within this
country in 1976 (Foster and Peart, 1976). Considering our de-
creasing energy resources, it is desirable TO reduce the amount
of conventional energy utilized to dry grain. Two ways of reduc-
ing conventional energy usage are efficiency improvements and
utilization of alternate energy sources guch as solar energy.

Most of the published work in solar grain drying has related to
specific tpials with little long term simulation design studies.
It was felt that published models could not be efficiently applied
to computer simulations of long-term, variable input solar drying.
The primary goal of this work was to develop a simple yet versa-
+ile model of the grain bin drying process which would accept
variable inlet conditions necessary +o0 simulate solar grain dry-
ing. The model was to be free of the constrainis of many drying
models which require four, five or more unknowns (for example;

aipr and grain temperatures, moisture content, equilibrium molisture
content, humidity and perhaps film temperature and humidity) and

2 like number of complex equations along with extensive empirical

prate data on each bateh of grain. That ig, the model was to he
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more suited than other published models to conducting numerous
long-term simulations without regquiring extensive computer times.
A secondary goal was to demonstrate the applicability of such a
model fof computer simulations of grain driers using solar energy
as a complete or supplemental thermal source and subjedt to trans-
ient conditions. Furthermore, it was desired to tentatively
determine the Feasibility of solar drying under a selected set of

conditions and parameters employing the model.
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1.2 TImportant Results

The most important presult of this study was the development
of a drying model. An infinite NTU equilibrium drying model was
derived from the governing, coupled equations for heat and mass
transfer between flowing air and porous media. The model was
found suitable for many applications in computer modeling of
solar grain drying where it previously would have been necessary
to apply more elaborate models concerned with empirical rate
measurements and rransfer coefficients. This result makes it
possible to conduct extensive computer-simulated experimentation
with solar supplemented grain drying under various system COD-
figurations, conditions and locations. The simulations may
employ actual data with variable inputs, be relatively efficient
with computer time compared to other drying models, and function
without the need for extensive characteristic rate data on each
hatch.

Another important result was the demonstration of apparent
economical potential For solar energy 4s & supplemental thermal
energy source for grain drying. However, this conclusion (based
on simulations) should be considered subject to further investi-
gation\since this study consideved a fairly 1imited number of
designs and conditions using average hourly weather conditions
for October in Madison, Wisconsin. Nevertheless, the result is

encouraging and should promote further study.
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1.3 Conclusions and Recommendations

1+ is concluded that the new grain drying model, developed
and demonstrated as part of this study, is simpler to apply and
more efficient with respect 1o computer time (i.e., allows larger
time steps and node sizes and involves fewer-equations and var-
iables) than other published models. It is of apparently adequate
accuracy for simulating full scale solar grain dryving experiments.

it is recommended that the model (and computer version there-
of) developed in the course of this work be employed for further
and indepth investigations of the economic potential associated
with solar energy as a supplement To conventional energy SOUrces
for grain drying.

There is a lack of good long-term experimental data avail-
able on grain drying in full size bins with variable inlet condi-
rions. Accordingly. the acquisition of such data for full-scale
systems gubject toO fransient conditions and suitable for provi-
ding more rigorous verification of this model and other models
is suggested.

The specific heats of air and of the moist grain and the
latent heat of sowption are all expressed 1in the model as
functions. Possibly one oY more of these could be expressed as
constant average values. As discussed later in this thesis,
replacing these functions with constants might further decrease
calculational requirements and therefore computer time. Others

using the model may wish to consider whether an efficiency im-
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provement could be obtained in this manner without significant
loss of accuracy.

The computer gimulated experiments undertaken to study solar
grain drying potential will likely be the most consequential work
to utilize the results of this study. A variety of systems
designs, grain types, locations, and climatic data should he
considered. Special attention should be given to multi-batch
operations (that is, two *o three batches per season per bin) or
those with off-geason uses Ffor low-temperature heat. (These have
the best potential for favorable economics at the present.)
Attention should also be given to the high temperature, rapid
drying operations where two or more batches may be processed each
day. (These have very high annual energy requirementé on a per-
unit basis.) Economic analyses of these various systems, all of
which may be readily similated using the model and technigues of
this study, should lead %o the development of design guidelines
and/or criterid. Such guidelines might include suggested type
and size of solar collector as a function of bin size, grain type,
location, and other system chapacteristics. (With some modifica-
tion of the model, it should be possible to also simulate contin-
uous grain counter-£low driers and cross-flow driers to mention a
couple.)

With most drying operations the blower 1is operated contin-
uously. As will be explained later, it is desirable to maintain

some minimuam aeration level at all times. Some 1limited simula-
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tion work was conducted to observe the results of reducing air
flow to minimum levels whenever there is no thermal gain. It
would appear that this method of operation might be more energy
efficient under some conditions yet more costly under other
conditions. Further consideration of this method of operation
by experimental simulation might indicate a guideline in this
matter.

Some limited simulation work was also conducted to observe
the effects of partial recipculation of air exhausted from the
dpier. Redirecting a portion of exhaust air into the intake tO
+the collector causes the inlet air 0O the drier to haﬁe a higher
average humidity. It also causes the inlet air to the drier to
be slightly warmer Ol fhe average. These humidity and tempera-
fure effects work against each other with respect tO moisture
removal. It appeared that water removal from thgrgrain in the
high moisture ranges (of the grain) 1s more affected by increased
temperatures and that water removal in the low moisture ranges
is more affected by the jncreased humidities. Since this is
based on a limited amount of inquiry into this area, additional
study would bhe useful to identify the optimum approach. Since
Low temperature heat is frequently used in grain drying, partial
pecirculation does not reduce collector efficiency significantly.
Perhaps employing recirculation initially when the grain is quite
moist, and eliminating recipculation as the grain enters lower

moisture ranges could improve the overall efficiency of solar
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grain drying. Additional study by experimental simulation could
likely answer +his guestion as well as the others which have
been raised.

Design and operational guidelines.for solar grain drying,
it is hoped, may eventually be developed utilizing the modeling
concepts and suggestions advanced in this thesis. If solar
grain drying can be made fo function economically, as it appears
from this study, i+ will be able to reduce consumption of con-
ventional energy supplies. Computerized design studies seem to
be an expedient approach for increasing the implementation of

solar grain drying.
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2.
BACKGROUND

2.1 Introduction

Some method of preservation ig used on much of the grain growil
in the United States and elsewhere to prevent the development of
conditions conducive to mold and/or insect growth. Methods in-
clude airtight storage (all oxygen is quickly converted 10 carhon
dioxide), chilled storage. chemical treatment, and probably the
most common: drying or dehydration.

Grain drying is an energy intensive agricultural operation
1ikely to be increasingly affected by the riging costs of energy.
Consider an example concerning the United States' highest product-
jon grain. Corn drying consumes an estimated (in 1976) 6 X lDl3
KJ/year (5.5 X 1013 BTU/year) which 1is equivalent to 2.0 x ng 1
(6.4 x 108 gal) of LP gas and represents more than half of the
total energy equivalent required when considering all phases of
corn production (Foster and Peart, 1976) . Over 70% of all corn
produced 18 dpied in some manner (Peart and Poster, 1975).
Approximately one-fifth of all co¥m produced 1is dried with relativ-
ely low temperature in storage systems utilizing LP gas OF natural
gas. Some larger installations use fuel oil. The use of elec-
fpricity for drying operations at individual farms is increasing

(Foster and Peart, 1976).
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Solar energy as a nheat source in grain drying appears O
have the most potential in low temperature, in-storage systems
rather than in high temperature, high speed systems. Such
application would allow the use of small and rather simple solar
collectors (for new or existing facilities) which could be quite
efficient due to the low temperature rise required. Solar energy
could also be used in high temperature, high speed drying applica-
tions either as a supplemental or total energy source or &s &
preheat source. As an example, a large industrial scale opera-

2
tion in Alabama installed 1219 m (13,104 ftz) of solar collec-

tors designed to supply 6% of the energy requirements for one of
the facility's large driers by preheating 756 m3/min (27,000 ft3/
min) of air (Guinn, 1977). The total installed capital cost for
the single glass cover collector system was $440.00/m2 ($41.90/
ftz) (estimated at $30.00/ft2 if they hadn't nee@ed elevated
construction above a parking lot) (Guinn, 1977). This instal-
lation cost provides some illustration of why the lower tempera-
ture, small scale systems with simple collectors may have greater
potential for utilization of solar energy. Fabrication and
construction will be simpler and the installed cost is likely to
be less.

Various estimates for the installed cost of complete systems
have been published. Some plastic collector systems may be in-
stalled for as little as $21.50/m2 ($2.00/ft2) for the entire

system (Schlag, Ray, Sheppard, and Wood 1976). This latter study
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discusses inexpensive, user-fabricated systems. (Convenient
transmissivity data for plastic covers are also presented.)

By incorporating the wall of the grain bin into the collector
design, it was estimated {Schoenau and Besant, 1976) that a flat
plate collector constructed by the addition of a bare metal plate
which creates an air space between the bin and the plate would
cost $5.65/m2 ($D.52/ft2). Addition of a clear plastic cover
would increase the costs O $6n60/m2 ($D.62/ft2) while using only
the clear cover and the bin wall would result in costs of
$2.56/m2 ($D.2%/ft2). An inflated plastic collector utilized
experimentally at Purdue in 1874 had an installed cost of
$20.00/m2 ($l.86/ft2) at that time (Peart and Barrett, 1975).

The vulnerability To damage and the expected useful life of
the collectors must be considered when making long teim economic
evaluations. Although the inexpensive inflatable_plastic systems
may be fairly versatile and easily repaired, it is likely that
rigid collectors constructed on bin walls or roofs (or as sepa-
rate units) will provide more years of service.

To be economically feasiblé, the capital and operating costs
of the collector must be offset by the cost of the energy saved.
One article (Foster and Peart, 1976) suggested that for designing
new systems that do not already include a conventional heat
source, it may be worthwhile to consider a collector design
sufficiently large to eliminate the need for auxiliary heat.

This would allow the collector system costs to be offset by the
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costs of the auxiliary heater as well as the cost of the energy
saved.

As a final comment in +his section, in most cases where
grain drying systems might utilize solar energy. drying is carried
out only 10 to 20% of the year. Certainly, whatever the merits
of solar heat versus conventional heat for grain dryinglmight
be, solar heat could be made mOIre attractive for this application
if the collector could be used to supply heat for other uses in

the remaining 80 to 90% of the year.
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2.2 Full Scale Experimentation with Solar Drying

Rased on experimental data from 18 successful solar assisted
drying tests (15 of which used corn) at 8 locations in 1974 (some
continued in 1975 at 6 locations), Foster and Peart (1976) sug-
gest a collector size of 0.27 to 2.0 mz/m3 of bin capacity
(0.10 to 0.75 ftz/bushel) for low temperature drying in-storage
and 10.6 to 2L.2 mz/m3 (4 to B ftz/bushel) for batch-in-bin dry-
ing where geveral batches may be dried in one bin during a har;
vest season. They state the collector should be expected to pro-
vide a maximum temperature rise of 3% to 17°C (5° to 30°F) on a
clear day at noon and an average temperature rise of 0.5°to 3.5°C
(1° to 6°F) when averaged over day and night for the entire dry-
ing run. (It should be noted that they are assuming an addition-
al temperature rise of 1.1°C [2'?] due to the blower. They claim
this is reasonable in the normal wange of blower rates.) For
corn, another researcher (Saulnier, 1976) suggests a collector
size of 0.5 me/m> (0.19 £¢2 /pushel) , an air flow rate of 2 m2/min
per m3 of bin capacity (2.5 CFM/bushel) and that the optimal
temperature rise chould be on the order of 5org 12°C (9°to 22°F).
For wheat, Schoenau and Besant (1976) suggested minimum air flow
rates of 0.85 m3/min per mg(l.l CEM/bu). Minimum air flows for
corn are often recommended at 1 tO 1.75 times higher than for
wheat. For corn, Peart and Barret (1975) utilized a flow rate
of 1.8 m3/min per md (2.2 CEM/bu in successful full scale solar

drying experiments. Brooker, Bakker-Arkema and Hall (1974) have
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3
suggested minimum air flows of 1.6 to 4.0 m /min per m for corn

at moisture contents of 22 to 33% (dry basis) respectively.
Eight solar drying trests at the U. S. Grain Marketing Re-
search Center aﬁeraged a usable collection of 2.0 KWh/mZ.day
(620 BTU/ft2.day) with inflated plastic collectors (Foster and
Peart 1976). South Dakota tests {(Peterson and Hellickson, 15763
Peterson, 1977) utilized collectors installed on bin walls (with
a 7.6 cm (? incﬁ] air space). Several designs, €.8.: polyethy-
lene cover, translucent corrugated fiberglass cover, and various
types of corrugated metal plates with no covers, were used with
reasonable success. I+ is stated by Peterson that some of the
rasts regquired no auxiliary energy inputs. Other successiul
gsolar drying tests have been described (Peart and Barret, 19753

Peart and Foster, 1875) .
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5.3 Power Considerations

The pressure drop and power pequirements for forced air flow
through grain have been empirically developed (Brooker, Bakker-
Arkema and Hall, 1974). They indicate that good experimental
agreement 1is observed for the following equatiomn:

AP = aQ°/@n( * BQ))
whepe Q is the empty tower mass velocity, AP is the pressure drop
per unit depth and & and b are grain-speeific constants given in
the veference. The published constants are used with velocity
and pressure drop expressed in units of CPM/ft2 and inches of
water respectively. For a flow rate of mg/min per m3 of grain
(5 CEM/bu) through a bin of corn 5.5 m (18 ft.) in diameter and
3 m (L0 ft.) deep; +he above eguation (with a = 6.5 % le and
1 = 1.56 for use with English units predicts a pressure drop
through the grain of 1.3 KPa (5.3 inches of water). Other pres-
sure drops in a drier system would include the ducts, the sudden
expansion from the duct into the sub-floor plemnum, and the per-
forated floor. An example presented by Brooker, Bakker-Arkema,
and Hall (1974) showed these may represent an additional pressure
drop on the opder of 30 to #0% of the drop through the grain.
In a solar energy grain drier, +he solar collector will also
contribute a pressure drop, likely to be negligible in comparison.
The addition of large collectors could regult in a significant

pressure drop through the extra ducts, however. The addition of
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a solar collector would generally be the only difference between

conventional and solar driers. Given the size of the relative

pressure drops, the addition of a collector is not likely to cause

an increase in the power consumption of the blower that would be

significant with respect to the overall (thermal plus mechanical)

energy requirements of the system unless the additional ducts

and headers for the collectors were fairly long or did not allow

gradual transition between the collector sub-units and the header.
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o, 4 Selected Agricultural Considerations

2. 4.1 OVERDRYING:

Prevention of over-drying is a major concern with in-stor-
age drying. This can occur near the inlet if excessively warm
air is utilized for long periods of time. In addition, 1t should
be noted that the heat sensitivity, i.e., maximum allowable
kernel temperature, of various grains depends on the intended
use of the grain. Brooker, Bakker-Arkema and Hall (1974) indi-
cate approximate guidelines. For in-storage drying, fairly low
temperature and flow rates are used since it 1s desired for the
moisture content of all the grain TO dry ito some maximum level
without seriously overdrying the grain near the inlet.

To reduce overdrying of the inlet portion of the grain, it
has heen suggested TO design bins with some type of recircula-
tion or mixing mechanism (Roberts and Brooker, 1975). For batch-
in-bin drying in which higher temperatures and flow rates are
often used, damage by overdrying is minimized by keeping the
1ength of drying time shorter. When the average molsture content
of the bin reaches the desired level, the grain ;15 removed from
the drying bin, mixed, and transported elsewhere for storage.
it has been reported that such a practice (mixing high and low
moisture content lavers when the average is at the desired level)
will result In each individual kernel equilibrating to within
approximately 1% of the average moisture content (White and

Ross, 1972). Apparently, adsorption and desorption hysteresis
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prevents attainment of the average for all\kernels in a batch.

A technigue of alternating heated and ambient air has been
suggested by one group of investigators as another way to prevent
overdrying and to produce a more uniform drying profile through
the bed (Browning, Brooker, George, and Browning, 1971). Another
has suggested the introduction of air at several locations to
provide more uniform moisture profiles (Schove, 1971). Neither
of these last ™0 peferenced studies discussed whether there was

any significant energy penalty over conventional methods.

2.4.2 MOISTURE MIGRATION:

Significant Molsture Migration may Occur in a static bin
(i.e., one having no air flow). With no air flowing, radial
temperature gradients (due to grain respiration and environmental
heating or cooling) may develop. The radial temperature gradients
generally result in the circulation of convection currents which
transport moisture from wapmer to cooler areas. Localized wet
spots with high spoilage potential may be the net result. This
undesirable occurrence may be minimized or eliminated by maintain-

ing at least some minimal air flow through the bin (Brooker,

Bakker-Arkema, and Hall, 1974).
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2.5 Physical Considerations

2.5,1 EQUILIBRIUM:

An important concept which must be empirically represented
in modeling grain drying (and in other applications as well) 1is
that of the eguilibrium moisture content. This is the level of
moisture which will be obtained if the grain is exposed to air
(of a given temperature and humidity) for a sufficient length of
time for all driving fopces For heat and mass +pransfer to be
eliminated. One of the most convenient relationships to work

with is based om the original work of Henderson (1952)

L 1/n
- 1n(d - Rﬂﬂ *
We .,[ C(T * B) J — 100

where C, B, and n are grain specific constants, RH is the rela-

five humidity in decimal form, and T is the temperature.

