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ABSTRACT

OPTIMIZATION TECHNIQUES FOR GRAIN DRYER DESIGN AND ANALYSIS

By

David Michael Farmer

This study uses techniques of mathematical simulation and optim-
ization in development of user-oriented algorithms for analysis and
optimal design of selected grain drying systems; digital computer
programs and the necessary documentation for their use are included.

In Part I, a prototype program is developed for use by equipment
manufacturers, extension personnel, and individual farm operators
(via remote time-share computer terminals) in design and economic
analysis of batch-in-bin type drying systems. A specialized optimiza-
tion technique for minimizing operating cost, subject to constraints
on available equipment and product quality, is presented; an empirical
model, capable of rapid evaluation, for batch drying of corn is adapted
for computational efficiency in the search techniques. Potential use
of the package is illustrated by studies of the sensitivity of operating
costs to economic and ambient conditiogg, to design parameters, and to
variations in operating and marketing practice.

Selected results for the central-Michigan area are:
1. Fuel cost is a much larger component of total operating cost than

electrical cost. Thus, dryer design changes intended to improve thermal
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efficiency can substantially reduce operating cost. Alternate fuels
should be carefully considered by operators, based on heating value
and price. |

2. Replacing heat from fossil fuels by resistance electric heat
is not economical for batch dryers at the current energy price levels.

3. Under adverse ambient drying conditions a greater percentage
rise in airflow costs than heating costs occurs.

L. 1If drying conditions are such that optimal airflows are low,
operating costs fall with increasing deoth until excessive condensation
occurs: the operating cost reduction per unit deoth, however, decreases
with increasing depth and must be weighed against increased construction
costs,

5. For an equivalent daily grain volume, drying a single batch
on a 20-hour schedule is appreciably cheaper than drying two batches
on 10-hour schedules. |

Part II of the thesis study is concerned with development and
digital computer implementation of two aigorithms for optimal design
of concurrent-flow dryer, counterflow cooler systems, with and without
recycle of cooler exhaust air. The optimization technique of dynamic
programming is employed to insure overall optimal choice of construction
and operating parameters for each system; computer programming techniques
designed to minimize time and memory requirements are introduced.

The user is permitted maxdmum freedom in choice of constraints, compon-
ent models, and performance criteria in adapting the algorithm to his
needs, Examples of the use of both aigorithms in the design of corn
drying systems are given. Under a single set of ambient and economic

conditions, operating expenses for the dryer-cooler system without
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air recycle were found to be slightly lower than those for the recycled

air system.
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NOMENCLATURE

a = specific surface area of grain, ft2/ft3

8),85,85,8 ,8, = empirically determined constants, Equation(I.B.10)

bl’b2 = empirically determined functions

ClsCy = empirical constants

c, = specific heat of dry air, Btu/lb-deg F

¢, = specific heat of product, Btu/lb-deg F

cy = specific heat of water, Btu/ib-deg F

Ca = airflow cost, cents per square foot of bed area

Ch = heating cost, cents per square foot of bed area

DF = dimensionless grain flow rate

DM = dimensionless moisture content

DX = dimensionless depth of bed

e = base of Napierian logrithms

E = average pounds of moisture removed per pound of dry air during a
specified elapsed time, Equation(I.B.l)

F = total value of the objective function, cents per square foot of
bed area

E = vector functional of systems equations

G, = mass flow rate of air per unit area, lb/hr/ft2

h = convective heat transfer coefficient, Btu/hr/ft2

hfg = unit heat of vaporization of moisture in grain, Btu/lb

H = fuel heat value, Btu/gallon

HP = horsepower

i = partial process cost incurred during stage n

viii



I = optimal total process cost

I' = optimal process subtotal oost

J = -exponent, dimensionless

k = exponent, dimensionless

K = time constant, hr T

m ,m, = exponents, dimensionless

M = moisture content, decimal dry basis

M = average moisture content, decimal dry basis

Me = equilibrium moisture content, decimal dry basis

Mo = 1nitial moisture content, decimal dry basis

n = stage of the system

N = total number of process stages

Nt = time, dimensionless

Nx = depth, dimensionless

p = pressure drop per unit area of bed, inches of water

Patm = atmospheric pressure, psia

Py = saturation vapor pressure, psia

PE = price of electricity, cents per kilowatt-hour

PF = price of fuel, cents per gallon

Q = airflow rate, cfm of dry air per square foot of horizontal drying
surface

RH = relative humidity of air, decimal

t = elapsed drying time, hours

tm = elapsed drying time, minutes

tH = time in hours required to reduce the dimensionless moisture ratio
to 0.5

Tamb = ambient dry bulb temperature, deg F

ix



T. = dry bulb temperature of air at an infinite dryer length after a

G constant wet bulb process to an equilibrium relative humidity for
grain at the initial moisture content, deg F