5.5.2 SORPTION HYSTERYSIS:

Equilibrium relationships can be adapted to be specific for
conditions of desorption or adsorption since there is some
hystersis in the moisture content, W (as a function of tempera-
ture and relative humidity) depending on which of the above
conditions prevails. The amount of hysterysis decreases with
increasing temperature (Dunstan, Chung, and Hodges, 1973). DMost
modeling efforts have included the assumption, however, that the
hysterysis efiects can be discounted, and that the same empirical

constants can be used during edithew desorption or adsoyvption.
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The hysteresis phenomenon 18 also discussed by Brooker, Bakker-
Arkema, and Hall (1974). A technigque for easily approximating
the moisture content profile of the grain bed during drying has
been advanced based on tapping off samples of flowing air (Gough,
1976). This techniqgue relies on the availability of suitable

equilibrium relations.

2.5.3 GRAIN PROPERTIES:

Many other grain properties are functions of temperature
and/or moisture content as well as a function of the specific
grain. Generally these must all be represented empirically for
modeling work. Correlations for various grain properties (e.g.
heat capacity, thermal conductivity, diffusivities, void fraction,
and latent heat of sorption) are presented for several grains by
Brooker, Bakker-Arkema, and Hall (1974). Although it will not
he discussed in any detail, it 1is important to note that the
energy requirements for evaporating water hound in grain are
greater than those for evaporating free water. This difference,
which is primarily & function of the moisture content of the

grain, 1s the latent heat of sorption.

2.5.4 RESPIRATION:

Ope factor which is generally not considered in most analyses
is grain repiration. This phenomencn results in some loss of
dry matter, €.g., @S carbohydrates are converted to carben diox-

ide and water vapor, and a small thermal gain. It is not likely
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+o he overly important if care is taken not to exceed safe stor-
age times. For example, corn stored longer than four days at
43% moisture content (dry basis) and 23°C (75°F) may approach dry
matter losses of 1%; corn stoped at 18% moisture content and
15.5°C (60°F) would not likely approach this level of respira-
tion loss for approximately 260 days (Brooker, Bakker-Arkema and
Hall, 1974). For most drying conditions, it is reasonable to

neglect this in modeling work.
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2.6 Survey of Drier Models

A fairly extensive amount of work in modeling the drying
process in grain bins has been conducted. Not surprisingly,
most of this work has been with respect to agricultural driers

and published in the agricultural engineering literature.

2 6.1 NON-EQUILIBRIUM MODELS:

One of the earliest works (Hukill, 19U7) considered the
analogy between heat and mass transfer. In his study of deep
bed drying of corn, Hukill'!s approach to heat and mass transfer
and his development of an explicit solution was in a manner simi-
1ar to one of the classic studies of heat transfer in porous
media (Schumann, 1929). Hukill developed a solution to largely
empirical equations and characterized internal temperature and
‘moisture profiles based on "macro-" (rather than "micro-") mass
and energy balances with little attention to the more basic
phenomena causing them. The unmodified Hukill model® can some-
times provide guitable design data by using published graphical
solutions for constant inlet condition cases according to some
(Brooker et al., 197t; Young & Dickens, 1975). Some other investi-
gators (Hamdy & Barre, 1870; Barre, Baughman & Hamdy, 1971;
sutherland, 1975) have felt Hukill's unmodified model is not

pigorous enough to be applied to a proad set of design similations.

* Hukill®s model and nodifications thereoi are all generally
referred to as the logarithmic model or characteristic
logayithmic model.
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However, it should be noted that the latter two studies did utilize
a slightly modified version of Hukill's model which then required
the use of a computer.

gimilar models utilizing finite difference and predictbr—
corrector numerical qnethods respectively were proposed (Van
Apsdel, 1955) to solve the simultaneous, partial differential
equations describing the system. A separate determination of the
instantaneous rate of drying, R, was necessary. van Arsdel
presented a cound approach and part of his development of the
theory served as the starting point for the model developed by
this aunthor. This will be discussed in a later section.

Many models in the agricultural engineering literature are
not concerned with sensible heat pelative to latent heat. Often,
however, 12 to 15% of the total heat required may be transferred
to the grain as sensible heat (Boyce, 1965). Boyce proposed an
empirical model which included sensible heat effects. Accurate
empirical drying pate equations and properly meagured rate
constants were crucial to this model.

Bakker-Arkema et al. published a frequently referenced model
which they admitted, however, wWas more academic than practical
(Bakker-Arkema, Bickert, and Patterson, 1967). Their model is
quite rigorous and accounts for many of the basic mechanisms.
Their model applies only to wet products with all drying occur-
ring in the constant rate period. Constant thermal properties

(such as latent heat of vaporization) were assumed. No gpecific
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equation for the medium’s moisture content was included. The
authors stated that for application to grain drying in general,
additional mass and energy balances to account for decreasing
moisture content and increasing latent heats would be required.
The published model already required four differential equations
with four unknowns. A critical analysis of this model {Spencer,
1969) stated there was not satisfactory comparison between theory
and experiment.

A threé step series was the basis for a model presented by
Thompson, reart, and Foster (1968). Three sequential steps are
proposed to represent the simultaneous solution of coupled heat
and mass transfer equations. In step 1, an air temperature is
calculated based on sensible heat only. This temperature (likely
to be overastimated) is then used in conjunction with the inlet
rumidity and a rate equation to determine the degrease in mois-
tupe content and the increase in humidity (lLikely to be over-
estimated as well) in step 5. Step 3 reduces the air tempera-
ture due to evaporative cooling as based on the amount of mois-
ture removed in step ¢ and calculates the grain temperature
(which is considered to be different from the air temperature).
Apparently, no iterative checks to assure the legitimacy of the
solution are performed. It would seem to this author that the
model of Thompson et al. would tend to indicate +he bed’'s aver-
age moisture to be reduced more quickly than it actually would

be. No confirming experimental data were presented; they stated,
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however, that unpublished data confirmed the model reasonably
well.

An empirical model somewhat similar to that of Boyce
(discussed above) was proposed with a different approach to
handling the rate equations and constants (Henderson, 1968) .
Another model based upon coupled partial differential equations
and with more concermn for the actual heat and mass transfer co-
afficients than Van Arsdel's model was also presented in 1968
(Myklestad). Spencer (1969) proposed a modified version of the
model by Bakker-Arkema et al. which differed primarily by offer-
ing a new empirical form For the rate expression in arder to
handle a broader range of conditions. This model was further
extended by Spencer (1972) to account for the variation of latent
heat as a function of moisture content and to account for some
bed shrinkage as drying progresses. 0'Callaghan et al. extended
Boyce's model To apply to several novel types of driers (0
Callaghan, Menzies, & Baily, 1971).

A very rigorous model with five partial differential egua-
tions in five unknowns was developed for use with a hybrid
computer (Hamdy and Barre, 1970). They state that previous
theoretical works have not been completely satisfactory because
combining descriptions for all of the basic phenomena rasults in
a "complex non-linear mathematical model that does not lend
itself well to analytical solutions or to simulation on either &

digital or analog computer.” They feel that particular strengths
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of their model include among other things; consideration of
sensible as well as latent heat effects, changes in heat capa-
city of the medium and of the air as a funetion of changing
moisture contents, ability To handle increasing as well as
decreasing moisture contents, and consideration of the latent
heat of sorption as a function of moistupre content. The practi-
cality of this medel For voutine simulation is guestioned due tO
its extensive computing requirements.

Two studies by the same researchers (Barre, Baughman, and
Hamdy, 1971; Baughman, Hamdy, and Barre, 1971) extended the model
of Hukill and simplified the model of Hamdy and Barre. It was
noted by the authors that the rigorous Hamdy and Barre model may
bhe simplified to the Hukill model by assuming

(1) The specific heat of moist air is approximately

constant with respect to small humidity changes
(2) Sensible heat effects are small compared to latent
heat effects

(3) Sensible heat required to raise the evaporated moisture
from the grain temperature to the air temperature is
negligible

(#) Bulk grain density is independent of moisture content

and temperature and

(5) Latent heat of sorption is approximately constant.

The main difference between the various models is the manner

of approximating the simultanecus solution of their particular
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equation set and the particular rate equation chosen. The
vavrious rate gquations are generally empirically derived from
fitting an equation tO ohserved data and may require as many as
10 or more fitted constants if, as is usually the case, the rate
equations require the determination of the eguilibrium moisture
content.

The references discussed this far represent a thorough
survey® of non-equilibrium modeling techniques for simulating
conventional deep bed driers as might be employed for grain
drying. One common feature to these models is a very critical
dependence On accuvate drying rate expressions and properly
determined rate constants and tpansfer coefficients. Generally
there were at least four unknowns &t any given point in time
and space (including two temperatures). Any of the models which
could conceivably handle variable temperature and hunidity in-
puts appeared to peguire fairly sophisticating programuing and
extensive computing. For example, One published application of
the model of Bakker-Arkema et al. required two sets of time and
distance increments. Within the individual corn kernel,

Ar = 0.001 £t (radial) and At = 0.003 hr; within the overall

2 £t bed, &A% = 0.005 feet (less than the diameter of A single
corn kernel) and At = 0.015 hr. (Bakker—Arkema, Evans, & Farmer,
1971). The product of the number of rime steps and the numpex

* gome additional non-equilibrium drier models will alsc be
referenced under & iater sectiom On solar drying simulations.
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of segments for Van Aprsdel's model to reach a iength of 3 feet

at time 0.08 hours had to be at least 360 for his predictor-

corrector method and 60 for his finite difference method. 1In

demonstrating their model, Hamdy and Barre (1970) required a

Ax of 0.02 feet and a At of 0.002 hrs.
Given the degree of uncertainty which exists in the empiri-

cal correlations for drying rate, egquilibrium moisture content,

other thermal properties, and indeed in the simulated results;

and given the uncertainty which may also exist in the models of

other units (e.g. solar collector), it would not appear that any
of the above models would provide a simple and efficient yet

socurate model for the desired purpose of this study.

2.6.2 EQUILIBRIUM MODELS:

A few drier models which are much less dependent upon rate

expressions, i.€., equilibrium or near-equilibrium models have

also been developed (Bloome and Shove, 1971; Thompson, 19723

Banks, 1972; and Close and Banks, 1972).

Biloome and Shove developed a near equilibrium model for

simulation of aerated grain storage employing unheated air and

1ow flow rates. They objected to the inflexibility of other

drying models and the critical dependence on the precise deter-

mination of rate constants. They noted that the controlling

factor in many models was the empirical drying rate equation

with mass and energy balances used only *to calculate the moisture

contents (and temperatures) pasulting from the predicted moisture
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removal. In their model there are no explicit rate expressions;
the drying rate is implicitly governed b§ the temperature dif-
ference between the medium and the fluid. There is some similar-
ity to the previously discussed uncoupled series approach of
Thompson (1968). At the beginning of a calculation for a parti-
cular segment at a given time, the guantities (Tg-Tg) and (W-Wg)
are examined to determine which process(es) will occur (i.e.
heating or cooling and drying or condensing). Then the model
moves W towards We until one of the driving forces based on
energy and mass balances is diminished to zero. At any given
rime and location; the moisture content, the numidity, and the
temperatures are not necessarily in equilibrium. The authors
stated their model is applicable only to very low flow rates and

temperatures. 3ome confirmation of the model against experi-

mental data was provided. Hourly weather data was utilized for

inlet conditions over periods of several days.

Thompson (1972) presented what he considered to be a
rgimplified version of Bloome's model that...is more accurate
and easier to anderstand. " His model was designed for high grain-
to-air ratios as found in storage bins of high molsture grain
continuously aerated with unheated air. Thompson felt that most
drying models (which use mueh lower grain-to-air ratios) cannot
adeguately model aerated storage bins. Thompson's model is
basically an equilibrium model based on gross rather than differ-

ential mass and energy balances and assumes that relative changes
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in W and I are quite small with respect to relative changes in

w and Tg. Thermal properties are assumed to have constant,
average values. Tt is also necessary to include an equation
relating changes in grain temperature, TS, +o the heat released
by decomposition. With respect to locating a simultaneous
equilibrium solution, it is noted that the approach reported by
Thompson for his storage model contains some similarities to the
approach derived independently from partial differential eguations
and variable thermal properties by this author.

The following discussion of the development of the Close
and Banks model for the general problem of heat and mass transfer
is presented in some detail. This background will be needed to
understand this. author’'s approach (discussed in later section}
in attempting O develop a simplified version of their model for
the particular use desirved for this study. (For a more detailed
discussion the reader should consult the appropriate articles
referenced abhove.)

In the model of Close and Banks, the following assumptions
were rnecessary:

(1) one dimensional fluid flow through a uniform porous

medium

(2) diffusion and dispersion in the £1luid flow direction

are negligible compared to bulk transport

(3) sorption process involves no hysteresis

(4) constant interstitial fluid velocity and pressure
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(5) no thermal or mass gradients normal to fluid Tlow
(6) thermal and sorption equilibrium between fluid and
adjacent medium at any given point
(7) no discontinuities in fluid or medium properties in
direction of flow
(83) enthalpies h,H, and moisture content W are all functions
of temperature T and humidity w only
(9) all mass and energy transFers occur strictly between
the filuid and the medium
The energy and mass balance equations are non-linear and
are coupled due to the latent heat accompanying sorption and due
to the temperature dependence of the sorbate equilibrium relation.
Continuing to follow the work of Close and Banks, the equation

for the conservation of energy is

h h _ .
p-0) 30 +0€2 + pve SR (1)
and the equation for the conservation of mass (sorbate) is

U
P(L-£) 98 + E56 + O\Vaax =0 (2)

These two equations may be transformed into:

9Pl - ) % ol - i=1,2 3)
where Fl and F2 are funct10ns of only T and w and are termed
characteristic potentials such that Iy and Fp satisfy the rela-

tions:

QT

aw ) :'W)Pi =% i=1.2 &
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}52 is termed a characteristic specific capacity patio since 1t8
relationship to Fj 1s analagous to the prelationship between the
specific heat ratio and temperature in the special case of heat
transter only.Cx{; is the slope of a constant Fy line on & T, W
plot (e.g. psychrometric chart) .

If Fy is replaced by T and v/ (L tu}é), the velocity of
progration term, is modified to contain the ratio of specific
heats instead of-jg, it is seen that equations 3 are bhoth in the
Form analagous toO the case of only heat rransfer. The equations
yepresent the propagation of two waves, Oor two fronts, through

the medium. Changes in Fy or Fo propagate through the medium

independently of each other and at different velocities. For a
system where the equilibrium model is reasonably applicable,
coupled heat and mass transfer relationships may be replaced by
the uncoupled Fi pelationships. If the Fi and}ﬁi curves as a
function of T and w ére represented on a T, w plot, the graphical
conversion hetween T and w {and hence h, H, and W)y and Fq and

E, is straightforward.

By plotting 1ines of constant Fi on a psychrometric chart,
it was shown that for Australian wheat (Banks, 1970) a line of
constant Fl is nearly the same as an adiabatic saturation line
and a line of constant F2 is nearly the same as a line of constant
percent moisture. Within suitable ranges & 1ine of constant
percent moisture corresponds approximately to a line of constant

percent humidity.
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Once sufficient data 18 collected and utilized to generate
graphical plots and computerized prelationships between (Fi:xi)i=l,2
and (T.w), appropriate for a specific medium (not a trivial task) ,
+hen routine simulations of drying may be conducted. Practical
applications have been demonstrated for beds of silica gel by

Close and Banks (1972) , and for grain by Sutherland, Banks,

and Griffiths {1971) and by Banks (1970). This model was also

utilized in a study by Nelson (1976).

5.6.3 COMPARISON OF LOGARITHMIC AND EQUILIBRIUM MODELS:

An Australian study (Sutherland, 1975) compared the perfor-
mance of the logarithmic model and the "equilibrium (square
front) model’. The logaritbmic model refers to the model derived
by Hukill (19u7) and Further developed by others (Barre, Baughman,

and Handy, 1971). The "equilibrium (square fpront) model' is the

Close and Banks model. Sutherland discussed the observation that

in deep bed drying, the drying zone quickly travels sufficient
distance to reach a steady front velocity and width. Width
refers to deviation from a perfect square wave which would have
zepo width. Width describes the size of the zone of transition

between the two distinet values leading and t+vailing the front.

The front velocity of the steady width zone (as developed by the
logarithmic model) was found to be identical to the zero width
zone {as developed by the eguilibrdium, square frent model). It
was concluded that the eguilibrium model as advanced by Close

and Banks was sufficient for drier simulations under many circum-
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stances. However, Sutherland believes that if any portion of
the steady width zone would actually exit from the bed during
the simulation or if an accurate estimate of the zone width

(or internal profile) is desired, then the equilibrium theory
would not be sufficient. Sutherland noted that under conditions
of low flow rates and high temperatures the steady width zone is
decreased in width and the equilibrium model output therefore
varies less from the logarithmic model output under these condi-

tions.

5 6.0 SIMULATIONS OF GRAIN DRYING WITH SOLAR ENERGY

There have been several articles on actual drying experiments
(discussed elsewhere in this thesis) but only a limited number
of studies of experimental gimulations eof grain drying with solar
energy as a heat source have been published. It should be noted
of course that some of the models discussed earlier could be
modified slightly (or used in conjunction with a solar collector
model) to simulate such experiments. 0One might speculate that
the limited amount of published material regarding simulations
as compared with that dealing with actual experimentation is
bhecause interest in this area is just arising. Alternatively,
perhaps it ls because of the reasons outlined earlier with respect
to suitability of published models for flexible solar grain drying
simulations.

Two studies which presented gimulations of agricultural
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drying with collected solar energy (Akyurt and Selcuk, 19733
gelecuk, Ersay, and Akyurt, 1974) are not particularly applicable
to this study. Nevertheless, they are mentioned here as inter-
esting and related applications. Both studies dealt with the
mathematical modeling of multishelf driers for fruit. The
collector and several independent dyying shelves were an integral
part of the drier unit. The product on each shelf received some
direct solar radiation as well as heat from the air flowing up
from below from the main collecTor. Recently a paper was presented
(Osborn, Meinel, and Beguchanmp, 1976) indicating +hat the authors
wepe attempting to provide a mathematical computer model of a
solar collector. This model would be designed to use weather
data and hopefully interface with existing grain drying models.
The idea was that researchers with grain drying models could
supplement their computer program with that of Osbprn, et al.

No fupther results have been published TO +he knowledge of this
author.

It must be noted here that the Solar Energy Laboratory of
the University of Wisconsin's Engineering Experiment Station has
for some time made available an extensive and flexible computer
program named, TRNSYS, capable of simulating (using actual
weather data) a wide variety of solar energy applications
(Klein et al., 1974; Solar Energy Laboratory of the University of
Wisconsin, 1977). Most valid drying models could be adapted to

interface with this program. However, the earlier comments o the
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suitability of published models for simulating solar grain dry-
ing should be recalled. The development of a simpler but adequate
and versatile model to interface with such a program seems
desirable.

Rao and Macedo (1976) precently simulated the drying of
Brazilian carioca beans with solar energy as the heat source.

They employed & mathematical collector model developed at the
University of Wisconsin (Duffie and Beckman, 1974) and one of the
drying models discussed earlier (Brooker, Bakker-Arkema, and
Hall, 1974)}. Their simulated results were confirmed reasonably
well by experimental data. Their drier model includes five
equations (including an equilibrium moisture relationship) and
five unknowns. The empirical rate equation has three constants
which were determined by linear regression of suitable experimen-
t+al data. The rate equation is also dependent upon an expression
for equilibrium moisture content which is a polynomial: ltth order
in relative humidity and with eight empirical constants. The
controlling eguation in the drier simulation therefore requires
the experimental determination of over ten constants.

Although the model of Rao and Macedo appeared to perform
faiprly well, the opitical dependence on the above rate expression
makes the model somewhat inflexible if it would be wished to simu-
late the drying another type of product. It is possible that
one might even have to experimentally redetermine the three rate

constants if this model were to he used to simulate the drying
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of the same product From another location or year. The authors

make no comment on their opinion of the model's flexibility or

of the utility of the model for possible use in extensive modeling

and optimization studies. The authors did suggest the possibi-

1ity of using averaged weather data as inputs but it does not

appear that the results of their simulations conducted in this

manner adequately natch those utilizing hourly inputs of actual

data. Their work has also been discussed qualitatively else-

where (Hammond, 1977).
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2.7 Reasons_for Tnitiation of this Study

Based on the survey of published drying models, it was
concluded that the development of a simpler but adequate and
versatile model to interface with computer simulation programs
such as TRNSYS (Klein et al., 1974; Solar Energy Laboratory of
the University of Wisconsin, 1977) was desirable. Demonstration
of such a model in order to predict the performance and feasibi-
lity of solar grain driers under various design conditions also
appeared to represent a desired contribution to an expanding

area of inquiry.



49

3.
ACCOUNT OF THIS STUDY

This section of the thesis describes and analyzes the devel-
opment of the unsuccessful simplified F1/Fp model and the devel-
opment of the successful equilibrium model. Computer program-

ming and execution of the successful model are also discussed.

3.1 Simplified F;/F, Model

An equilibrium model based on jnfinite heat and mass trans-
fer coefficients has been previously developed (Banks, 19723
Close and Banks, 1972) and applied to heat and mass transfer
through grain (Sutherland, Banks and Griffiths, 1971). This model
was discussed 1in detail in an earlier section of this study.

Tt was suggested (Close, November, 1975) that it might be
possible to derive a simpler and approximate modél for solar
drying from the Close and Banks model. It was envisioned that
such a model would not require the preparation of extensive
charts for each grain of interest, would require minimal computer
time, and would readily accept variable inlet conditions. This
suggestion was based in part on the assumption that knowing the
average hed conditions at a given time would be more important
than the exact axial profiles within the bed. (A similar result
with respect fo thermal storage 1in modelling solar energy systems

was noted previously (Hughes, Klein, and Close, 1975).)
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It was not felt practical o use the rigorous Close-Banks
model in conjunction with TRNSYS for modeling solar drying of
grain in packed beds. Since grain is highly variable in 1ts
properties as a function of such things as grain type, location
grown, year grown, etc., @ new set of Fl/F2 and 1//5; plots would
1ikely need -to be developed for egach case. gubstantial data and/
or experimentation would be required. Once set up, the model
does lend itself well to constant inlet conditions with step
changes ot repeated cycling betweenl design set points. The inlet

conditions to a golar drier ave rarely soO invariant.

3.1.1 DEVELOPMENT

The following additional assumptions were made to simplify

the model of Close and Banks:

(1) The lines of constant Fy may be adequately approxi-
mated by lines of constant wet bulb temperature on &
psyehrometric chart.

{2) The lines of constant Fo may be adequately characteri-
zed by lines of constant percent humidity.

(3) Within the range of interest it 18 possible to define
constant values forCKi andCME effectively assuming
1inearized plots of Fl and FZ.

(4) Within +he range of interest, it 1is possible TO choose
average values for T and w which are representative of
the variable inlet conditions and (knowing initial bed

conditions) use those values 1O define constant values
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for Bﬁ and zg. (This effectively assumes constant
average velocities of front propogation,)

(5) A suitable eguation for equilibrium moisture content

ag a Function of t and w 1S available.

Assumptions 3 and 4 are highly suspect from a theoretical
point of view, and to some extent, so are assumptions 1 and 2.
This was realized, but the goal was a simple model of the aver-
age performance versus time.

If the transient condition of the bed is represented approxi-
mately by two square fronts passing through the bed, then three
(T,w) coordinate pairs are important in this model. Referring

to figures 1, 2, and 3: these coordinate pairs represent:

(a) The values in equilibrium with initial bed conditions

(which ultimately become the first set of outlet

conditions referenced as point 1).

(b) The values representing the inlet air conditions

(which ultimately become the third set of outlet

conditions referenced as point 3).

(c) The values representing an intermediate point where
the air and grain are in equilibrium at some T and w
after the passage of the first front and before the
passage of the second front. (These values ultimately

become the second set of outlet conditions referenced

as point 2).
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Figure 1 shows & sketeh of how these points relate to each other
on a psychrometric chart. Figure 2 shows sketches of T and w of
the exit air versus tﬂmaéaand indicates the time of emergence
for the respective Fronts. Figure 3 is a sketch of the internal
profile of T and w versus distance which would exist at some
time prior to emergence of the first front, i.e., between time
Zero and 91. The initial bed state (point 1) and inlet air state
(point 3) are known. The intermediate point 2 is assumed to be
located at a point found by travelling from the initial state
along the constant F2 line (i.e., constant percent humidity)
until intersecting with the constant Fy line (i.e., the wet bulb
temperature of the inlet air). The appropriate eguilibrium
moisture contents corresponding to these points are known when
T and w are known.

It is possible to get up an overall energy balance and an
overall mass balance which are valid at the exact time of
emergence of the second front.

Letting subscripts 1, 2, and 3 represent the initial, inter-
mediate, and inlet conditions as described earlier, +he overall

energy balance® is:

m(hl_hB)(el“eO) + (by-ha) (92'91) = M (g a1 7H) ()

® note that the balance equations are not dynamic balances
applicable at a1l times but rather expressions of the energy
(or mass) changes between time Zero and . At , the
entire bed reaches the final state in equilibrium with the
inlet air.
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and the gross water halance® 1s:

i (g -3) 6,-0) + mlpw3) 6,-0) = My @gina1 ) (6)
Assuming 60 = 0, the front emergent times are 91 and 62
respectively. With points 1, 2, and 3 all known, there exist
unigue front times ehoand 65 which will satisfy these equations
(Close, December, 1975).

Obtaining the front emergent times for this highly averaged
system permits the straightforward determination of average
Front velocities and therefore mean values of ?{ and ﬁé.

The average front yelocity 18 equivalent to the bed length
(1) divided by the appropriate front emergence time. From the
work of Close and Banks, discussed above, then the instantaneous
fyont velocity may he represented by v/ (ltﬂ}i) where v is the
intergranular fluid velocity and/q is a ratio of effective media

density over effective fluid density. A mean value of}(i is
defined such that:

L =¥ .

L_ i=1,2 (7)
§: L ¥

Recalling equations 4, one linear solution would be:
P, =T 64 W i =1,2 (8)

whereCQE may be determined from the slopes of the constant Fy

® Note that the balance equations are not dynamic halances
applicable at 211 times but rather expressions of the
energy (or mass) changes hetween time Zero and 85. AT
8 , the entire bed reaches the final state in gquilibrium
with the inlet air.
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and Fp lines (assumed to be linear between points 2 and 3 and
between points 1 and 2 respectively). The initial and inlet
conditions in terms of T and w can be converted to appropriate
ipitial and inlet values of Fy and Fp.

To vecapitulate, the bed may be assigned the appropriate
values of Flm and F, initially. The inlet air initiates the
Flf and sz wave propogation into the bed at velocities deter-
mined byi?i andi?;. (Subscripts m and f représent the medium
and the fluid states respectively.) The system 1s NOW described
by uncoupled, lineafized eguations which may be solved independ -
ently for Fl and FZ' These may be superposed if desired to con-
vert back into T and w using equations 8, and W may be obtained
Fyom an appropriate equilibrium relation.

It is noted that some SuUCCeSS was achieved with a somewhat
gimilar linearizing approach to determine initial and boundary
conditions for solving the model of an open cycle air conditioner
{(Nelson, 1976} . gignificant differences in that gtudy, however,
included well defined design points or boundary conditions, step
change inlet conditions, and the use of actual Fl, F2 and-yl,}gg
plots rather than repetitive and constant parameter solutions of

equations 3.

3.1.2 SOLUTION OF THE MODEL:
The solution of the propagating fponts through the bed over
time in this model was based on a finite difference approach tO

equations 3:
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e\ (v _\[(F = F ;o= 1,2 (9)
(“‘a*é\ | G

wWhere x represents axial position in the bed and the bed length
equals {Ax) (N) where N is some suitable number of segments for
the Finite difference analysis. A FORTRAN subroutine containing
the simplified E‘l/F2 model was developed tO interface with
TRNSYS. Many of the details in this model subroutine were also
used in the more successful model to be discussed later. There-
fore, the remaining discussion on this model will concentrate on

its particular behavior and problems.

3.1.3 PERFORMANCE OF THE MODEL:

The use of this model to simulate drying of a packed bhed
produced outlet conditions and internal profiles consistent with
the assumed linear, constant Fl and F2 1ines. That is, values
of (T, w) pairs for any point in the bed, when piotted on a
psychrometric chart, would trace the progress over time from
point 1 to point 2 along the constant percent humidity lines
snd from peint 2 o point 3 along the wet bulb temperature line.
Note that perfect square waves (zero width fronts) would jump
fpom point 1 TO 2 to 3 without any finite time at intermediate
points on the psychrometric chart. Finite width fronts result
in portions of the bed spending SOmME finite time at intermediate
points.

The model (when compared against i1imited experimental data)

predicted that the final desired average moisture content would
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be reached much more quickly thﬁn it actually was. This dis-
crepancy was often on the order of 20 to 25% of the actual time
requirements depending on the specific parameters of the simu-
jation such as flow rate, inlet conditions, and initial and final
bed conditions. A serious lack of closure in the dynamic mass
balance was also encountered. The mass balance at any given

time 3 may be defined as

t:
Mb(winitiaiwe) in rh(Wout_Win)dt (10)

t=0

where the W terms are integrated over the entire bed.
For most intermediate times during a simulation, Owinitial—wﬁ)
was of a magnitude such that for equation 10 to be valid, W
outlet
would have needed to acquire & value in excess of saturation.
The discrepancy was most serious near the beginning of the simu-

lation with a lack of equality in equation 10 well in excess of

50%. This became better as the simulation progréésed until
finally equality was reached at the time the model Finally indi-

cated the complete bed to be in equilibrium with the inlet air.

3.1.4 ANALYSIS OF PROBLEMS:
Both the rapid drying and the lack of mass balance closure
are believed related to the model's inability to imitate the

square wave propagation which 1is assumed in part of the deriva-

tion. Prior to the time when +he second assumed sgquare front
should emerge, two things generally occurpved. First, there would

be a period during which the model calculated the humidity to be
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lower and the temperature to be higher than the corresponding
square front values for most of the bed. However, the outlet
conditions. approximately corresponded to the square wave condi-
tion. During this time, the model profile for T and w caused
unrealistic over-drying eonditions‘in most of the bed which were
not reflected by the reasonably realistic outlet humidity.
Second, there would be a period during which the model determined
much of the bed to correspond to the square wave values except

at the outlet where the square wave profile had jumped to a high
humidity while the model profile remained at a low humidity.
During this time, the model profile for T and w caused realistic
drying conditions in much of the bed and an unrealistically low
outlet humidity. The sum of all of the above effects appeared

+o0 be an indication of too much moisture removed from the grain
Oﬁaoﬁinitial - WS)) Lut too little humidity removed from the bed
QLI Win)dt).

Mote that although the model indicates more rapid drying
than it should, its somewhat distorted approximations of square
wave foprms do not completely emerge as rapidly as the assumed
perfect square fronts would have emerged. One other contributing
factor may exist. In the work noted earlier (Banks, 1972, Close

and Banks 1972) The equilibrium values of W were taken into

account over all values of T and w in determining the ){ and I
i i

plots. In the model discussed here, equilibrium W was only

considered at three specific points in determining }%. It is
i
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unlikely that a unit change in T and w‘along a constant Fi line

in this model would necessarily result in +he corresponding change
in W necessary to satisfy both the mass and eguilibrium balances.
That is, in determining W, the simplifications in this model

carry the implicit assumption that the internal mass balances

over a given segment are satisfied when the equilibrium expression
for W is invoked. Given the complex dependence of the equilibrium
moisture equation on T and w, it 1is doubted that this implicit
assumption is valid. The exact magnitude of 1ts effect compared

to the previously discussed problems would be very difficult to

determine however.

3.1.5 Fj AS A CONSERVED PROPERTY:

Before concluding the discussion of the simplified Fl/f‘2
model, one final observation is worth noting. During the course
of this work it was suggested (Mitchell, 1976) that Fi should be
conserved properties of the system such that it would be possible
+o0 calculate balances analagous to equation 10 for both Fl and

F2. To show this:

0 - ()2
26 l*)azfi o x

after dropping the subscript i for clarity and integrating:
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o (% pax) a6 8\/ 3( 1ad
a X = FL'-FO ad
[ =)= o

and finally:

.ﬁ - Fd%;@L Fdx]o ) Le@:ﬁg)(& 0 LI (1)

Equation 11l says the change in "storage” equals "flow out”
minus "flow in". Assuming that the bed conditions can be
"assigned” values of F. representative of the conditions at any
given point and that the inlet and outlet air can be thought to

"sossess™ some value of F., equation 11 may be used in the follow-

iz
ing manner. At time 9, +he left hand side represents the integ-
rated graphical area between the plots of Fi versus axial distance

at trmaeand at time zero. The right hand side can be approxi-

mated by

[‘é‘o (FioutleE Fiinlet)(At)J (1_;;'71 )

With perfect square wave profiles, eguation 11 should close
exactly. Eguation 11 was checked but once with actual output
from the model discussed herein. The lack of closure for AF in
equation 11 for this one trial was found to be 3.4%. The left
hand side of equation 11 deviated from the square wave value by
3.2% and the right hand side by 6.3% (both too low). This dis-
cussion of the conservative nature of Fi is obviously by no means
conclusive. However, it is postulated, incidental to the other
work in this study, that this property could be rigoprously shown
if it would be of any value to someone employing the Close and

Banks model.
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3.2 Final Fouilibriumn Model

Given the difficulties with the simplified F1/F2 model as
discussed above it was deemed necessary TO develop another ap-
proach. It was desired to construct an equilibrium model,
assuming that the fluid and the medium are always in complete
thermal and sorption equilibrium at any given point in the bed.
The basic underlying assumption to this approach is that a model
so developed may be used to adequately simulate the average
moisture versus time of a drier as a component of a solar sim-
ulation. The exact internal profiles of W, w, and T (and indeed,
of the temperature of t+he medium which may sometimes vary slight-
Ly from that of the air in real systems) may he of greater signi-
ficance to someone attempting a very rigorous design of & drier.
However, it was anticipated in this study that given the design
parameters of an existing drier, the equilibrium model would
provide an adeguate characterization of performance for deter-

mining the feasibility of various solar energy drying schemes.

3.2.1 DEVELOPMENT:

Acknowledgement is given to the importance of an earlier
work (Van Arsdel, 1955) as a starting peint for the development
of this model. The model developed hereln starts with heat and
mass bhalances similar in form to those utilized by Van Arsdel
and must employ some of the assumptions delineated in his study.
Several assumptions (some specific to this model) ave necessary

in the derivation which follows:
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(L) The flow is egually distributed af any given Cross
section of the uniform porous medium normal to the
direction of flow.

(2) Heat and mass tpansfer through the walls may he neg-
lected.

(3) Interparticle conduction is negligible.

(4) Diffusion and dispersion in the fluid flow direction

are negligible compared to bulk transport.

(5) There is 1o change in the bed dimensions during
drying (e.g. no shrinkage)

(6) Changes in thermal properties as function(s) of T,
w, and W are small enough to allow those properties to
be treated as constants over d small distance segment

and small time step.

(7) There are mne thermal or mass concentration gradients

normal to the direction of flow.

(8) TFluid density ig a function of T and W only; inter-
stitial pressure changes may be neglected.

(9) Individual particles may be considered to possess
uniform thermal and sorbate distributions, i.e., 1O
internal mass or thermal gradients exist within particles.