Tinlet inlet air temperature, deg F

AT = temperature rise of incoming air due to its passage over the motor

and fan, deg F

u = vector of control or decision variables

U = set of all feasible controls

V = air velocity, feet/minute

x = bed depth or distance in bed from air inlet, feet

vector of state variables

%l
I

= set of all feasible states

dimensionless constant

X
8
’

dimensionless constant

fan efficiency, decimal

2
M

7[“, = thermal efficiency, decimal

9

fe
£

,0., = water vapor density, lb/f‘c.3

electric motor efficiency, decimal

product temperature, deg F

density of dry air,lb/ft3

dry grain bulk density, 1b/ft’



I. AN ECONOMIC STUDY OF BATCH-IN-BIN DRYER OPERATING COST

iA. Introduction

On-farm drying is a fact of life for most corn farmers today. The
advent of combine harvest of corn has increased the harvesting, drying
and handling rates to a point where many country elevators no longer
have the capacity to process the high moisture corn being delivered,
thus forcing the grower to dry his own. In addition, on-farm drying and
storage have given the farmer flexibility in selling his crop, enabling
him to wait until the initial glut on the corn market has passed. Also,
he may now avoid dockage charges for high moisture corn by drying his
own. In assuming the responsibility for drying, however, the grower
himself is liable for dryer operating costs and possible product
degradation.

Farmers and elevator operators have usually taken care to avoid
readily apparent deterioration due to rodents, insects or microorganisms
during storage. Deterioration of processing quality due to overheating
during drying has not been reflected in market prices as long as the
average moisture content fell within an acceptable range. Lately,
however, increasing complaints from cereal and snack food processors
as well as from the wet milling (corn starch) industry indicate that a
Premium may soon be paid for properly dried grain.

Bussell(1969) attributes the wide diversity in corn quality to
Several sources in the grain harvesting, conditioning and marketing sys-

tem. Improper dryer operation may occur on the farm or at the elevator
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because of ignorance of correct operating procedures or due to-overloading
a dryer too small to meet the flow rates in the harvest systemn. Dryef
manufacturers, who have not evolved a uniform means of_rating dryers,

are held accountable for the latter charge. Farmers are blamed for not
taking time to learn correct dryer operation or to teach it to their
employees.

These criticisms from a manufacturer of drying equipment point out the
need for a means of comparison of dryer capacities and for clearly defined
dryer operating procedures. The recent development of good dryer computer
models (Bakker-Arkema et al.,1971) help to define operating limits;
nonetheless, an appreciation and study of dryer economics is needed by
both the manufacturer for intelligent design and by the dryer operator
for intelligent use.

To date, the studies of Morey et al.(1969) and Bloome et al.(1970) on
the economic feasibility of layer drying cover the recently published
work specifically concerned with the economics of bin dryer operation.
These, however, are necessarily based on long-range weather conditions for
a particular area and hence have limited applicability elsewhere. In .
this study, the intent is to develop an economic optimization model for
a batch-in-bin dryer which will be of use to both dryer operators and
manufacturers and which will be adaptable to the user's need, regardless
of location. If such a program were inserted in a telephone-linked
computer system (such as in Michigan State University's Future Plan
Programs; Harsh et al.,1971) it would be within reach of any potential
user at minimal cost. A series of similar programs, one for each dryer
type, would allow rapid comparison of dryer performance and provide a
rational means of rating dryer capacities.

The batch-in-bin dryer typically consists of a cylindrical metal bin
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up to 36 feet in diameter or larger, which is filled during drying to a
depth of from one to three feet. A high volume fan equipped with a burner
(usually LP gas) introduces heated air into a plenum chamber beneath |
the grain from whence it flows through a perforated metal floor and up
through the bed of grain. The rate of drying is adjusted to the harvest-
ing rate so that one or two batches are dried daily. Since the grain
first begins to dry in the lower portion of the bin where the heated air
enters, the upper portion of the grain is last to dry. 1In practice,
drying is continued until an acceptable average moisture content is
reached; the grain is then cooled and placed in storage or is shipped.
Auger unloading of the dryer serves to mix the wet and dry grain after
which equilibration takes place in storage.

It should be realized that choice of type and size of dryer is largely
determined by the remaining components in the harvesting-handling-drying
storage system. Thus, an economic optimization model of dryer operation
should have the flexibility to be incorporated into large-scale systems
models (Farmer,1971). Furthermore, operating cost, which this algorithm
is designed to evaluate, is only one component of total dryer cost;
Bloome(1970) also includes cost of storage structure, heater, fan, mater-
ial handling components and their operating cost, depreciétion, interest,
repairs, taxes and insurance. The present model is set up on a per square
foot basis so that it may be easily adjusted for evaluation of dryers
having different diameters.

Some problems in dryer choice or operation, for which the model is
applicable, are suggested:

1. Purchase of a new harvesting machine will increase the daily

input to an existing batch-in-bin dryer.
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a. What are the implications of this change in terms of dryer
efficiency?

b. If the purchase of a new dryer is contemplated, what will be
the expected operating cost?

2, 1Is there a cost per bushel improvement in drying two or more
batches daily instead of a single batch?

3. What effect does the time of harvest have on drying costs, i.e.,
how do costs associated with higher harvest moisture contents
early in the season balance against increased field losses and
lower ambient temperatures expected later?