(10) 1In a given segment of the bed, heat and mass transfer

between the Fluid and all portions of all particles

within that segment may be considered instantaneous

within the time frame congidered (That is, each bed



(1)
(12)

(13)
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segment may he lumped and need not be considered as a
collection of separate particles}.

Hysteresis in the sorption process may be neglected.
The sorbate content in a specific medium is an equili-
brium function of only the temperature and sorbate
content of the fluid.

The differential terms fopr the change in air enthalpy
over time and for the change in bumidity over time are
negligible (with respect to the corresponding terms

for grain) in the energy and mass balances respectively.

Assumptions 9 and 10 are suspect fpom a theoretical point

of view but are felt not to detract from yhe suitability of the

model for the intended usage.

3.2.2 SOLUTION Oor THE MODEL:

The enthalpy of the medium plus sorbate is

Hg

= Cys (T‘Tref) = (C1+C2WO (T'Tref) (12)

and the enthalpy of the moist air 18

it

C, (T-Tpe) * WA g

(Cap * Cap) (T-Tred) * +wAp
Ca, (T-Tyet) * [c (T-Tpef) +R‘) (13)

il

where;%f is the latent heat of vaporization of free water

at the reference temperature, ;ﬁs is the difference between the
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latent heat of vaporization of water bound in the medium (A) and
that of free water (Af) . The variableAS may be shown to be
reasonably represented by AS = (5 + SZW)}-O For a system with
water as the only sorbate, the differential enthalpy balance may

bhe written as
Qe m 3w

Mg hpdE- o2 TE -
Qu-B 3 ¢ 3% A 9% AAgox )

and the differential mass halance may be written as

L)

W

movw = _ oW 2w 15
3 I %(l—ﬁ) 5t inat (15)
The equilibrium velationship may be expressed at this time as

W = W(T,w) (16

Assumption 13 allows simplification by deletion of the terms

‘aHf/at and w/3t. Equation 1h hecomes

Qi U m e 4y Qw
guen BE A5% T AA9x a7

and equation 15 becomes

)

=

0w . au
X @(l-{) ot (18)
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It will Be noticed that eguations 16, 17, and 18 constitute
three simultaneous equations with three unknowns (T, w, and W).
None of these contain rate expressions or transfer coefficients.
A simultaneous solution provides the equilibrium conditions
assumed To exist at a given point and given time in accordance
with the stated assuwuptions.

By Euler approximation for a finite difference, equation 17
may be expressed using the first subscript for distance and the

second subscript for time as

M _ i SHOP .
Qs(l_f)gf*%éfi’t = Hfi*l,t - gg_si.(wl,t - wl-l,t) (19)

Before proceeding further, the preference for presentation of
scientific work in SI units is acknowledged. However, mast of

the published correlations for various grain properties are ex-
pressed in English units. Therefore, it was decided that complet-
ing this derivation for use with SI would increase confusion due
to numerous conversion factors and increase opportunity for error.
As much as possible, however, the results and other important

information have been presented in SI units.

let Tpef = 32°F
A
Ca

1075.8 BTU/1b free water at T=32 F

]

(0.24 + 0.45 w) BTU/1b dry air, °F
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In a similar fashion, with much less algebra, equation 18 may

he rewritten d4s

Wi p =W et (e T Wi p)/KAL (21)
An equilibrium expression developed by Henderson (1952) 1is

utilized For the function of equation 16:

= ~ln(l-R.H.)l/h 22)
CiT + B) 100 (

Where T is in degrees T
and C, B, and n are grain specific constants

and R.H. is the relative humidity in decimal form

gince an air flow equal to Zero 1is considered undesireable
from the standpoint of spoilage, the model does not include
equations to describe the case of a perfectly static bed. If
2 user of this model chooses to allow air flows of Zero at some
time in a simulation, the user should be aware that the computer
version (discussed in later sections) will make no changes in bed

conditions during any time period in which the flow is turned off.

3.2.3 ITERATIVE CONVERGENCE SCHEME:

Equation 20 explicitly contains variables T and w and
implicitly contains W if it enters into Cws terms. Equation 21
contains w and W. Equation 22 derives W as a function of w
and T. An iterative converge scheme has been developed to Find
the simultaneous solution, i.e. the values of w, W and T that

satisfy all three equations within acceptable tolerances.
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The description of the jteprative process which follows
considers the solution at node i at time t. (The bed is divided
into N segments with the outlet conditions from segment i-1,
i.e. T;_p and wy_3> assumed to be the inlet conditions to seg-
ment i. Bed inlet and outlet are respectively represented by

i =0and i =N.) To start the process wi,t must be projected
for purposes of palculating CWS’ Zl’ and ZZ' Generally these
parameters will be fairly insensitive To the relatively small
changes in W generally occurring between nodes and time steps.

Wi ¢ is also projected initially in a manner gimilar to the

Wi,t projection, i.e.,
() - i1,

[Wi,t]p T Will,t

where[]p indicates projected value.

Wi -1~ Wion, el

]

Wit T Wi-l,t-l

At this point, all variables of subscript i-1 and/or t-l are
known, and initial approximations have been made for Wi N and
Wi,t as discussed above. The iterative loop begins with the
projection of Ti,t from equation 20. The value for wi,t is then
re-calculated from equation 22, Next equation 21 provides =
"corrected” value for Wi ¢ with the additional conditions that
Wi, ¢ may not exceed saturation at the value of Ti,t and may not
be negative. The corrected value of Wit is compared to(&i,é]p'
£ | Vie T l-—wi,t.}p
Tﬁi,t + Ewi,élp)/z

> D
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then a new projection is made, i.e., [&i é] assumes a new value,
s CLIp

and the process cycles back to the point where equation 20 gives
new value of Ty +- Equation 22 yields a new value of W; 4 and

> *
equation 21 again provides a newly corrected value for Wi The
process continues until convergence within the specified criterion
CT\, is obtained.

The particular form that equations 20, 21, and 22 have been
manipulated into cause them to interact in an interesting way.
Following the iterative scheme above, if [ﬁi f} is too large

» LD
then T;  will be too small and Wy ¢ will be too large (all with
2
respect to the simultaneous solution). A value of W; 4 which 1is
k]
too large will result in the corrected value of W g being too
El

small. Since the converse condition with [&i é]p being too small
ultimately yields a corrected wy 4+ which is too large, the solu-

H
tion conditions are always bracketed by [%i,éip and wi,t' In
making the new projection for E”i é} , it is not efficient to

s LIP
necessarily set the new value as either w; 4 or ({%i,flp + Wi,t)/z‘

The reader may find figure Y helpful with respect to the
following discussion. After the first pass through the iterative
loop [}i,é}p and Wi g have bracketed the solution within some
range. The upper limit of the range Ry, assumes the value of the
greater of these and the lower limit, RL’ assumes the value of
the lesser. The value for Eﬂi élp is reset to the midpoint

between RL and RH (which for this projection only, also corresponds

to the average of [%i f]p and W ok and the second iterative pass
s s -
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i1g commenced. After any succeeding pass through the iterative
Loop, [Wi,t]p and the newly corrected value for Wit aye compared
to the existing values of Ry and Ry. At this point, either

Ry, or Ry f{or both) must be readjusted as discussed below. Note
that prior to this readjustment, [Wi,tlp will still be egual to
Ry, + RH)/2. The logic sequence may f3ll info one of three

cases.

Case 1 Wi ¢ T [wi t—lp

{a) This case would not he processed further since
the convergence criteria would have detected

this as the solution

Case II Wi,t > ]:Wi,t_-\p

(a) This indicates the solution is greater than
[Wi,t'lp and less than w; -

(b) since [wi,t]p > Ry, (before readjustment), Ry, is
adjusted upward to the value of Ewi,t}p

(¢} if Wit < Ry (before readjustment), then Ry is
adjusted downward to +he value of Wik

¥
(@ if w,; . > Ry (before readiustment), then Ry is

3

not adjusted
Case III Wy < [Wi,t]p

(a) this indicates the solution is less than [wi t]p

and greater than weop

*
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(b) since {Fi,;]P < RH,(before readjustment), RH is
adjusted downward to the value of {§i,t}p
(c) if Wit >'RL (before readjustment), then R is
adjusted upward to the value of Wyt
(d) if wi,téBL (hefore readjustment) thén RL is not
adjusted.
Note that each iteration will rveduce the range [RH - RL)

by a minimum of 50% and may possibly reduce it by any amount

between 50% and 99+%. After the readjustment of the range limits,
the value of [ﬁi,t]p is reset to the midpoint of the range and
the next itervation is commenced.

Experience with using the convegence scheme developed for
this model has shown that setting the convergence criterion,dY,
at 0.00L usually results in a simulation overall average of
between 2 and 10 iterations depending on the other parameters of

the system. Less stringent criteria of course reduce this averdage.

Note that in the usual simulation, the humidity values (w)} will

. . kg Ho0
likely be in the range of 0.01 to 0.10 Yo dry @it A conver-

gence criterion ofh= 0.001 then requires COnNVergence of Wiy
kg HpO

kg dry air

The range (Ry-Ry,) after any iteration will be less than or

and (w; 4, to within 0.00001 to 0.00010

equal to the width of the original range divided by a factor of

o) whepe j is the number of that iteration. For j = 10 (after

ren iterations), the range is at most 1/1000 of the original;
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for j = 20, at most 1/1,000,000. [ﬁi,é}p is always the center of
the range. Occasionally, however, for a particular node and
timestep, this convergence scheme may allow the resultant values
of Wit to repeatedly fall outside the range even as Eﬂiaflp
closely approaches the (unknown} correct value. In such a case,
many unnecessary iterations could be needed before Wit actually
converges to Gﬁi,flp' Using the previous varagraph's values for

humidity range (0.0l to 0.10) and convergence criterion @=0.001}

[%i,t]p cannot vary from the (unknown) correct value by more than
0.0008 (in the worst case} after 17 iterations. Even if We g and
>
[@i g}p have not converged, it can be safely assumed that
2
[%i,t]p and the (unknown) correct answer are then within the
opiterion. Such calculations permit one to specify an upper limit

For the number of iterations (e.g., 17 for this example) approp-

riate for a given Cconvergence criterion. This guards against

unnecessary computation beyond the required accuracy. A cuide

for setting the maximum mumber of iterations (#,5y) is:
(#max) = (lOg m+ ng ij_n) —:_ (-lOg 2) 23

where wmi is the minimum value of the expected humidity

n

range. 1n the ahove example, M= 0.00L, w_. = 0.0L, and *= is
min max

calouiated at approximately 16.6, i.e., 17 by equation 23. It

should be noted that the number of iterations at a particular

time and location rarely approaches #max (if #max is properly
specified). The computer version of the model indicates to the

user if and when this happens.



76

3.3 Computer Programming

The model diécussed above has been programmed in FORTRAN IV
as a subroutine to interface with the TRNSYS program developed
by .the Solar Energy laboratory of the University of Wisconsin
(1977 Klein et al., 1974). The TRNSYS program was mentioned in
an earlier section dealing with solar simulations. The drier
subroutine program {and an accompanying subroutine program for
solar grain drying controls) may be simply added to any current
version of TRNSYS. Simulations of grain drying with solar eneyxgy
may be routinely performed utilizing actual weather data as

inputs by TRNSYS once this has been done.

3.3.1 DRIER SUBROUTINE:

The drier subroutine requires the specification of twenty
two parameters, must receive four inputs which.ar@_variable over
time From other TRNEYS subroutines, and calculates fifteen outputs
at each timestep which may serve as the inputs for other sub-
routines. The TRNSYS drier component configuration is presented
below in a format consistent with the TRNSYS manuals. (In present-
ing these in English units, the reader is asked to recall an
earlier discussion explaining the reason for deriving the drier
model to function with English units.)

Pavameter No. Description

1 L - length of grain bed (ft)

2 D - diameter of drier (f1)



10

11

12

13

1u

15

Wave

Winit

#max

Print
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number of finite differencesinto
which the model will divide the
bed

the porosity or void fraction
expressed as a decimal

+he density of the grain on 2 dry
weight basis corrected for poro-
sity (1b/ft3)

- initial moisture content of the

grain expressed as 1b water per
1b of dry grain

minimum safe moisture specifica-
tion (b water/ib dry grain)

- desired moisture content of grain

(lb water/lb dry grain)

— initial intergranular humidity

{(rough approximation is accept-
able; 1b water/lb of dry air)

Convergence criterion (defined
parlier; decimal fraction)

- maximum number iterations to be

allowed for any one finite segment
during a given timestep (discussed
earlier; positive integer)

first dimensionless constant for
Henderson's grain equilibrium
moisture equation (Henderson,
1952) discussed earlier

sacond dimensionless constant for
Henderson's egquation

third dimensionless constant for
Henderson's equation (exponent;
may be non-integer)

rime interval for optional inter-
nal printer (hours)
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16 At _ timestep specification; must be
same as specified for TRNSYS
control statement (hours)

17 T - initial (assumed uniform) tempera-
+ure of the grain (°F)

18 C - constant for heat capacity equa-
. 1 ) ; . 2
tion for moist grain C = C, +.
ws L
Cr W

(where C_ o 18 the heat capacity
of the wet solid in BTU/1b of
dry grain, °F and W is the mois-
ture content of the grain in 1b
water/lb dry grain)

19 Co - (see parameter 18)

20 51 - constant for equation describing
the latent heat of sorption (in
excess of the latent heat of free
watepr vaporization) for the parti~
cular grain A_=(S, * $,-W} 30
(where A5 1s £he iaten% heat of
sorption in BTU/1b of dry grain
and W is the moisture content of
the grain in 1b water/1b dry grain}

21 S - (see parameter 20)

22 REVERS - control for choosing flow reversal
or recirculation options {(hours)

Some additional notes will be useful with respect to parameters

7, 8, 15, and 22. When the average moisture content of the entire
grain bed reaches Wave (parameter 8) a message 1is printed signal-
ling that the desired termination time has been reached; the
computer program does not terminate. If parameter 8 1is specified
as negative, the subroutine takes the absolute value for Wiye

and assumes the negative sign as an instruction to print the

termination message only when both the average moisture content
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of the bed and the moisture content of the final segment before
the outlet have reached Wgye- If the moisture level of any seg-
ment drops below Wyin (parameter 7) a warning message is printed.

Paprameter 15 controls the time interval between printings of
internal temperature, humidity, and moisture content profiles.
Average temperature and moisture content and the average number
of iterations is also printed. The internal print commands are
inactivated if parameter 15 is specified as negative.

Parameter 22 is an option controller. If it is set larger
t+han the TRNSYS termination time, no option is indicated. If
it is set less than the TRNSYS termination time, parameter 22
becomes the time interval between flow reversals. The sub-
routine switches inlet and outlet location at each flow reversal
but internal profile printers continue to be based on position
zero being the initial inlet location. If parameter 22 is set
between 0 and -1, it signals that the precirculation option is
specified. The absolute value of parameter 22 t+hen becomes the

recirculated fraction; e.g., & value of -0.4 indicates 140%

recirculation.
Input no. Description
1 Lin - dry bulb temperature of inlet air
Q
(°F)
2 T.b _ wet bulb temperature of ambient
- o
air (°F)
3 m - mass Flow rate of inlet air

(1b/hr)
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11

12

13

Tamb

M1,0

MgED

dry bulb temperature pf ambient
air (°F)

Description

same as input 1
same ag input 2

same as input 3

- enthalpy in air entering system

(e.g., solar collector inlet)
minus enthalpy in driexn exhaust
aipr minus latent heat of evapora-
ted moisture (BTU/hr)

temperature of inlet layer (°E)

moisture content of inlet layer
(1b water/lb dry grain)

- temperature averaged over entire

grain bed (°F)

_ moisture content of grain averaged

over entire grain bed (1lb water/
ib dry grain)

temﬁerature of outlet layer
(nth gegment; °F)

humnidity of outlet air (b water/
1b dry air)

moisture content of outlet layer
(nth gegment; 1b water/1lb dry
grain)

mass Flow of water as humidity out
of system minus mass flow of
water into system MI/O = m(wn-win);

(1b/hr)

total moisture content of bed
minus initial moisture content of
bed (1b)
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14 Hp (1,/0) - enthalpy in drier inlet air minus
enthalpy in drier outlet air
minus latent heat of evaporaied
moisture (BTU/hr)

15 HBED - enthalpy of grain bed minus
initial enthalpy of grain hed
(BTU)

Some additional notes will be useful with respect to the mass
and energy balance outputs. A mass balance may be constructed
over the drier between times t=p and t=i as follows

=3

M0 "AL), = MED (24

=0
An energy balance may be constructed over the drier between times

t=0 and t=j as follows

=]
7 Mp(rs0) - At), = HBED (25)
=0

Another energy term is also available to aid the user in formula-
ting an energy balance over the entire system including the solar
collector; drier, and auxiliary heater. Between times t=0 and t=]

the following applies

£=3 £=
Z Hs(1/0) " ARy * z Eoor ¥ Baudt ~ 'BED (26)
t=0 t=o

Where ESDl and Eaux represent useful energy inputs to the system

from the solar collector and auxiliary heater respectively as

obtained from other subroutines. Environmental losses from the

drier are not considered.
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3.3.2 DRIER CONTROLS SUBROUTINE:

A supplemental subroutine contains control functions for
the dpier which make it easier to write TRNSYS simulations of
solar grain drying.

The drier control subroutine reguires the gpecification of
seven parameters, accepts four inputs which are variable over
time from other TRNSYS subroutines, and calculates three outputs

(control functions).

Parameter no. Description

_ the initial moisture content of
the grain (same as drier parameter

6)

_ desired moisture content of the
grain {same as drier parameter 8)

1 winit

2 Wave

3 Thax - desired target time Ior termina-
tion, i.e., for achieving the
final moisture content (in order
to avoid spoilage or meet & produc -
tion or shipping date, etc.)

b Lag _ the amount (expressed as a decimal
fpaction) by which actual drying
progress may be allowed to fall
behind a hypothetical linear
schedule from the initial moisture
at time zero to the desired
moisture at the target time (more
on this later)

5 Recalc - the length of time (hours) bhetween
each recalculation of the sub-
routine's control functions

6 Frac _ minimum allowable bhilower flowrate
expressed as a decimal fraction of
the flowrate specified in the
simulation (When Frac is set at
1ess than 1.0, the flow reduction
option is being selected for periods

of no thermal gain.)
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7 Tmax - maximum desired temperature (°F)
of inlet air to the drier (Para-
meter controls a partial bypass
of the collector if necessary to
prevent overdrying

Input no. Description
1 Heyp - incident solar radiation on tiited

surface (Output 1 from subroutine
type 16 - solar radiation processor)

2 Wp qye — average moisture content of grain
’ bed (Output 8 from drier sub-
routine)

3 Too1 outlet temperature (°F) of solar
collector (Output 1 from subroutine

type 1)

b Tomb - dry_bulb ?emperature §°F) of
ambient air (same as input 4 €O
drier subroutine)

Qutput no. Descriptiocn
1 Toux - auxiliary heater control (L is on;
0 is off)
2 '~ QUTCON - blower fpractional flowrate control

3 DAMPER - fractional bypass control

The value of the auxiliary heater control output is deter-
mined as follows. At the fregquency determined from Recale

(parameter 5), the subroutine checks the drying progress.

(progress) = Winitial ~ waveragel

initial ~ Wiesired

The elapsed time as a fraction of the target time, tohax: is

determined:

(elapsed time fraction) = (time - time zero)/(tmax)
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1f (progress)- (1 *+ Lag) & {elapsed time fraction) then the
guxiliary heater control IauX if set to L (or to zero if the
opposite is true). In this manner the addition of auxiliary heat
may be controlled by the acceptability of drying progress. The
Fipst five parameters do not insure that drying to a given level
will be accomplished by a given time. They merely determine

when auxiliary heat may be needed to keep on schedule. If the
fifth parameter is set to some peasonable time (e.g. 6 hours),
this procedure would be analagous to a manual control where the
operator would check the moisture content, and if behind schedule,
could turn on a thermostatically controllied auxiliary heat source.
When the auxiliary control function is zero, no auxiliary heat
may be added; when the control function is 1, then auxiliary heat
may or may not be added according to the auxiliary heater ther-
mostét and the instantaneous energy levels supplied by the solar
collector.

A value of the blower control must be determined when the
flow reduction option is specified. The control subroutine makes
it possible to reduce the flow to minimum aeration levels during
peribds of no thermal gain. If this option is specified by
setting Frac less than 1.0, the control unit sets the blower
controi function to the specified fraction of the usual flow rate
whenever there is a period of no solar radiation and no need for
auxiliary supplement. This would be analagous to a manual control
where the operator would reduce the flow to minimum levels in the

evening and increase the flow to operating levels in the
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morning whenever the drier was maintaining adequate progress.
If the flow reduction option is not desired, Frac (parameter 6)
must be set at 1.0.

The third control function performed by this subroutine 1is
+a determine the damper setting (to be used as input 3 to &
TRNSYS flow diverter subroutine) for a partial bypass of the
collector. When used in conjunction with TRNSYS flow diverter
and tee piece subroutines, the control subroutine dictates (via
output 3) that ambient air will be mixed with solar heated air as
necessary to keep the grain inlet temperature below xnax (para-
meter 7). Total air flow remains constant; the proportions of

heated and ambient air are varied.

3.3.3 COMPUTER LISTINGS:

Complete FORTRAN listings of the drier subroutine and of
the solar drier control subroutine are included in the apﬁendix.
The drier subroutine calls upon an external Real Function to
caleulate equilibrium moisture contents. This Function is also

1isted in the appendix.
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3.4 Use of the Computer Model and Subroutines

The computer version of the drying model 1is intended to be
used with the TRNSYS program of the University of Wisconsin's

Solar Energy Laboratory.

3.4,1 TRNSYS SIMULATIONS OF SOLAR GRAIN DRYING:

The basic simulation of a simple grain drier with solar
heated air is set up using t+he following components:

1 card reader (actual weather data input)

2 solar radiation processor (determines radiation on

inclinced surface)

3 drier control unit
L blower
5 fiow diverter

6 flat plate collector (air)

7 tee piece

8 auxiliary heater
9 grain drier

10 integrator

11 printer

Figure 5 shows & component diagram and figure 6 shows a TRNSYS
block diagram of such a system.
The drier solves all differential egquations internally with-

out the aid of the TRNSYS differential equation algorithims.
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Solving the equations within the drier subroutine allows the use
of larger time steps and a smaller number of finite segments oT
nodes than when using fhe TRNSYS integrator. The drier's internal
solution is computationally more efficient for these particular
equations than the TRNSYS integrator's golution and saves
computer time. gpecification of an unacceptably large timestep

or an unacceptably small number of nodes can be detected by poor

mass and enexrgy balances.

3.4.2 SPECIFICATION OF TIMESTEP, NODES., AND OTHER OPERATIONAL

CRITERIA:

The model accepts any number of finite glements or nodes (N)
between 1 and 50 and any value of trimestep (At). From a study of
mass and energy balances closures, it appears that a value for
N of 10 to 12 and a value for At of 0.10 to 0.20 hours 1is gener-
ally sufficient. TRNSYS error tolerances should be specified
between 0.10 and 0.0L.

The convergence cpiterion () and +the maximun iterations
parameter Hmax weve explained in the discussion of the model's
depivation. A setting of ¢N anywhere between 0.001L to 0.010 makes
vepry little or no difference in the pesults but may affect compu-
ting time. The setting of #Hpgx was covered earlier. If the
internal profile print option ig utilized, the average number of

iterations per node per timestep is indicated each time profiles

are printed.
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Setting the target time and allowable lag for the drier
control unit may be fairly straight forward if one employs an
auxiliary heater that achieves nhigh output temperatures irrespec-
rive of inlet temperatures. More realistically, heaters for
_agricultural driers have a constant thermal output which increases
temperatures to approximately 3%t0 11°C (5°to 20°F) over ambient
(Brooker, Bakker-Arkema, and Hall, 1974); or according to another
investigator, 4°c (7°F) over ambient (Peart and Foster, 1975).

In this case the auxiliary supplement may not necessarily be
ahle to get the drying back on schedule if the drying progress
lags too far behind. Therefore setting the target time and
allowable lag may require some trial and error. Depending on
heater capacity, the allowable lag should likely be set somewhat
less than the desired target time divided by the absolute maxi-

mum tolerable time.

3.4.3 BUILT-IN OPTIONS:

The basic solar grain drying system with various options as
it might be simulated was discussed earlier. Options introduced
parlier include a thermostatically controlled damper tO Limit
the temperature of jnlet air to the drier, & flow reduction
option, a flow reversal option, and a flow recirculation option.

Only the recirculation option needs further discussion.

The subroutine normally calculates inlet absolutelhumidity based

on ambient dry bulb and wet bhulb temperatures. However, in the
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recirculation option, the model. calculates the inlet absclute
humidity as & weighted average (based on the amount recirculated)
of ambient air absolute humidity and the drier exit air absolute
humidity. To execute a simulation with pecirculation, the user
must set the final drier parameter as explained earlier (to
direct the subroutine to calculate the humidity of the mixed
jnlet air) and must add a TRNSYS flow mixer component ahead oI
the blower and collector (to properly determine the temperature

of the mixed inlet air to the collector).
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4,
RESULTS AND CONCLUSIONS

The computer model of this study allows conducting long term
experiments in a shopt time by simulation. geveral sets of simu-
lations were run in each of the various subcategories listed below:

simulations utilizing only the drier component

a. constant inlet conditions

b. comparison against published experiments

c. ocomparison against Hukill (1947) logarithmic theory
gimilations of solar grain drying

a. varying collector inclination

b. varying collector area and/or mass flow rate

o. veduction of flow during periods of no thermal input

d. partial recirculation of drier outlet air

e. flow reversal

With the exception of the flow reversal simulations, the
other solar grain drying simulations were all very similar in
design and in gspecific grain and drier properties and character-
istics. In that manner, the vesults of changing one O¥ more

operating parameters may be better analyzed.
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.1 Non-Solar (Drier only) Simulations

4,1.1 CONSTANT INLET CONDITIONS

The present model generates an equilibrium set of temperature,
humidity, and moisture content as a function of distance and time.
The process state at any or all points in distance and time can
be shown on a psychrometric chart. For the case of constant
inlet conditions, all points follow process states along the same
path (Figure 7). The initial bed state, point 1, is indicated
by a single coordinate pair on the psychrometric chart. The
final state of the bed is that in equilibrium with the inlet air,
pdint 3. Point 2 is at the intersection of the line of constant
percent humidity which passes through point 1 and the constant
enthalpy line which passes through point 3. The drying progress
predicted by the computer model follows the humidity line from
1 to 2 and then the enthalpy line from 2 to 3. This type of
drying representation has been previously documented and described
(Banks, 1970; Banks, 1971; Close and Banks, 1971; and Sutherland,
Banks, and Griffiths, 1571).

The model produces two fairly sharp drying fronts for the
case of constant inlet conditions and an initially uniform bed.
Refer to figures 8 a, b, and c which illustrate front progression
at arbitrary times. These figures do not start at time zero;
fronts are already established at time t,. Subscripted ordinate

values correspond to points on figure 7. The fronts move through
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the bed at different speeds; the Ffirst very gquickly and of ten
emerges before the second front is completely established. This
type of two front behavior has been documented also in the above
peferences. Figure 9 shows temperature data from simulated
results in a constant inlet conditions case illustrating the
typical even progression of the second front through the bed over
time and the steep parallel slopes. The Tirst front proceeds
similarly but much faster and had already exited in the case ot

Figure 9.

u.1.2 COMPARISON AGAINST PUBLISHED EXPERIMENTS:

This section discusses results of simulated drying experi-
ments based on published literature. Few studies present both
sufficient input data to allow simulation and output data for
meaningful comparison to simulated results. Of those experiments
simulated, all of the grain driers were laboratory scale squipment
of less than 0.64m (2.0 £t} in length. Length of experiments
was less than 8 hours.

In general, the average moisture content versus time is the
most important information about drying when full-scale drying
operations are considered. Even for those references which lend
themselves to simulation, the relationships for eguilibrium
qn0isture content, specific heat of moist grain, and the latent
heat of sorption for the specific grain were not presented, and
were approximated for simulation purposes. Table 1 summarizes

the parameters and inputs of those experiments which were
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Table 1

Published Laboratory Scale Experiments which were Simulated

refer to figure 10 11 12 12
Grain wheat corn barley barley
Bed length (m) ' 0.62 0.46 0.30 0.30
Cross section (mz) 0.09 .09 0.29 0.29
porosity 0.45 0.45 0.45 0.45
Void free density (kg/m3) 1140 990 1270 1270
Initial temperature (°C) 19 29 21 21
Tnitial moisture fraction 0,247 0.376  0.346 0,342
Mass flow rate (kg/hur) 118 104 185 90
Constant inlet temperature (°C) 60 50 68 60

Constant inlet humidity (mass ratio) 0,0084  0.022 0.0060 0.0058
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simulated (Clark and Lamond, 19683 Woodeforde and Lawton, 19653
Woodeforde and Osborne, 1961; and Boyce, 1965). These experi-
ments employ constant inlet conditions.

Figure 10 compares the experimental and simulated results of
drying wheat. the integrated total weight loss is plotted versus
time. Both experimental and predicted lines are nearly linear
over time; the maximum descrepancy 1is approximately 2% at the
conclusion of the experiment.

Figure 11 is for an experiment drying corn. Agreement is
not quite as good here.

Figure 12 shows IwO experiments in which barley was dried.
The lower set of plots 15 for the experiment with the higher flow
rate; the barley dried from 0.346 (dry basis) to 0.LHS
moisture content in .25 hours. The upper set of plots on figure
12 is for the experiment with the lower flow rate; the barley
dried from 0.342 to 0.157 in 9.5 hours. Again the drying curves
ape seen to be linear and very good agreement is obtained.

T+ has been noted in the literature (Spencer, 1972) that the
drying curve of average moisture content versus time 18 approxi-
mately linear for deep bed grain driers OVer most of the drying
time if inlet conditions are constant. When the average moisture
content has nearly reached equilibrium with the inlet air, the

states asymptotically approach the equilibrium value.
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Ol 4 - -Published experiment
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Average molisture content of corn versus time
in laboratory-scale drier

Figure 11



102

271 2INB T
JOTIPD maﬁom:hhouﬁnonma ufT 9WTl SNSILA £a3Tasq JO JULlUOD 2N S TOW 8BeIsAY

goqnuIW Ul 2WIL

009 00% 00H 00¢ 002 00T 0

o —* ' 0°0

1°0

SUOTABLNULS Isandwod

{peq JI8AC poZeleaB) UOTIVBI] sInasToR

gquemtIedxs pays TTaAng —- ="

f°0




1.03

4.1.3 COMPARISON AGAINST HUKILL (1947) LOGARITHMIC THEORY:

Hukill's characteristic logarithmic model is based on
simplifying assumptions about heat and mass transfer in grain
beds which result in a set of equations for which graphical solu-
rions were obtained. For the case of constant inlet conditions
and an initially uniform bed, Hukill's graphical solutions may be
used for approximate design purposes.

In comparing the internal moisture content profiles generated
by the present model with Hukill's graphical profiles, it was
seen that the regpective fronts of both models, move fhrough the
bed at approximately the same speed. (Initially, Hukill's fronts
move slightly slower and then speed up to move slightly faster
+han average at longer times - apparently due to his assumption
of constant latent heats; discussed later.) gutherland, {1975)
noted that the respective Fronts of an eguilibrium model and of
the characteristic logarithmic model travel at the same speed
despite the differences in slope.

The present model includes the assumption of infinite
+pansfer coefficients while Hukill considered the internal dif-
fusion of moisture in the kernel to he rate-controlling. Con-
sequently, the profiles of the present equilibrium model are
more steeply sloped than Hukill®s. And Hukill's model results in
a wider front than that of the equilibrium model with Hukill's

fpont width dependent upon the assumed rate of internal diffusion.
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After a short preliminary time period needed for the trailing
edge of the logarithmic model drying front to become completely
established within the bed, then each model's profiles of moisture
content versus distance for various times tend to intersect at a
mdisture ratio of MR=(Wt~We)/[Winit—We) = 0.5, The integrated
apeas under the curves are approximately equal for both the
present model and Hukill's despite the differences in slope.

As shown in fugure 13, the present model predicts essentially

the same average moisture content versus time as Hukill's plots.
Hukill's solution assumed that the sum of the latent heats of
sorption and vaporization is constant. This assumption predicts
moisture contents slightly high early in the drying process (when
moisture contents are high), most accurate at middle times (when
moisture contents are near average of the run), and too low at
longer times (when moisture contents are belowAthat averaged over
the drying run). Note in figure 13 that Hukill's resultis are
indeed slightly higher than the linear prediction of the present
equilibrium model at the ecarlier times, coincident at the middle

times, and slightly lower at longer times.
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4,2 Simulations of Solar Grain Drying

The accuracy of predictions generated by the model for
simulations with vapiable inlet conditions has not been verified
for lack of appropriate experimental data. The simulations of
solar grain drying are based on the fact that nothing in the

model restricts it to constant inlet conditions.

4.2.1 COMMON PARAMETERS FOR SIMULATIONS OF SOLAR GRAIN DRYING:

The solar grain drying experimental gimulations were designed .
to represent actual practice and to utilize actual weather data.
The Madison "desigmn year” (Klein, 1976) consists of those months
which most closely match the long term average temperature and
insolation. The simulations were based on drying shelled corm
ipitially at 0.40 moisture fraction (dry basis) and 4.u°C (UO°F)
starting at 6:00 a.m. On pDctober 1 of the Madison design year.

The drying bin was assumed to be 3m (10 ft) deep and 5.5m
(18 ft) in diameter. The void free (particle) density of the corn
was assumed to be 1102 kg/m3 (68.78 1b/£t3) and the void fraction
was assumed to be 0.45 (Brooker et al., 1974). The heat capacity
of moist corn was represented by

Cys = (0.34 + 0.009 B x  4.187 KJ/Kg °C

1b°F BTU/1b°F
(Thompson et al., 1968; Brooker et al., L97H).

The latent heat of sorption (in excess of the latent heat of
vaporization of Free water) was represented by

- (ug5-1796 w)3E 5 326 KJ/K2  and > 0.0
As = ¢ T BTO/D Ps P
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based on an analysis of data presented by Brooker et al. (1974).
Based on empirical results published by Thompson et al. (1968)

and egquilibrium curves published by Brooker et al. (197%), the

coefficients for the Henderson equilibrium moisture relationship

(egquation 22) were taken to bhe

c = 0.95 x 107°
B = U60
n=19

South facing flat plate collectors with single glass COVErs
were used. The collectors were assumed to be constructed of
modules each lm by 2m with a air space of 0.05 m (2 inches)
between the glass and the plate. For purposes of determining
1oss coefficients, Ft factors, and pressure losses, 1t was assumed
that the air flow through each collector module would be an equal
fraction of the rotal air flow. Other collector configurations
might be better, but they were not studied.

The emissivity of the plate was agsumed to be 0.9, Using
the methods and equations of Duffie and Beckman (197%), the follow-
ing values were calculated for the collector design and operating
flow rates:

+pansmissivity = 0.85

F' = 0.93
toss coefficient Uy = 5.68 w/m? (1.0 BTU/ftehr’E)
Coliector inclination was varied between 0° ana 90° (vertical).