L. What effect will a change in the price of fuel or electricity
have upon operating cost? |

5. What are the operating cost implications of a change in heat
source (e.g. LP gas vs. natural gas vs. electrical heat)?

6. How much can be saved in dryer operating costs by marketing at
moisture contents above that needed for long-term storage?

The algorithm can also be used to provide insight into the following
questions, which might occur in dryer design or sales and service:

1. Are automatic controls which adjust dryer operating conditions
in accordance with changes in weather conditions worthwhile in
terms of expected savings?

2. Is it feasible to tailor dryer design to location, based on
expected weather conditions?

3. For a given location, what operating recommendations should be
given to customers for most economical operation?

4. Is the investment in high quality motor and fan components worth-

while in terms of increased dryer efficiency?
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5. What are the expected cost advantages of direct fired over
indirect fired dryers?
6. How can conétruction costs (depth vs. diameter) be balanced
against operating costs in order to size a line of dryers?
In the succeeding sections, the simulation models considered for
batch-in-bin drying are first discussed. Secondly, the cost (objective)
function is developed, followed by an exposition of the optimization
technique employed. Next, constraints and sources of information to
facilitate use of the algorithm are delineated along with a program
listing and instructions for use. Finally, several of the questions
posed above are investigated for conditions prevailing in the central

Michigan area.

B. Batch-in-Bin Dryer Simulation Models

Use of the optimization option in the economic model requires that
the simulation be performed a number of times in order to aporoach
those operating conditions for which cost is minimized. In order that
computing time and cost do not become prohibitive, a rapid process sim-
ulation model is needed to locate the vicinity of the optimum.

Two models from the literature were chosen as candidates for rapid
simlation of the process. The first (Nelson,1960) utilizes a dimen-
sional analysis approach to predict average moisture contents during
drying of deep beds of various grains. The author reported a fit of
within 4-5% on all experimental data. Corn drying trials were not in-
cluded in the data; however, it was presumed that for a single type of
8rain the model could considerably improve its prediction accuracy over

that for all grains. The form of the model is:



n c.x/Qt
- _ _ 2 m
E ¢ [ (Mo Me)(Tinle’r, TG)/Tinlet] [l.-—e ] (1.B.1)
The final average moisture content is computed by:
M = M, -EpR/xt, A) (I.B.2)

In order to evaluate the effectiveness of the model, a comparison
with deep bed corn drying exoeriments was needed. A thbrough search
disclosed little usable published deep bed corn data. In order to oro-
vide a balanced set of information against which the model could be mea-
sured, the experimental data of Kirk(1958), Hamdy et al.(1969), and
Farmer(1969) were chosen, encomoassing the inlet air temnerature range
of 100.-165. deg F at a variety of airflow rates, elapsed drying times,
and ambient relative humidities. The predicted average moisture contents,
using Nelson's constants, were calculated. In addition, a non-linear
parameter estimation routine, GAUSHAUS (Meeter,1965) was used, retaining
the form of the model, to estimate least-squares best-fit constants
(cl,cz, and n) using the available data. A comparison of the results
is shown in Table 1.

Between the inlet air temperatures of 100.-165. deg F, the predictions
of the model using the "GAUSHAUS" constants fell within 2.% of each data
point; however, there were no additional data available with which to make
an independent comparison.

A second model, first proposed by Hukill(1953), was tried in an
attempt to improve the accuracy of the nredictions. In essence, the
model in its original form used the following relations between dimen-

sionless quantities:
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M-M X
N s —8- = —2 (1.B.3)
m M Nx Nt
o e 27742 -1,
where:
N = xﬁghfg(MO.Me) (I Boh)
x T 6000.QL,c, ty(Ty o1 - Tg)
and
N, o= t/ty (I.B.5)

The general shape of the moisture profile which develops during a
deep bed drying process, given constant inlet conditions and a uniform
initial moisture content (Figure 1), can be well approximated (aside
from cases where large amounts of condensation occur) by~a function of

the form:

N, = BB r< -1 (I.B.6)

where:

B, I> o0

0% 3<% ; j—mwoo ; j =0
’ X =400 ? Yx=0
. = 3 w
0€k<® ; k_ =0 ;k =>

For fixel positive values of,d? and X’, the value of j determines
the slope of the curve; the value of k regulates the shift of the curve
along the distance axis.

In Hukill's model, B =2, ¥=2and § =N, k = N,. Because a

Comparison of data with the prediction of the model showed considerable
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discrepancy, a later version of the model (Holtman et al.,1967; Barre et
al.,1970) was tried in which/a = f= e; for this version J and k were
redefined by:

K(M -Me)

j = : ghf%T o ) (I..B.7)
Paa\Tinlet T

k = Kt _ (1.B.8)
where K is a time constant
m
K = x(psml v 9) (I.B.9)

and m, m2 are each positive exponents less than one.