The collector area was varied between 18 m2 (200 ft2) and 204 m@
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(2200 ft2) and the mass flow rate between 4,500 kg/hr (10,000 1b/hr)
and 20,400 kg/hr (45,000 Ib/hr). These values of air Tlow and
collector area Were based on earlier mentioned recommendations for
flow and area as functions of bin capacity. In this case, bin
capacity was 72 m3 (2545 ££3; 2036 bushels).

The auxiliary heater was assumed to be capable of raising
the air temperatﬁre a maximum ox 3.6°C (7°F). Accordingly, the
naximum heating rate of the heater was directly proportional to
the flow rate.

A timestep of 0.2 hours and 10 finite difference segments
wepre chosen (each segment was 0.3m (1.0 £t)). The TRNSYS toler-
ances were set at 0.1 and the drier's internal convergence
criterion N was set at 0.0L.

The goal was to dry the entire bed to approximately 0.145
moisture fraction within 288 to 366 hours beyond the starting
rime. The initial and final moisture contents and the desired
times were determined based on material presented by Brooker, et
al. (1974) and Foster and Peart (1976). Brooker, et al. state
that the optimum moisture contents and usual moisture contents
of shelled corn at harvest are 0.39 to 0.u47 and 0.16 to 0.43
respectively (dry basis). Por safe storage of up to one year,
shelled corn should be dried to a moisture content of less than
0.15 (dry basis). To prevent over drying, the temperature of
solar heated air was limited to 29 4°C (85°F), and the maximum

rhermostat setting of the auxiliary heater was set at 21°C (70°F).
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The pressure drop through each collector module is negligible
compared to the drop through the grain and through the ducts.
FPor large collectors, the ducts, headers, and changes in T1ow
direction and velocity between rhe collectors and neaders might
produce a significant pressure drop relative to that of the grain
bed.

In evaluating systems' performances, it was assumed that the
" evel of dryness” would be checked by an operator at 6:00 A.M. .,
12:00 noon, and 6:00 P.M. The termination of an experiment
occurred only at one of those times.

This section has summarized the common design basis for the
simulations to he discussed in the following sections. All
simulations utilized the same parameters inputs and procedures

except as otherwise noted in respective sections.

h,2.2 VARYING COLLECTOR INCLINATION:

gimulations were run in which the slope of the solar col-
lector was varied from 0° to QDB(vertical). A collector with
F' = 0.90, an area of 204 m2 (2000 ftz] and a flow rate of 9070
kg/hr (20,000 1h/hr) were used. No auxiliary heat was employed.
A1l such simulations Were compared at 180 hours.

Based on integrated collector solar energy, collectors
inclined at 30 ° to 43® (angle of 1atitude) performed similarly
in this test. OfF those inclinations tested, 35° collected the

most energy although only slightly higher than 30° and u3® .
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Refer to table 2.

Many of the collectors used in grain drying have been
installed either horizontally on the ground oI vertically on the
side of a building or hin. This causes a significant energy
penalty (in Madison during October). At 0° (horizontal), the
incident and collected energy ave 82% and 94% respectively of
that at 35°. At 90° (vertical), these percentages are only 57%

and 78% respectively.

4.2.3 VARYING COLLECTOR AREA AND MASS FLOW RATE:
Simulations were Iun with collector areas varied hetween zero
and 204 m2 (2200 £t2) and with mass flow rates varied between
4500 kg/hr (10,000 1bs/hr) and 20,400 kg/hr (45,000 lbs/hr) .
Flow rates below 11,340 kg/hr (25,000 1b/hr) were insufficient

to dry the grain to the desired 0.1l45 moisture fraction within

166 hours, and were not considered further. The zero collector

area simulations determined a "base line drying response’ for

non-solar grain drying operations.

4.2.3.1 COMPARISON OF DRYING TIME; AUXILIARY USE; PERCENT SOLAR:
Figure 1i shows the time required for the various mass flow

yate and collector ared combinations to dry the grain to the

desired criterion. Auxiliary~only simulations (zero collector

area) required less +ime than simulations employing a small

collector plus auxiliary. This is due to the particular criteria
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Table 2

performance at various collector ipnclinations at 180 hours

Tnclination Tntegrated Integrated Collector Average Energy
incident collected efficiency final balance
solar radiatiom solar radiation bed closure
per unit area on 186 m temperature
(degrees) (GI/m™) (G (%) (°C) (%)

0 0.0853 5.93 a7 16.6 99.8

30 0.1031 6.30 33 16.7 99.8

35 0.,1035 6.31 33 16.9 99,8

43 0.1023 6.26 33 16.8 99.8

50 0.0997 6.18 33 16.7 99.8

90 0.0587 4,94 45 16.5 99.9
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which determine when the auxiliary heater is turned on and off

in the solar grain drier. These control criteria (discussed in
drier control section) were set tO minimize use of the auxiliary
rather than to decrease the overall drying time. In auxiliary-
only simulations, the auxiliary heat is supplied continuousliy.
This may result in a higher rate of thermal input than with the
auxiliary and small collector combination where the auxiliary may
frequently he rurned off. If a user ig willing to accept an
energy penalty, it is possible to adjust the control criteria to
insure that addition of any size collector will reduce the required
drying time.

Figure 15 presents the auxiliary thermal energy reguired
(in addition to solar energy) by the various systems. Some systems
required no auxiliary thermal energy. The experiments with a
mass flow of 11,3H0 kg/hr required somewhat longer than the
desired drying time but are shown for comparison.

Figures 16 and 17 each present the same information in two
different formats. Both show the percentage of the thermal energy
requirements which may be supplied by solar energy-as a function
of collector area and mass flow rate. Of these combinations
simulated, eight combinations were capable of achieving 1.00% of
the thermal energy needs from solar energy. For both collector
areas 158 and 204 mE, it might appear from figures 16 and 17 that
the same mass flow rate of 15,880 kg/hr is necessary for achiev-

ing 100% of rhermal energy from solar. I+ is likely that the
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204 m® collector can supply 100% of thermal needs at a lower
flow rate than shown in the figures but no attempt was made to
confirm this.

For any application, a large enough flow rate-and/or col-
lector area could supply 100% of the thermal energy as solar.
However, energy requirements for operating the blower and capital
costs for constructing collectors must be considered and the
optimum system may not supply 100% of the thermal energy from

the sun.

4.2.3.2 COMPARISON OF ENERGY SAVINGS:

Another method for making relative evaluations of these
systems with various collector sizes and flow rates is to compare
the reductions in auxiliary energy (and the increases in mechani-
cal energy). Such changes in the energy requirements (thermal
reductions and mechanical increases) are measured with respect
to the "base line case” (which is a non-solar system) at each
respective flow rate. For several systems (based on simulation},
table 3 presents auxiliary thermal energy requirements and the
decrease therein with respect to the appropriate "hase line
case."” Also presented are the mechanical energy requirements
(as electricity for the blower) and the increases therein with
respect to the appropriate 'base line case.'" (mechanical energy
requirements are estimated based on Appendix 6.1.) Figures l8a

and b illustrate the auxiliary thermal energy decreases and the



118

Table 3: Energy Data for various Drying Simulations
1 2 '3 4 5 6 7 8 9
Mass] Col- Time Aux  Thermal Therwmal Fleciric Electric Electric
flowjlector|at end thermal saved saved energy Iincrease increase
rate| area lOf run jenergy due to per for (due to per
solar unit blower golar) unit
area (total) area
wa/hr{ w’ |hours i GJ &3 GI/u? GI cJ G/t
20610 none | 300 | 18,07 - - 15.66 - .
20410 18 | 318 11.64 6.43 0.357 16.85 1.19 0.066
204101 66 | 342 0.92 17.15 0,260 18.63 2.087 0,045
20410] 112 1 318 0.00 1l.64 0,104 17.97 2.31 0.021
20410[ 138 l 0.00 11,64 0.074 17.136 1.70 0,011
204101 204 ) 0.00  11.64 0,037 | 17.25 1.59 0.008
I
18140| none { 300 16,00 - - 11.64 - -
18140! 18 348 15.04 0.96 0.053 13.79 2.15 0.119
18140} 66 ‘ 348 5.69 10.31 0.156 14.41 2,77 0.042
181401 112 348 0,00 16.0 0.143 15.02 3.38 0,030
13140] 158 l 0.00 16.0 0.101 15.21 3,57 0.023
18140| 204 0.00 16.0 0.078 15.23 3.59 0.018
15880 none | 318 15.19 - - 8.76 - -
15880 66 366 12.20 2.99 0,045 10.89 2.13 0.032
15880] 112 | 366 5,92 9.27 0,083 11.33 2,77 0.025
15880} 158 | 372 0.00 15,19 0,096 12,23 3.49 0.022
158801 204 0.00 15.19  0.074 12,91 4,15 0.020
136108| none | 342 14.32 - - 6.29 - -
136101 112 366 12.50 1,82 0,016 8.16 1.87 0.017
136101 158 372 9.96 4.36 0,028 8.70 2,41 0.013
136101 204 372 6.54 7,78 0.038 9,49 3,20 0,016
11340! none | 366 13.02 - - 4. 41 - -
11340] 158 420 12.08 g.94 0,006 7.15 2.74 0,017
113401 204 414 9.45 3.57 0.017 7.78 3.37 ¢.017

Column 3 - This is th
by drying eriteria.

period.
Column & - This 1

Golumn 5 - Based on @ compar
rate but with no collector,

thermal energy requirements

Cotumn 6 - These data are ca
the appropriate coll
Column 7 - This is ©
column 8 - Analagously to column 3,

{estimated) elect
Column 9 - These
the appropriate collector areas.

16T (GigaJoule) = 0.95 million BTU =

e duration of the drying simulation as determined

A1l other data are b

rical reguirements
data are calculated by di

s the total thermal energy
igon to the simu
this column shows the T#&
achieved by adding th
toulated by dividing the co
ector areas.
he total (estimated) el
this co

ased on the ragpective time

supplied as auxiliary heat.

lation with the same flow
duction in auxiliary
e solar collector.

lumn 5 data by

278 kWh (kiloWatthours)

setrical energy for the blower.
lumn shows the increase in

due to adding & solar cellector.
viding the column § data by
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mechanical energy increases (per unit area of collector) as a
function of mass flow rate and collector area.

The decrease in auxiliary energy use is not simply a function
of the total solar energy collected in a particular system. It
is also a Function of each system's different rate of drying due
to differing levels of energy input over time. It is also a
function of the different lengths of time needed for obtaining
the desired dryness in different systems. And, it is also a
Function of the significantly different amounts of energy ex-
hausted over time from different systems. For example, if dry-
ing progress is insufficient at a given time, the auxiliary
heater will be turned on even if solar collection is high. And
depending on drying progress and inlet humidity, higher levels
of energy input may be primarily manifest as higher levels of
energy in the exhaust.

The savings in auxiliary energy usage (due to the addition
of a solar collector) increase with increasing collector area.

However, the auxiliary energy saved per unit area of collector

ultimately decreases as collector area increases. Mechanical
energy increases per unit area of collector also decrease with

increasing collector area.

L. 2.4 ILLUSTRATION OF SELECTED SYSTEM:
Based on the economic analyses of a later section, it appears
that of the systems considered in section 4.2.3, the one with a

flow rate of 20,410 kg/hr (45,000 lbs/hr) and a collector area
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of 66 m2 (700 ftz) apparently has the best potentiél for the
exploitation of solar energy. This section illustrates the
simulation of that case. 92% of the thermal requirements were
satisfied with solar energy. The collector efficiency over 336
hours was 76%.

Figure 19 shows the average moisture fraction as a Tfunction
of time. Over most of the run, the grain bed is steadily prog-
reséing towards achievement of the desired moisture. After
time = 300, the rate of decrease of the average moisture fraction
levels out:; and in this simulation, the remaining drying time
was needed primarily to dry the grain near the outlet to the
desired moisture fraction.

Figure 20 shows moisture profiles at selected times. The
fluctuations observed within the first meter from the inlet are
due to Fluctuations in inlet temperature and humidity. Note the
profile at time = 300, where the average moisture is within the
0.145 moisture criterion but the outlet grain moisture is approxi-
mately 0.25.

Figure 21 shows the integrated guantities of delivered solar
and auxiliary energy. Note that auxiliary energy was added only
between times 168 and 186 hours. The flat portions of the integ-

rated solar plet are indicative of night.

4.2.5 FLOW REDUCTION DURING PERIODS OF NO THERMAL GAIN:

The drier and controls subroutines provide an option of
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reducing the mass flow. This option permits simulation of the
case where the flow would be reduced to scme minimum for aera-
tion when there was no solar gain and no need for auxiliary.

This section examines the effect of adding the flow reduction
option to the system discussed in section 4,2.4. Minimum flow
was set at 10%. TFigure 22 compares the drying progress with that
obtained in the experiment without flow reductions. The drying
progress in this experiment lagged slightly behind that of the
experiment for which full flow was maintained at all times. The
slight difference in drying progress however, caused the drier
control to call for over five times as much auxiliary heat during
the course of this experiment in an attempt to maintain acceptable
progress. This 4.2 GJ increase in auxiliary thermal input was
lost in the exhaust air from the drier. That is, the drier
exhaust in this experiment carried away 4.2 GJ more energy than
in the previous experiment. This indicates the reduced flow
dpier was less efficient in utilizing applied thermal energy.

The blower operated at full flow for 219 hours and at 10%
flow for 153 hours.

Table 4 presents results of the two experiments. The deliv-
ered solar energy is higher in the experiment with the flow reduc-
tion option only because the operating time is longer. The per-
cent of energy supplied by solar is much lower in this experiment

because of the much larger amount of auxiliary energy used. In
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Table U

Comparison of two simulated drying experiments:
with and without the flow reduction option

Basic With flow
Ttem of comparison . conditions reduction option
‘1 Length of operation (hrs) 336 372
2 Delivered solar energy {GJ) 10.60 11.31
3 (Collector efficiency (%) 75.7 75.6
4L Thermal needs supplied by solar (%) 92 69
5 Auxiliary energy required (GJ)}
(a) total G.92 5.07
(b) compared to comparable non-
solar drier 17.15 (less) 13.00 (less)
%
6 Estimated electrical requirement {GT)
(a) total 18.7 13
(b) compared to comparable non-
gsolar drier 3.0 (more) 2.7 (less)
7 Seasons savings retative to costs of
comparable non-solar drier ($/m2)
(a) with LP gas as auxiliary heat 1.14 1.81
(b) with electricity as auxiliary
heat 2,69 2.97
8 Mass balance closure (%) 99.60 59,96
9 Energy balance closure (%) 9G, 86 99,92

#

Mechanical energy (as electricity) for blower operation
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the table, 'less" and ”ﬁore” ape with respect to the values of
the base line case.

The variable flow system is seen to yield larger gavings
than the basic constant flow system due %o significant reductions
in mechanical energy consumption which outweighed the increases
in auxiliary thermal energy consumption. (Economics will be
covered in a later section.)

One disadvantage of the flow reduction option 18 that the
moisture level of the grain near the outlet tends to be higher
than in the basic system. This experiment reached the desired
average moisture level at approximately the same time as the
previous experiment but did not terminate until 36 hours later
because the outlet end did not reach the desired dryness as
quickly.

The conclusions of this section apply to the_comparison made
between the two experiments considered. lowever, the results
suggest there is potential for reducing the mechanical energy and
demonstrate that simulations can be used to explore such process

variables.

y.2.6 PARTIAL RECIRCULATION OF OUTLET AIR:

The drier model provides the option of partially recircula-
ting the flow. This option requires the addition of a flow mixer
component subroutine. This gection examines the case where half
of the drier exhaust air is recirculated to the inlet of the system

discussed in section 4.2.4.
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Figure 23 compares the drying progress of the recirculating
system with that in the experiment without precirculation. Drying
progress in this experiment significantly led the progress of the
once-through drier experiment during the first eleven to twelve
days.

In the moisture range prevalent during the first eleven to
r+welve days the negative effects on the drying rate due to higher
inlet humidities were apparently offset by the positive effects
of higher temperatures. This would explain a major observation
from figure 23. However as the bed's average moisture content
decreased, the humidity effects apparently bégan to dominate and
the drying progress of the recivoulation experiment slowed and
lagged that of the once-through experiment. Although both
experiments reached the average moisture goal at comparable times,
the recirculating system required 36 hours more fqr the grain
near the drier outlet to reach the desired moisture. Prior io
this experiment's additional 36 hours of operation, both experi-
ments had used very similar quantities of auxiliary and thermal
energy. At that time, solar energy had supplied 88% of this
experiment's thermal inputs. During the additional operation
time, the auxiliary heater was oOn continuously as the drier con-
trol attempted to regain compliance with the drying schedule.
This large addition of auxiliary energy caused the percentage of
energy supplied by solar to drop to 71.5%. The additional energy

input resulted in this experiment losing 3.1 GJ more energy out of
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the drier exhaust than the once-through experiment. This experi-
ment also required more mechanical energy because it operated
longer.

The delivered solar energy and collector efficiencies for
the two systems at +rhe end of 336 hours of operation (when the
hasic system terminated) differ due to the higher inlet and aver-
age collector temperatures in the recivculation experiment.

Table 5 presenfs a comparison of the two experiments. Although
the conclusions of this section apply to the comparison made
hetween the two experiments considered, the rasults suggest that
advantages exist for employing recirculation in some gituations.
Varying the amount of recipeulation during various Operational
phases would give increased control over the drying rate and the
product quality. This section has also demonstrated that simula-
tion is a valid approach for investigating the effects of recir-

culation.

4.2.7 FLOW REVERSAL:

The drier model provides the option of reversing the direc-
tioh of the Tlow periodically at a freguency specified by the
user. Use of this option has shown that the drying zones tend
to be pushed back and forth within the bed as the same moisture
is repeatedly evaporated and condensed. Tt was observed that
there is a very significant delay in drying when this option is

employed (and a large energy penalty) .
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Table 5

Comparison of two simulated drying experiments:
with and without partial recycle

Basic with partial
ftem of comparison conditions recycle
1 Recycle (%) 0 50
2 Length of operation® (hrs) 336 372
3 Delivered solar energy (GI)
(a) total 10.60 11.05
(b) within 336 hrs ¥ 10.60 10.47
4 Collector efficiency (%)
(a) averaged over entire operation 75.7 73.9
{b) averaged over 336 hrs * 75.7 74.8
5 Thermal needs supplied by solar (%) 92 71.5
6 Auxiliary eneTrgy required (GI)
(a) total 0.92 4.40
(b) compared to comparable non-solar 17.15 (less) 13.67 (less)
drier
7 Estimated electrical requirement (GJ) **
(a) total 18,7 20.7
(b)) compared to comparable non-solar drier 3.0 (more) 5.0 (more)
8 Seasons savings relative o costs of compar-
able non-solar drier (§/m)
(a) with LF gas ag auxiliary heat 1.14 0.41
(b) with electricity as auxiliary heat 2,69 1,65
g Mass balance closure (%) 99.60 99,96
10 FEnergy balance closure (%) 99.86 90,10

% for comparing collector performances with and without recycled air

** category 7 refers to mechanical enexgy (as electricity) for hlower
operation
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Consider a case where Two experiments differ from each other
only in that one drier was subject to flow reversal every 30
mimites. At the time when the ope-directional system reached
the desired moisture fraction, the flow reversal system had only
premoved half as much moisture. Overall the flow reversal system
required three times as much time TO reduce the average moisture
to the desired level.

This option might be degired if the user felt that maintain-
ing more uniform drying profiles was of greater importance than

minimizing energy consumption or maximizing drying rate.
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4.3 Fconomic Analyses

With respect to the combinations of collector area and
flow rate discussed in section 4.2.3, four cases are considered
for each combination. These four cases reflect the use of oil,
natural gas, LP gas, OF electricity as the auxiliary energy
source which is being totally or partially offset by solar energy.
Mechanical energy for the blower is assumed TO derive from
electricity. Table b presents the reductions in annual operating
costs which are achievable by adding solar collection to the grain
drying system. The amount of the reduction is being referred to
as net dollars saved or solar savings (equals the dollars saved
by decreasing auxiliary thermal energy minus the dollars cost for
the increased mechanical energy in the blower). Energy to dollars
conversion is shown in table 11 of Appendix §.3. Table 0 is
condensed from tables 12 and 13 of Appendix §.3. It represents
annual solar savings assuming one bin of grain per year is dried.
Data for systems with oil and electric auxiliary heaters respective-
ly are illustrated in figures 2Ha and b.

In most cases, criteria for selecting the appropriate design
basis* should be based on ccomonic comparisons. There are several
common methods of evaluating the econqmics of solar heating

systems. Life cycle economic analysis, which takes into account

% T1f the solar capability is to be added to an existing system,
the air mass flow rate may be already fixed. Optimizing
collector area would then be the only criterion. For such
a case where the flow is fairly low (e.g. less than 13,600

~ kg/hr for the systems considered in section 4.2.3) there
may he no possibility of economically adding golar capability.



Table b6: Summary of net dollar savings
$Thermal Savings - $mechanical increases = $net savings for replacing oT
supplemencing oil, natural gas, LP gas, Or electricity as the thermal
source with solar derived from various systems indicated by area and
flowrate

flow Wrea oil
§ total $/m?

natural gas

1P gas electricity
5 total $ fm?

§ total §/m2 | % total 3 /m2

M
01,77 1.2 ] 20,16 27,37 1.52] 65.350 3.64

50.63 0.92 56,34  0.85 75.55 l.1& 177.25 2.59

37.47  0.33 34.56  0.31 47.59 0.42 ] 116.82 1,04

45.10 0.29 42,19 0.27 \ 55,22 0,35 \ 124.25  0.79

46.47 0.23 43.56 0.21 | sg.50 0.28| 125.62 0.62

(-21.41)(-1.19) (-21.65}(—1.20)}(—20.57)(-1.14) {-14,88)(-0.83)
24,14  0.37 21,56  0.33 33,11 0.50 g4.25 1.42

18140 48,95 0,44 44,95  0.40 62.87 0.56 | 157.75 1.4l

18140 46.57 0.29 42,37 0,27 60.49 0.38 | 135.37 0.98

18140 204 | 46.32 0.23 42,35 0.21 60,24  0.30 155,12 0.76

1588d 66 (-9.59)(-0.15}\(—10.33}(-0.16)1 (-6.99)(-0.11) 10.75 0.16

15880y 112} 18.21 0.16 l 15.89 0.l4 26,27 0.23 a1,25 0.73

1588% 158| 42.95 0.27 ag, 16  0.25 \ 56.17 0.36 | 146.23 0.93

1588% 204 34,70 0.17 30,81 0.15 47,92 0,23 138.00 0.68

13610 112 (-13.01\(-0.12) (-13.46)f-0,12)\(—11.42)(-0.10) (-0.63)(-0.01}

13610 158 (-5.28)(-0.03) (-6.3?)(-0.04} r.1.48)(-0.00L 24,37 0.15

| .
13610l20h 4.35 0.02 2.40  0.01 11.1% 0.05 \ 57,25 0.28

11340| 158 (—28.89)(-0.18) (—29.13)(—0.18) (-28,07)(-0.18)\(—22.50)(-0.14)

113#0120& (-21.78}(-0.11) (-22.67)(-0.11)l(-18.68)(—0.09) 2,506 0.01
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the time value of money, is recommended by Beckman, Klein, and
puffie (1977) who present examples of its use. The technique
will be used here also.

Consider the following simple example which examines the
previously discussed system (sections 4. 2.3 and 4.2.4) having a
mass flow rate of 20,410 kg/hr (45,000 lb/hr) and a solar col-
lector area of 60 m2 (700 ftz),

Assumptions:
1} collector cost is $10.00 per square meter (see section
2.1)

2} collector life is twenty years (straight line depreci-

ation)

3) ultimate salvage value and any cover replacement costs

have been neglected

4) market discount rate is 7%

5) fuel cost inflation rate is 7.75%

5) tax rate is 48%

7) property tax will be unaffected

8) maintenance and insurance costs will not change signi-

ficantly

9) installation will be paid for without a loan

10) only one bin (of corn) per year will be dried
Refer to table 6 to determine that the annual solar savings
(after accouﬁting for parasitic mechanical energy increases)

would initially be $60.63 with an 0il auxiliary or $177.25 with

139
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an electric aquxiliary. The discount and jnflation rates COT-
veniently result in a present worth Factor of 2.0 for the 20
year period. (That is, in this example the present worth of any
future year's fuel savings will be the same as that of the initial
year's gavings.) Since fuel costs would be a deductible business
expense at the u8% rate if they were sneurred, the annual solar
gavings jndicated above must be effectively reduced by 4g% to
$31.53 (oil) and 502.17 (electric).- Since the solar savings are
now adjusted downward in this manner, the only remaining effect
of taxes will be an annual savings due to depreciation:

(0.48 tax rate) (66 mz)($10.00/m2)/(20 years) = §15.84/year
Since the depreciation rate will not inflate, the present worth
factor for the taxes must be taken at 0% inflation or 10. 594 for

the 20 yeal period. Then for an oil auxiliary:

present cost of collector = (66 mz)($lD/m2) = - 5660
present worth of tax saved = (10.594)($15.84) = + $168
present worth of solar savings < (20.0) (§31.53) = + 5630
net present worth = + 5138

With an electric auxiliary, the net present worth would

instead be:

(-$660) + (+5168) + (+518u3) = +31351

An examination of the total dollar returns and the dollar
returns per sguare meter in table 6 indicates that the most
Ffavorable economics will belong to either the system with a flow

pate of 20,410 kg/hr and a 18 square mefer collector or the ahove

system (20,410 kg/hr; 66 m€). The choice between these two will

depend on the type of quxiliary heat in the system and upon the
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cost per unit area fdr installing solar capability. A life cycle
analysis has been ealcuiated for these two systems with three
possible auxiliaries and with four possible collector costs per
unit area. The technigques of the above example were employed; in
addition it was assumed for simplicity that all collector costs
were area-dependent. Table 7 shows the results of these calcula-
tions. Clearly indicated are cases favoring the small collector,
cases favoring the large collector, and cases in which both are
unfavorable.

The fuel inflation rate could easily exceed the value used
in the example. If it were 10% (all else unchanged), the present
worth of the example's 66 m2 system with oil auxiliary (collector
@ $10 per sg. m.) would increase (from $138) to $283. With an
electric auxiliary, the increase would be (from $1351) to $1776.

The entire analysis has been made assuming that only one bin
per year would be dried. Even under this assumption of limited
use (approximately 15 days per year), it appears that solar sup-
plemented drying can be economically practical. However, since
harvesting frequently lasts longer than six weeks, it might be
possible to use one collector to dry two or three bins sequentially.
If it was achieveable to dry three bins annually, it is reason-
able to assume solar savings would be approximately tripled while
collector costs would change very little. With all else unchanged,

the present worth of the example's 66 me system with oil auxiliary

(collector @ $10 per sg. m.) would increase (from $138) to 5L398.
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Table 7
Net Present Worth for Various Cases

Area Type of Net present worth in dollars of the various
2 auxiliary systems at four selected installation costs per m

m energy @35 @510 @315 @s$20

18 oil + 159 + 92 + 25 (~-42)

66 oil + 384 + 138 (~108) (~354)

13 1P gas + 217 + 150 + 84 +16

66 LP gas 4+ 540 + 294 + 47 (-199)

18 electric + 614 + 547 +480 +412

66 electric +1597 +1351 +1105 +859

1} mass flow = 20,410 kg/hr

2) system dries- only 1 bin per year
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With an electric auxiliary the increase would be (from $1351) to
$5037. With three bins per year all present worths in table 7
would become more favorable, all entries would he positive
(Least favorable at -5354 would become +3906), and the 66 me
collector would be more favorable than the 18 m® collector for
all cases considered in table 7.

1f the collector was situated reasonably near other buildings
(besides the grain bins) solar energy might be utilized for other
purposes during the rest of the year. This would increase
economic Favorability. The federal government and many state
governments have heen seriously considering offering solar utili-
zation incentives through the tax system. Such incentives would
also increase economic favorability.

In addition to presenting favorable economic data, this
section has demonstrated the applicability of the present model
in conjunction with life cycle economic analyses for purposes of

design optimization.
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4.4 Conclusions

For the case of drying grain in bins under transient inlet condi-
tions, the governing, coupled equations for heat and mass transfer may
be reduced to a model conveniently solved by computer. The basis for
the model is instantaneous (within the selected time step) attainment
of thermal and sorbate equilibrium between the air and all portions of
all particles in cach finite difference segment. The model's perform-
ance has been verified against 1imited available data for laboratory
scale driers operating under constant inlet conditions. Because of the
assumption of instantanecus equilibration, the model is likely limited
to grain driers where some function of flow rate OVer bed length is less
than some TAXIMIL. This function OF maximm limit ratio has not been
determined. The model is also 1imited to cases in which the air flow
is never static and is equally distributed over the cross section of a
mniformly porous grain colum.

This model is gimple to apply and is more efficient with respect
to computer time than other published models. When jnterfaced with
TRNSYS, it is well suited for computerized gimilations and design studies
of solar-assisted grain drying under transient inlet conditions. It is
egpecially of utility when £airly large time Steps (e.g., 0.2 hrs.) and
few finite segments (e.g., 10) are desired in order O 1imit computer
time requirements in the conduct of several long rerm simulations.

Tn meny cases, and under the proper design conditions, the addition
of solar collectors czhl significantly reduce the awxiliary energy re-

quirements of a drier. Depending on the assumptions anéd collector cost-
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ing data utilized in economic analyses, it is tentatively concluded
that solar-assisted grain drying may have positive economic potential.
The degree of economic favorability is sensitive to the cost parameters
chosen, but in any case Wy be improved by increasing the muber of bins

dried. Partial recirculation of exhaust and flow reduction during

periods of no energy gain may also improve economi.c potential.
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Bho B Ssuggested Work

This thesis has described the development of an equilibrium
model of grain drying in bins. An efficient itepative conver-
gence scheme has been detailed for solving the model's three
basic equations (in three unknowns). Computer subroutines of the
model and of controls have been shown to be especially suited for

simulations of solar-assisted grain drying utilizing actual

(transient) weather data.

The computer subroutines, ijnterfaced with TRNSYS (Klein et
al., 1974; Solar Energy Laboratory of the University of Wisconsin,
1977), have been used to simulate several variations in design
for a solar corn drying system. In conjunction with this design
study, life cycle economic analyses have sndicated that (for

Madison in October) some designs have positive economic potential.

These analyses have also shown that the present worth of such
solar drying systems could be further and significantly enhanced

if it would be possible to 4tilize the collector as an aid to

drying more +han one hin per year.
Simulations of operating options such as partial vecircula~
:Q; rion and flow reductions during periods of no thermal gain have
demonsitrated the versatility of the gubroutines in studying a

number of design possibilities. guch simulations have also

indicated that the two options mentioned above may both have poten-

tial for increasing economic favorability.
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This work could provide a starting point for a number of
studies.

1t is desireable to provide a more rigorous experimental
validation of the model under long term transient conditions, but
currently there is a lack of good published data. Such data
(with or without solar collectors) would provide a means of
thoroughly verifying this and other models.

Further simplification of the model may be possible by utili-
zing constant values for the heat capacities and heat of sorption
now expressed as functions. During the iterative process (as T,
w, and W are repeatedly adjusted), their values change. It has
been observed that these changes are fairly small and therefore
may contribute to increased computing time while only marginally
improving accuracy. It may be interesting to determine whether
assuming constant values for these (especially for preliminary
gimulations) could improve computing efficiency without seriously
peducing accuracy.

Design studies based on simulation is considered as the most
consequential follow up to this work. A variety of system designs,
grain types, locations, and climatic data should be considered.
Life cycle economic analysis should be used to lead to the devel-
opment of design guidelines regarding type and size of collectors
and mass flow rates; all as & Function of bin size, grain TYpe,
and geographic location.

Simulated design studies could be expanded to consider types



148

of solar grain drying systems other than those considered in this
thesis. For example, short term, high temperature driers could
be readily simulated with the present model. Multiple inlet
driers could be simulated by several drier models placed in series
together with appropriate flow mixing sub-routines. A rockpile
thermal storage unit could be added to the simulated set up.
Addition of a heat exchanger would allow investigation of the use
of collectors having water as the fluid. Forcing function
components combined with several drier components could simulate
sequenced batch-in-bin high temperature drying where it might be
desired to dry one or two hatches of grain per day in the same
bin. Annular flow, cross flow, or continuous grain counter flow
driers could also be simulated with slight modification to the
model.

The development of solar energy as a thermal supplement for
grain drying could reduce consumption of conventional energy
supplies. Computerized design studies are proposed as the exped-

ient approach for accelerating this development.
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M@

A Cross sectional area

a Constant in equation of section 2.3

B Grain specific constant in Henderson equilibrium moisture
expression

b Constant in equation of section 2.3

C Grain specific constant in Henderson equilibrium moisture
expression

Cqy Heat capacity of humid air Cq = Cal + Ca2

Cyg Heat capacity of wet solid (moist grain) Cwg = €1 * Cow

Clac2 See CWS

D Diameter of grain bed (effective inside diameter of drier)

Eaux,Esol Thermal energy inputs derived from auxiliary and solar

I Collector geometry efficiency factor

F.,F
1

l,I—‘2 Characteristic potentials

H Enthalpy of media in Fl/F2 model

h Enthalpy of fluid in F1/F5; model

He Enthalpy of fluid in Final Equilibrium Model

Hg  Enthalpy of media (solid) in Final Equilibrium Model

HS(I/O)’ HD(I/O)’ HBED Enthalpy balance terms calculated by model
i Location subscript

i Number of iterations

K Equation variable defined in conjunction with equation #20
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L Total length of grain bed within drier
m Mass flow rate of air

M Total mass of grain in drier

b
M1/00 MaED Water mass balance terms calculated by model

N Number of finite gegments into which grain bed 1is divided
NTU Number of Transfer Units
AP Pressure drop per unit length of grain bed
P Density of media excluding interstices in F1/Tp model
Q "Empty-tower ' mass velocity (mass per time per Cross-
sectional area)
Ryp Ry, High and low 1imiting values of range in convergence
scheme
RH Relative Humidity in decimal form
Ar Radial distance jncrement
81,82 see). s
T Temperature (Tg: of fluid, Tg: of solid, Tpef® reference,
Tint of inlet air, Typ: wet bulb of air, Tgyp: of
ambient air, Togit of cutlet air from collector, TB,ave:
average of bed, Ti,t: of grain and air at location i
and time t)
t Time (also used as subscript)
At Increment of time
U, Collector loss coefficient

v Instantaneous front veloolity
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W Moisture content (fraction) as mass of water per mass of
dry grain Wa: equilibrium value, Wipit: initial value,
WB,ave: average of bed, Waye® desired average of bed,

W . _: minimum safe value, W, .- value at location 1
min i,t

and time t)
W humidity of air (Wpjp: minimum expected value of possible
range of humidity values, Wi .4F initial interstitial,
Wi tt value at location i and time t, E”i,t‘lp: projected
value)

X Axial distance

Ax  Axial lengtn increment

2 .47 Equation vapiables defined in conjunction with equation #20
od o o ~ Slope of constant F line on psychrometric chart
2;3-_ X]_ XE ~ (Characteristic specific capacity ratios
8 Void fraction
5 Time (67,0, front emergence times}
1;¥2
A Latent heat of vaporization (}o: of free water, . of sorbed
£ s
= +
water, A . Sl SE‘W)
A4 Ratio of effective media density over affective fluid density
Density (Pe: OF fluid, i.e., humid air; . of media exclud-
by s
ing interstices)
() Convergence criterion
(7" Transmissivity

# Maximum itera tions
max
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5.
APPENDICES

6.1 Power Requirements for Solar Drying Simulatlons

Several widely varying flow rates and collector areas were
compared for the solar grain drying system discussed in section
L}, One should congider whether changes in pressure drop between
the various cases will significantly affect the comparison of
overall energy requirements. It is not within the scope of this
project to make for each simulation a detailed design of the
various collector configurations, headers, ducts, etc., which
would permit a precise determination of the pressure drop. This
appendix, however, estimates the additional pressure drop rep-
resented by the addition of the solar collector and necessary
ducts. For most systems, these pressure drops shpuld be a small
portion of the overall system pressure drop. And since the
thermal energy requirements of the system are generally greater
than or eguivalent to the mechanical energy requirements, it is
felt that the following arbitrary technique 1is ndt unjustified.