A good fit to a single drying test was obtained by Barre et al.(1970)3
however, they failed to report an explicit functional relationship for
values of K. Since the available experimental data did not agree well

using several trial functional forms for K, a strictly empirical modifi-

cation was developed using the available data. The general functional
form adopted for K was:

83 ah
K = a +ap-V (1.B.10)

where 815 eees ah are constants to be determined. Due to the appearance

of the parameter K in the expressions for both j and k, a multiplicative

constant a. for the expression for k was used to further differentiate

5

the two dimensionless quantities; thus, in this study:

k = 85Kt (1.B.11)

Values of the constants 815 855 eee a5 are given in Table 1.
In searching for constants which would provide the best fit of the
model to the data, GAUSHAUS failed to work properly. An available pattern

Search optimization program, HCIMB (Rosenbrock et al.,1960), was used
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to determine the constants, again using a least-squares best-fit criter-
ion. A comparison of the available data with'the values generated by
this model is shown in Table 1. Since this model showed improvement
over the first considered and was essentially as fast for computer
evaluation, it was chosen to represent the process for the subsequent
sensitivity studies. This model will henceforth be referred to by its
FORTRAN IV subroutine name, QUICK.

Because all available experimental data had been used to evaluate
the empirical constants used in QUICK, none was on hand for an independent
review of the model's authenticity. As a precaution against distortion
of the model by the choice of data used in its construction, a secondary
check was required; this check was also needed to prevent extrapolation
of QUICK beyond the 1limits of its validity.

To provide this check on the optima predicted by QUICK, the Michigan
State University deep bed drying simulation FXBD (Bakker-Arkema et al.,
1971) was employed. This model, which is based on fundamental mass and
energy balances, accounts for phenomena (e.g. condensation) which are
beyond the scope of QUICK. In addition, it can be considered valid over
the entire range of input parameters normally used in deep bed drying.
FXBD, which utilizes an iterative method of solution, requires consider-
able time for a single simulation; thus it could not be readily used
in the optimization process.

Using the experimental data of Table 1 covering inlet air tempera-
tures from 100 - 165 deg F and initial moisture contents from 0.296 -
O0.432 dry basis, similations were made using the QUICK and FXBD models.
From the summary of Table 2, the predicted dry basis final moisture

Contents of FXBD fall roughly in the range of 3% higher to %% lower
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Table 2: Comparison of QUICK and FXBD Models with Experimental Datait

Final Moisture Contents, decimal, dry basis

Data # - Source Data "QUICK" "FXBD"

(Farmer,1969)
#1 0.2280 0.2065 0.2172
#2 6.2625 0.2670 0.2187
#3 0.1150 0.1180 0.1300
#L 0.1472 0.1439 0.1410

(Hamdy,1969)
#1 0.3335 0.3337 0.3445
#2 0.2935 0.2944, 0.3084
#3 0.2530 0.2586 0.2749
N 0.2120 0.2265 0.2476
#5 0.1910 0.1983 0.2257
#6 0.1700 0.1739 0.2074
#7 0.1533 0.1531 0.1916
#8 0.1422 0.1359 0.1779
Sum of squares fit = 0.0855 = 1.1738

*Conditions for these tests are shown in Table 1.
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than the data values, while the predictions of QUICK are within this
range.

Optimal drying conditions predicted by QUICK 1n the subsequent -
sensitivity studies were used as inputs for FXBD. Using the stated |
tolerances as a standard, the model QUICK was considered valid only for
those trials in which the difference of predicted final average moisture
contents fell within this range; for trials in which the difference was
greater, QUICK was presumed to be an inadequate model and the results

were discarded.

C. Development of the Cost (Objective) Function

In line with the objective of a unitized economic model from which
more complex models might be formed, the cost function was constructed
on a per square foot basis.

In conventional deep-bed drying, two sources of energy are required:
one (typically natural or LP gas) for heating the air, the second (typ-
ically electricity) for powering a fan to force the drying air through
the bed. A formulation of the heating component of the cost function

for fossil fuels is (Bloome,1970):

6O.PFQ(/9aca + wcw)(Tinlet - Tamb-ZkT)t

¢, = HMen

(1.c.1)

where AT is the temperature rise of the incoming air due to its passage
over the motor and friction with the fan blades.

To derive an expression for AT, the factors influencing its magni-
tude must be known. Bloome(1970) states that this temperature rise is a

function of fan efficiency and of the static pressure against which the
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fan operates. This reference cites the following field data: for
fans providing an airflow rate of 12.8 cfm/ft2 through a 16-foot depth
of shelled corn, a temperature rise A T of approximately 2 deg F occurs.
A 304 fan-motor efficiency factor is given.

The corresponding pressure drop, 1.585 inches of water, was calcu-
lated from the empirical relation of Thompson (1967):

1.528 A

p = X[ggj ] (I.C.2)
Assuming that temperature rise of the air is directly proportional to
pressure drop and inversely proportional to fan motor efficiency, an

expression for AT was developed:

Ar = 2.0 (25 )(,‘\’j,‘if ) (1.C.3)

If electrical resistance heating is substituted for the conventional
fossil fuel sources, the heating component of the objective function
becomes:

6O'Q(/oaca + wcw)(T'nlet - Tamb ‘IST)PEt

¢ = 3413,1 (I.C.4)

The cost component for airflow arises from the electrical energy
used by the fan motor. The trend toward higher horsepower electrical
motors on farms, as well as the disadvantage of having an idle tractor,
has aimost obyiated the use of the power take-off for this application.
Theoretical horsepower required on a per square foot basis for the

motor-fan combination is (Hall,1957):

HP = 5%%0. (1.C.5)
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Using Equation (I.C.2) to calculate pressure drop, the cost of elec-

tricity for running the fan and motor is:

0.746 (HP)PEt ‘
= (I.C.6)

C
a 1lf11m

Total operating cost per square foot is then given by the sum of

the heating and airflow costs (Equations (I.C.1) or (I.C.4) and (I.C.6)).

The objective function thus has the following form:

F = G +C, (1.c.7)
D. Optimization Technique

The following independent variables abstracted from the drying model
and objective function are known to influence the fixed bed dryer eco-
nomic performance: initial and final moisture contents; bed depth;
elapsed drying time; ambient air conditions; fuel and electrical prices;
thermal, fan and electrical-mechanical conversion efficiencies; inlet air
temperature; and airflow rate. Assuming that a dryer has been purchased
and harvesting policy decided upon, only inlet air temperature and air-
flow rate remain amenable to control. Viewed in this perspective, the
problem reduces to a two-independent-parameter minimization of the cost
function, subject to constraints on inlet air (or grain) temperature,
airflow rate, final moisture content, and time.

~The first optimization technique used on the problem was the pattern
Search technique HCIMB. This method, for several reasons, was unsatis-

factory for the present problem. For two reasons, convergence to an

Optimum was very slow: (i) because the optimum was necessarily located

On the final moisture content isostere, and (ii) because the line of
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constant final average moisture (isostere) and the iso-cost lines were
often essentially parallel near the optimum. In addition, it was dif-
ficult to ascertain the relationship between the isosteres and isocost
lines in the vicinity of the optimum. Also, the technique did not indi-
cate whether convergence was to a local or global optimumy leaving open
the possibility of a line of alternate optimal solutions or a better
solution than that initially found. Because of these difficulties, it
was advantageous to develop a specialized optimization technique which
exploits the characteristics of the given problem. This algorithm will
be explained after some preliminary remarks.

One special feature of this problem is the use of the final average
moisture content isostere as a constraint. Unlike the constraints spec-
ified on airflow and inlet air temperature, the shape and location of
this isostere are not known beforehand but must be evaluated during the
course of solution.

Consideration of the drying process indicates that the isosteres
when graphed on inlet air temperature-airflow rate coordinates, must
exhibit a shape which is concave upward. That is, at high inlet air
temperatures and low airflow rates additional heat has little effect
on average moisture content; at high airflow rates and low temperatures,
additional air does not appreciably lower the average moisture content.
For the iso-cost lines, analysis of the objective function, Equation(I.C.7),
shows that for high temperatures and low airflow rates, the near-linear
fuel cost term predominates, while at low temperatures with high airflow
rates, the non-linear electrical cost term takes precedence; therefore,
the shape of the iso-cost lines is also concave upward.

Given these strictures, four different relationships between the
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final average moisture content isostere and isocost lines are possible
(See Figure 2).

For Case I, the slope of the isocost line remains flatter than that
of the isostere throughout the region. The unique least cost optimum
occurs on either the maximum temperature or minimum airflow rate bound.
Case II, the inverse situation occurs on either the minimum temperature
or maximum airflow rate bound.

In Case III, the isocost lines cross the isostere at two locations
within the region of interest but are flatter than the isostere at the
left or top bound and steeper at the right or bottom bound. Since the
isocost lines are essentially parallel, it is evident that the optimum
will occur on the interior of the region and, depending on the slopes
of the functions, may exhibit a line, rather than a point, solution.

Case IV is similar to Case III except that the isocost lines are
flatter than the isostere on the bottom or right-hand side and steeper
on the top or left hand side. In this situation two local optima occur.
The minimum of the two (global oﬁtimum) depends on the particular con-
figuration of the problem.

With the foregoing background the mechanics of the algorithm can
be explained. In the first step the final moisture contents at each
of the four corners of the region are determined. Since all isosteres
exhibit the same shape, within any feasible region two and only two
bounds will be crossed by the final average moisture content isostere
(disregarding the unlikely degenerate case where it intersects a corner
of the region). Examination of the four corners determines along which
bounds to search for the crossing points. For this purpose the method

of Dekker(1967) was chosen, due to its property of supralinear convergence
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to the zero of an unknown function. Thirdly, at both crossing points

the slopes of both the isostere and isocost lines are sampled. By

comparison of slopes, Caées I and II can be immediately recognized and

the optimum identified. Case IV requires, in addition, a comparison

of the two local optima for identification of the global optimum. In

the remaining situation, Case III, the optimum occurs in the interior

of the region; hence, further exploration is necessary. 1In this phase

of the algorithm, the equation of the diagonal from upper right to lower

left corner of the region is first determined. Again using the one-

dimensional search, the crossing point of the desired isostere is located

and the slopes of both the isostere and isocost line sampled. If the cost

slope at that point is steeper than that of the isostere, the optimum

must occur to the left and above the point sampled: hence a new and smaller

rectangular region is defined containing the optimum. In like manner,

if the cost slope at the point is flatter than that of the isostere, the

optimum must occur to the right and below the point sampled: thus, a

large portion of the region may be discarded in this step of the search.