Tf one assumes that duct size is chosen based on some maxi-
mun desired air velocity, & standard size duct may be selected
For each given Tlow rate. If this was & simple case of ailr
£iow through a iong duct, fixing the velocity and duct size would
f£ix a certaln pressure drop per unit length of duct. But this is

not such a simple case gince the flow velocities will change &8s
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the air From each collector subunit flows into the duct and since
there will possibly be expansions and direction changes. Indeed
it is possible that the diameter of the duct would be occassion-
ally varied over its length to maintain a desireable flow regime
in all sections. It was assumed that the addition of the ducts
necessary to utilize solar collectors caused a pressure drop
equivalent to twice that of a straight duct having a length
equivalent to the long dimension of the collector bank and having
a standard cross-section which would yield a velocity of approxi-
mately 10 m/sec. The pressure drop through the collector sub-
units prior to the collection duct is neglected.

Using the formula illustrated in section 2.3 for pressure
drop through grain beds and projecting an additional W0% to
account for various other pressure losses as per Brooker et al.
(1974), table 8 has been constructed. It shows the pressure drop
as a function of flow rate for a conventional non-solar drier.

Table 9 indicates for the various flow rates considered, the
standard duct size vielding a velocity close to 10 m/sec. The
resultant pressure drop per upit length (hased on material

presented by Brooker et al. (1974)) is also shown.
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Table 8
mass pressure drop }Jestimated system
flowrate (AP) through AP with no
grain solar collector
kg/hr (1b/hr; cfm) kPa {in HR0) kPa (in Ho0)
9070 (20,000; 4500) { 0.25 (1.0) 0.35 (1.4)
11340 (25,000; 5700) | 0.55 (2.2} 0.77 (3.1)
13610 (30,000; 6800) | 0.70 (2.8) 0.97 (3.9)
15880 (35,0005 7900) | 0.90 (3.6) 1.2 (5.0)
18140 (40,000; 9100) | 1.1 {(4.4) 1.5 (6.2)
20410 (45,000; 10200) 11.3 (5.3) 1.8 (7.4)
Table 9
flow standard pressure drop 2 % pressure drop
rate duct size |per unit length per unit length
kg/hr mw (in) Kpa/m KPa/m (in Ho0/100 £t}
9070 0.51 (20) 0.0025 0.0050 (0.60)
11340 0.56 (22) 0,0020 0.0040 (0.50)
13610 0.61 (24) 0.0018 0.0036 (0.44)
15880 0.66 (26) 0.0016 0.0032 (0.40)
18140 0.71 (28) 0.0015 0.0030 (0.38)
20410 0,76 (30) $5.0013 0.0026 {0.32)
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Assuming the collector bank length to be the area in me

divided by 2m, and by adding the pressure drop estimates for
+the solar ducts to the calculated pressure drops for the rest of
the drier system at each [low rate the total pressure drop of
the entire solar grain drying system is obtained. These data
are shown in table 10 as a function of flow rate and collector
area.

Given the mass flow rates and the total pressure drop of
the system, the power requirements for the blower may be cal-
culated. The blower assumed to have an efficiency of 0.6. The
air which is pumped is assumed to be at 21°C (7D°P) arntd have an
absolute humidity of 0.01 kgH,0/kg dry air and a humid density
of 1.19 ke/i® (0.0735 lbs dry air per £t° of moist air). Table 10
also indicates the power requirements for the various systems
blowers.

For illustrative purposes, tablelD also shows the percent-
age of the power requirements which are (in each case) attribut-
able *0 the addition of the solar collector to the basic non-solar

drier system.
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Table 10
Mass Collector Total Blower Percent due
flowrate area AP power to solar

kg/hr (1b/hr) w2 (££2)| KPa (in H0) | KW (HR) %
9070 (20,000) 0 ( ) 0.35 (1.4) 1.3 ( 1.7 0
9070 (20,000) 18 ( 200) 0.40 (1.9) 1.4 ( 1.9 13
9070 (20,000) 66 ( 700) 0.50 (2.0) 1.8 ( 2.4) 30
9070 (20,0007] 112 (1200) 0.62 (2.5) 2.2 { 3.0 44
9070 (20,000) 158 (1700) 0.75 (3.0) 2.7 ( 3.6) 53
9070 (20,000) 204 (2200) 0.85 (3.4) 3.0 ( 4.0) 59
11340 (25,000) o ¢ 0) 0.77 (3.1 3.4 { 4.6) 0
11340 (25,000) 18 ( 200) 0.80 (3.2) 3.6 ( 4.8) 3
11340 (25,000) 66 ( 700) 0.90 (3.6) 4.0 ( 5.4 14
11340 (25,000) 112 (1200) 1.0 (4.0) 4.5 ( 6.0 22
11340 (25,000) 158 (1700) 1.1 (&4.4) 4.8 ( 6.3) 30
11340 (25,0000 204 (2200) 1.2 (4.8) 5,3 ( 7.1 35
13610 (30,000) 0 ( 0) 0.97 (3.9 5.2 ( 7.0) 0
13610 (30,000) 18 ( 200) 1.0 (4.0) 5.3 (7.1 2
13610 (30,000) 66 ( 700) 1.1 (&.4) 5,9 { 7.9 11
13610 (30,000) 112 (1200) 1.2 (4.7 6.3 ( 8.4) 17
13610 (30,000)| 158 (1700)} 1 2 (5.0) 6.6 ( 8.9) 22
13610 (30,000)| 204 (2200){ 1 3 (5.4) 7.2 ( 9.6) 28
15880 (35,000) 0 ( 0) 1.2 (5.0 7.8 (10.4) 0
15880 (35,000) 18 ( 200) 1.3 (5.1) 7.9 (10.6) 2
15880 (35,000) 66 ( 700) 1.3 (5.4) 8.4 (11.3) 7
15880 (35,000) 112 (1200) 1.4 (5.7) 8.9 (11.9) 12
15880 (35,000) 158 (1700); 1.5 (6.0 9,3 (12.5) 17
15880 (35,000) 204 (2200) | 1.6 (6.3 9.8 (13,1 21
18140 (40,000) 0 ( 0) 1.5 (6.2) 11.0 (14.8) C
18140 (40,000) 18 ( 200) 1 1.6 (6.3) 11.2 (15.0) 2
18140 (40,000) 66 ( 700y, 1.6 (6.6) 11.7 (15.7) )
18140 (40,000) | 112 (12000 1.7 (6.9 12.2 (16.4) 10
18140 (4&0,000) 158 (1700)\ 1.8 (7.2) 12.8 (17.1) 14
18140 (40,000 204 (2200) 1.9 (7.5 13.3 (17.9) 17
20410 (45,000) 0 ( 0) 1.8 (7.4 14.8 (19.8) 0
20410 (45,000) 18 ( 200) 1.9 (7.5 15.0 (20.1) 1
i 20410 (45,000 66 ( 700) 1.9 (7.7) 15.4 (20.6) 4
20410 (45,000) 112 {(1200) 2.0 (8.0) 16.0 (21.4) 7
20410 (45,000) ) 138 (1700) 2.0 (8.2) 16.4 (22.0) 10
20410 (45,000) 204 (2200) 2.1 (8.5) 17.0 (22.8) 13
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6.2 Example Simulation of Corn Drying

Following are the data cards suitable for the TRNSYS simula-
tion of the system with a collector area of 66 n? (700 ftz) and
a mass flow rate of 20410 kg/hr (45,000 lb/hr) which was discussed
in section Y4, Figures 5 and 6 are also applicable to this

example,

Simulation 6.0 360.0 0.2

Tolerances 0.1 0.1

Width 132

Unit 9 Type 9 Card Reader

Parameters 11

13 1.0 6 3.69 0.0 11 1.0 0.0 12 1.0 0.0
Unit 16 Type 16 Solar Radiation Processor
Parameters 7

1 2u4.0 43.0 35.0 0.0 428.0 0.0

Inputs L

9,6

| 0.0

Unit 28 Type 28 Drier Simulation Controls
Parameters 7

0.4 0.145 288.0 0.20 6.0 1.0 85.0

Inputs U

16,1 21,8 1,1 9,11

0 0.4 34.0 34.0
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Unit 3 Type 3 Blower
Parameters 1

L.5EY

Inputs 3

9,11 21,3 28,2

34.0 4.5EY 1.0

Unit 11 Type 1l Flow diverter
Parameters 1

2

Inputs 3

3,1 3,2 28,3

34.0 4.5E4 1.0

Unit 1 Type 1 Collector
Parameters 7

1 700.0 0.95 0.2485 0.94 1.0 0.88
Inputs 4

11,3 11,4 9,11 16,1

34.0 4.5E4 34.0 0.0

Unit 12 Type 1l Tee Piece
Parameters 1

1

Inputs Y4

11,1 11,2 1,1 1,2

34.0 0.0 34.0 4.5EH

Unit 6 Type 6 Auxiliary Heater
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Parameters 3

7.72EWL 70.0 0.245

Inputs 3

12,1 12,2 28,1

34.0 4.5E4 O

Unit 21 Type 21 Drier

Parameters 22

10.0 18.0 10 0.45 68.78 0.4 0.0L -0.145 0.005 0.01L 20 0.95E-5 4F0.0
1.9 6.0 0.2 40.0 0.34 0.009 485.0 1796.0 4.5EY
Inputs 4

6,1 9,12 6,2 9,11

34.0 33.0 4.5E4 3u4.0

Unit 24 Type 24 Integrator

Inputs 7

16,1 1,3 6,3 21,4 21,14 21,12 28,2

0.0 0.0 0.0 0.0 0.0 0.0 0.0

Unit 25 Type 25 Printer

Parameters 1

24. 0

Inputs 9

24,1 24,2 24,3 24,4 21,15 24,5 24,6 21,13 24,7
T3/FT2 TQCOL TQAUX TINOUT ACCUM TAIREN THUMID DMOIST BLOWER
Unit 26 Type 25 Printer

Parameters 1

6.0
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21,6 21,8 21,11 21,1 21,7 21,9
W(L) WAV W(N) TIN TAV T(N)

END



6.3 Three Energy Data Tables

Table 11

HEATING FUEL COSTS (1977 IN MADISON)

COST OPERATING
FUEL UNIT COST URATING VALUE $/GJ EFFICIENCY COSTS $/GJ
0il Lhe/gal 140,000 kJ/gal 3.13 0.55 5.70
Natural Gas  30¢/100 scf 1,000 kJ/scf 3.00 0.55 5.45
1P Gas 41c¢/gal 96,000 kJ/gal 4&.27 0.65 6.57
Electricity
(Residential
Average) 4, 50¢ /kwh 3,600 kI/kwh 12,50 1.00 12.50
(Off Peak) 1.90¢ /kwh 3,600 kJI/kwh 5.28 1.00 5.28

Note: 1kJ = 0.95 BTU
163 = 0.95 million BTU

Compiled by:

T. Freeman, U.W. Solar Energy Laboratory
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Table 12

mass
flow
kg/hr

Increased Mechanical
GJ Cost
Total

feduced Thermal
GJ oil natgas LPzas electric
$

total 3 5 $

18140 | 138 . . . 44,63

18140 | 204 | 16.0 g1.20 87.20 105,12 280.00 3.59 44,88
15880 66 2.99 17.04 16.30 19.64 37.38 2.13 26.63

15880 112 9,27 52.84 50.52  60.90 115.88 2.77 34.63

15880 | 158 | 15.1% 86.58 82.79 99,80 189.83 31.49 43,63

&
=
%)

15880 | 204 | 15.19 86.38 82.79 99,80 189.83 51,88
13610 § 112 1.82 10,37 g,92 11.96 22.73 \ 1.87 23,38
13610 | 138 4.36 24.85 23.76 28.65 54,50 ] 2.461 30.13
13610 | 204 7.78 44.35 42.40 51.11 97.25 | 3,20 £0.,00
11340 | 158 g.9% 5.36 5.12 6,18 11,75 2.74 34,25
11340 | 204 3.57 20.35 19.46 23.43 54,63 3,37 42.13

3,65 w83 ) el

Reduced Therual: Shown are the rotal reductioms in annual require-
ments for auxiliary thermal energy and the total
economic value of those reductions in terms of

various fuels,

Increased vechanical: Shown are rhe total increases in annual
requirements (estimated) for electrical emergy and
the cost thereof for blower operation.
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Table 13
mass |col. peduced Thermal ' Increased Mechanical
flow }area 2il natgas LPgag electric
kg/br tm eifm? s/c? i’ $/m $/m 61 /md § fa
010 | 18 |0.367 2.03 1.95  2.33 4.46 0.066 0.33
20410 66 0.260 1.48 1.42 1.71 3,25 | 0.045 0,56

1
1

20410 | 112 | 0.104 0.39 0.37 0.68 1.30 t 0.021 0.26
E

20410 | 158 | 0.074 0.42 0,40 0,49 0,93 0.011 0.14
20410 | 204 | 0.057 p.32 0.31 0.37 0.71 0.008 0.10
18140 18 10.053 0.30 0.29 0.35 0,66 { 0.119 1.49
18140 66 | 0,156  0.89 0.85 1.02 1.95 1 0.042 0.53
18140 | 112 10.143 0.82 0.78 0.9 1.79 \ 0.030 0.38
181&0 | 158 0.101 0.58 0.535 0.66 1.26 0.023 0.29
18140 | 204 | 0.078 0,54 0.43 0.51 0,98 0.018 0.23
15830 ‘ 66 |0.045 0.26 0,23 0.30 0.56 | 0.032 0.40
158380 \ 112 | 0.083 0.47 0.45 0.55 1.04 E 0.025 0.31
15880 % is8 | 0.096 0.55 0.52 0.63 1.20 ! 0.022 0.28
15880 & 204 | 0.074 0,42 0.40 0.49 D.¢3 i £.020 0.25
13610 | 112 | 0.016 0.09 0.09 0.11 0.20 \ 0.017 0.21
13610 | 158 | 0.028 0.16 0.15 0.18 0.35 0.015 0.19
13610 \ 204 \0.038 0.22 0.21 0.25 0.48 0.016 0.20
11340 | 158 {0.006 0.03 0.03 Q.04 0.08 0.017 0.21
11340 | 204 }0.017 0.10 0.0% 0.11 0.21 0.017 Q.21

Reduced Thermal: Shown are rhe reductions in annual requirements for
auxiliary thermal enerzy per unit collector area and

the economic value of various fuels ({also per unit
area) that sclar energy would replace in each example

Increased Mechanical: Shown ate the increases in annual requirements
/estimated) for electrical energy and the cost there-
of, both on a per unit collector area basis for

blower operation
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6.4 Mass and Lnergy Balances

in the simulations of solar grain drying., a mass balance, an
internal energy balance, and an overall system energy balance
were calculated routinely. The overall system ENergy balance
for which these closures apply is expressed as:

ngolar + auxiliary inputs = accumulation + drier output”
whepe the drier output calculation was referenced to the inlet

air state. This overall balance is previous equation 26 re-

arranged as follows:

éi(Esol * Eaux)t = Hped '§EG{S(I/O)At)t (26"}

The internal drier energy balance ig expressed as:
"qpier input - drier output = drier accumulation”

i.e., equation 25. The mass halance was previously ghown 1n
equation Z2h. (The energy balances account for the fact that the
heat capacities of the grain and humid air and the latent heat
of sorption vary over time and internal position as 8 function of
variable moisture contents.) Generally the gimulations were Tun
fopr over 300 hours with a timestep of 0.2 hours, L0 finite dif-
ference segments, and the internal convergence cpiterion set at
0.0l. The mass balance always closed 10 within 0.1 to 0.2%
The overall system energy balance generally closed to within
0.3 to 0.7%. The internal ENeErgy balance on the drier sometimes
showed a lack of closure of % or higher. The internal energy

balance will likely have less closure {on a percentage basis)



than the'overall system balance due in part to the algebra.
Although similar quantities of energy do affect both, the denomi-
nator used for calculating closure ig much smaller for the
jnternal balance than for the overall balance (see equations 25
and 26°).

Acceptable closure of the mass and emnergy balance is obtain-
able in simulations of solar grain drying ptilizing the present
model in conjunction with very reasonable values For time-

step, number of finite elements, and convergence cpiterion.
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6.5 Computer Listings

6u io_i _DEIEB.E

B

o

TEAL

THEE




167

1]

e




168




169




170




i71




172




173




17k

e guTINOLQNS Ia14d 22U epnToul 031 ST 18U% uo T4BT WO
cXcNHL £us UT pepuroutl 2q ISNW

sy (pusdde S1UL Jo €°G°y uotl
sT yotum °IOM NOIL

q0es Ul P3STL
oNOd TYVHYH 3J0 31Ul

suojanoexe 1% FuTanp £1quenbaly
1oM NOTIIONNA TYEY 1euxelxe oh ALY LI Tad. s sutgnoIqns paast

1 oA0Q® 2UL




175

[N

1

e

N At

|
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6.5.3 MOISTURE FUNCTION:
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