The preceding method is repeated on successively smaller regions until

the optimum is approached arbitrarily closely.> Since convergence takes

place from both sides of the optimum a line of solutions may be obtained.
For design purposes, it may be desired to investigate cost per bushel

as a function of depth or time. By imbedding the foregoing method into

a minimization search with respect to either of these, its applicability

can be extended. Alternatively, the method can be used selectively in

order to survey a number of possible design combinations without a

formal search.
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E. Constraints and Parameter Values Needed for Input

In order to properly use the optimization procedufe, constraints
mist be provided on the two independent variables, inlet air temperature
and air flow rate. Because the model is primarily derived for inlet air
temperatures less than 140 deg F, this is suggested as a maximm upper
bound. Hall(1957) recommends air temperatures of less than 140 deg F
for grain to be milled. The lower limit on air temperature is arbitrary;
a lower bound of 70 deg F was chosen. An airflow range of 10-50 cfm/
bushel is considered normal for this type of dryer; the airflow con-
straints may be chosen accordingly. In addition to deterioration in
quality due to overheating of the bottom layers of grain, molding may
occur in storage if the moisture content of the top layers of the drying
bed is too great, even though the average moisture content after mixing
is satisfactory. Maddex(1971) suggests a maximum moisture content of
16%€ wet basis in the upper layer of the drying bed if shelled corn is to
be stored on a long-term basis; this boundary condition option can be
inserted into the solution if desired.

In order to specify the cost function, several parameters related
to the dryer components and operating conditions must be known. Of the
three efficiencies inherent in the objective function, only fan effici-
encies are normally specified in manufacturers literature; electric
motor efficiency curves, however, can be developed by simple tests
independent of the dryer configuration. The thermal efficiency deter-
minations for a given dryer are a function of both the burner chosen and
the air distribution system design. Thus this parameter must be measured
by tests on the dryer itself; for simple calculations these tests can

best be made without drying (simple heat transfer).
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For general use of the algorithm, the following guidelines are
suggested:

Thermal efficiency of heater:

direct fired, fall operation 70%
direct fired, winter operation 50%
(Hall,1957)
indirect fired, fall operation 50%
indirect fired, winter operation 30%
Electrical-mechanical conversion efficiency of motor:
65-85% (Anon. ,1958)
Fan efficiency:
LO-T70% (Perry et al.,1963)
Heating value:
Natural gas (methane) 22,190 Btu/1b
Propane 19,944 Btu/lb
(Hall,1957)

For the simulation models, as well as for the cost function, it is
necessary to know the expected ambient air temperature and relative hum-
idity (or equivalent property). The ASAE Yearbook(1971) features monthly
weather maps for the continental United States, giving mean wet and dry
bulb temperatures and standard deviations from the mean. The algorithm
is written such that this information can be substituted directly if
desired. Mean barometeric pressure for a particular location may be

estimated from:

Altitude, feet Mean barometric pressure, in. Hg
0 29.921
500 29.38
1000 28.86

5000 24.89
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The remaining parameters necessary in the economic dryer model
include: electrical price, fuel price, initial and final moisture
contents, bed depth, and drying time. These inputs vary according to

the prevailing economic climate and the purpose of the user.

F. Program Description and Use of the Algorithm

The computer implementation of the algorithm may be applied in
several ways, subject to the discretion of the user. Available options,
which are specified on the data input cards, include: 1) a single sim-
lation by the QUICK model, with or without a cost evaluation, 2) cost op-
timization with either inlet temperature or airflow rate variable, and
3) cost optimization with both temperature and airflow rate variable.

To further facilitate use of the program, input data values can be
specified in any common units (e.g. either wet or dry basis moisture
contents), with conversion, if necessary, being done by the program. The
flowchart, Figure 3, is written to allow the user to easily supply the
necessary data cards.

The computer program, with accompanying comment cards, is listed in
Appendix A. The psychrometrié subroutines have been excerpted from Lerew
(1971); the equilibrium moistﬁre content subroutine is from Bakker-Arkema
et al.(1971).

Several diagnostic messages have been included in the program, in
the event of user difficulty. A brief explanation of each of these
follows:

(1) Messages:
MOISTURE CONTENT IS NOT IN THE NORMAL RANGE
ATRFIOW RATE INPUT IS NOT IN THE NORMAL RANGE
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NOTES: 1. All alphanumeric characters (shown in
capital letters) are to be right justi-
fied in their fields; leave no blanks

inches of mercury

psi—= PSI

Col. 1-10

Col. 1-10

INCHES OF HG

Flowchart of Necessary Data Cards

S

Card 1z ~between words.
2. All numerical inputs are to be in
_ decimal form and are to follow the units
IS i
NLY A SING No [ col. 1-10 specified.
DEL SIMULATION OPTIMIZE
DESIRED
Yes
IS
THE COST EVALUATIO Yes
WANTED? Airflow Temp Yes
only only
No varies varies
Col. 1-10 Col. 1-10 Col. 11-20 Col. 11-20 Col. 11-20
NOCOST COST ATIRFLOW INLETTEMP BOTH
i
Dry Col. 1-10
DRYBASIS
Col. 1-10
WETBASIS
1 |
Col. 11-20: Initial moisture content
Col. 21-30: Final moisture content desired, if specified
Col. 31-40: Upper bound on m.c. of upper bed layer, if specified
Card 3:
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?

Col. 11-20
ambient pressure

{
Card L

Col. 1-10

2
cfm per f4"— FMPERSQFT

SPECIFIED
IN

cfm/bushel

Col. 1-10
CFMPERBU
1

Col. 11-20: Airflow rate to be used initially for
simulation or optimization

eg—e] COL- 21-30: Max. airflow rate bound
¥ Col. 31-40: Min. airflow rate bound

OPTIMIZATION
T0 BE DONE

Card 5 |=
1

Col. 1-10: bed depth, feet

Col. 11-20: elapsed drying time, hours

Col. 21-30: ambient dry bulb temperature, deg F

Col. 31-40: inlet air temperature, deg F, to be
used initially for simulation or
optimization

s Col. 41-50: max. air temperature bound
Y€8 1 Col. 51-60: min. air temperature bound

Card 6:

Figure 3 (cont'd)
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Absolute Wetbulb Temperature | Col. 1-10

WETBULB .
Relative Humidity
ABSHUM
Col. 1-10
RELHUM
]
——————————{Eol. 11-20: humidity input, decimal:]
Card 7:

Col., 1-10: fan efficiency

Col. 11-20: motor efficiency

Col. 21-30: thermal efficiency

Col. 31-40: electrical price, cents per KWH

Col. 41-50: fuel price, cents per gallon or cents per
pound

Col. 51-60: fuel heat value, Btu/gallon or
Btu/pound, consistent with fuel
price units

END OF DATA

Figure 3(cont'd)
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WETBULB TEMPERATURE INPUT IS NOT IN NORMAL RANGE

ABSOLUTE HUMIDITY IS NOT IN THE NORMAL RANGE

RELATIVE HUMIDITY INPUT IS INCORRECT

~ Explanation:

The reliable working range of the model has been exceeded by input
data. Change the parameter specified.
(2) Messages:

AIRFIOW RATE BOUNDS ARE INCORRECT

INLET AIR TEMP BOUNDS ARE INCORRECT

Explanation:

The limits permissible for optimization, inlet air temperatures
between 70 and 140 deg F and airflows between 10 and 50 cfm/ft, have
been exceeded.

(3) Message:

THE MC OF THE TOP LAYER CANNOT REACH THE MAX PERMISSIBLE MC WITHIN THE

STATED BOUNDS

Either the upper limit on airflow rate is too low to permit sufficient
drying of the top layer or the bound on moisture content for the top
layer is too stringent.

(4) Message:

IT IS IMPOSSIBLE TO REACH THE DESIRED MC WITHIN THE STATED BOUNDS

Explanation:

Even at the highest values of airflow rate and temperature, the
specified average moisture cannot be attained.

(5) Message:
THE MODEL CANNOT HANDLE THIS CASE
Explanation:

The search for the correct vapor pressure at the temperature TG was
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unsuccessful; therefore, the model QUICK cannot be used for the given
input data set.
(6) Message:
THE FINAL MC ISOSTERE CROSSES OTHER THAN 2 BOUNDS - THE METHOD FAILS
Explanation:
This may be caused by an airflow rate bound which is too low.

Reset the bound and rerun the trial.

G. Sensitivity Studies
To illustrate an application of the algorithm, a set of economic
and climatic conditions typical of the Central Michigan area was chosen
and the sensitivity of the optimal solution to expected variations in
these parameters was explored. The following sections summarize and
interpret thé results obtained.

G.l. Standard conditions and results

For the month of October the Central Michigan area experiences,
on the average, a dry bulb temperature of 49.5 deg F and wet bulb temp-
erature of 45 deg F; mean barometric pressure is approximately 14.34
psi (ASAE Yearbook,1971). The prevailing 1971 LP gas and electrical
prices are respectively, 16.5¢/gal and 2¢/KWH, when purchased in amounts
ordinarily consumed by individual farms. Mid-range efficiencies were
chosen for the fan (55%), electrical-mechanical conversion of the motor
(75%), and heating system (70%). An operating policy of 10 hours (2
batches/day) at two foot depth was chosen arbitrarily, with a uniform
harvest moisture content of 28.0¢ w.b. to be reduced to an average of
15.5% w.b. for marketing or storage.

Figure 4L shows the set of inlet air temperature-airflow rate
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conditions for which the desired average final moisture content is
achieved. The corresponding slope of some isocost lines and their
values at selected intervals are also noted. With this choice of para-
meters, the optimal operating cost will occur on either the minimum
temperature bound or the maximum airflow rate bound (Case II), since
the slope of the isocost lines is steeper than that of the isostere
anywhere within the feasible region. The optimal total cost/bu of
4.08¢ indicates a saving over the highest non-optimal cost within the
feasible region, 4.18¢. However, relaxation of the maximum airflow
rate bound would allow further improvement.

If the additional constraint of a maximum moisture content of
16.0% w.b. is applied, it is impossible for the top layer of the bed to
reach this moisture and still satisfy the remaining conditions on the
problem; within the bounds of the region shown (Figure 4), the top
layer reaches, at best, 20.0% w.b. Either more time must be allotted to
the process, the airflow rate bound increased, the depth decreased, or
both in order to satisfy this top layer constraint,

G,2. Effect of the heating price:airflow price ratio

The value of an isocost line at a given point of intersection with
an isostere will of course be altered by a change in the price of energy
for heat or airflow, a change in thermal, electric motor or fan effici-
encies, or any combination of these. The slope of the isocost lines
at the intersection also varies with a change in the heating price:
airflow price ratio (a change in efficiency is effectively a change in
price). If the change in slope is sufficient to change the optimization
problem from one case to another (Figure 2), the location of the minimum,

as well as its value, may be drastically altered. In Table 3, the
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sensitivity of the optimum to changes in several parameters is shown.
The first set of results stems from changes in the heating price:
airflow price ratio (Trials A through I):

1. For a Case I type isocost-isostere configuration the goal of -

- economy of operation (associated with high inlet temperatures and low
airflow rates) is opposed to the goal of high grain quality (provided by
low inlet temperatures and high airflow rates); an overall economic
model must simultaneously consider these contradictory objectives. 1In
a Case II situation, the two goals are in harmony. No general statement
can be made about configurations III and IV.

2. Fuel cost is by far the largest contributor to total operating
cost in these trials; electrical cost plays only a minor role (avmaximum
of 74). In terms of dryer design, this implies that little is to be
gained by improvement of fan-motor efficiency. Emphasis should instead
be placed on improving thermal efficiency. Similarly, any possible
changes in the electrical price will not substantially affect the total
operating cost of gas-fired dryers; however, consideration of the price
structures and heat values for competing fuels may lead to a sizeable
operating cost reduction.

3. Replacement of fossil fuel burning heaters by electrical resist-
ance heaters is economically unsound under the prevailing electrical:
fuel price ratio.

4. 1Indirect fired dryers operate at a substantially higher total
COst per bushel than do direct fired dryers, due to the large contribution
Of fuel cost to total cost and the inefficiency of the heat exchanger.

G.3. Effect of variation in ambient conditions

Using values of wet and dry bulb temperature one standard deviation
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from their October mean values and holding all other parameters aﬁ their
standard values, the variation in the optimal solution due solely to
expected weather fluctuations was investigated (Table 3 - Trials J and K).
The average ambient conditions for November were likewise used, with
the remaining parameters held constant (Trial L). Finally the effect
of atmospheric pressure on the optimal solution was explored (Trial M).
The effect of changes in ambient conditions is to shift the location
and orientation of the average final moisture content isostere relative
to the isocost lines. From consideration of Equations (I.C.l) and (I.C.6),
increased humidity and decreased ambient air temperature lower the
positions of the isocost lines on the inlet air temperature - airflow
rate graph; this shift is uniform, due to the nearly constant specific
volume of air at any ambient dry bulb temperature encountered during the
drying season.
A comparison of the results of Trial A in Table 3, in which an
ambient absolute humidity of 0.005 1b water vapor/lb dry air is used,
with that of Trial K, using 0.0075 lb water vapor/lb dry air, shows an
increase of 0.2¢/bushel at the higher humidity, using the same 49.5 deg F
ambient dry bulb temperature. The slope of the latter isostere is steeper
than that of the former at any comparable point. Clearly the comparative-
ly adverse drying conditions of Trial K aiso shift the isostere upward.
The analogous situation, in which absolute humidity is held constant
and ambient dry bulb temperature varied, is seen in Trials A and J.
Maintaining an absolute humidity of 0.005 1lb water/lb air and raising
the dry bulb temperature from 49.5 deg F to 53.0 deg F lowers the optimal
drying costs by 0.3¢/bushel, decreases the slope of the isostere, and

shifts it downward.
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Since the slope of the isostere becomes steeper due to adverse
weather conditions, while the slope of the isocost lines remains the
same, the percentage contribution of the airfiow component to total
cost increases. A season-long study of drying cost fluctuation, ﬁoﬁever,
would account for the decline in the initial moisture content due to
field drying, which would partially offset the increase in drying costs
due to poor weather in the latter months.

An increase in atmospheric pressure to 14.70 psi, as shown by Trial
M, results in increased drying costs over the Central Michigan average
of 14.34 psi (Trial A). However, the magnitude of the increase, 0.1¢/bu,
is relatively smail compared to that due to expected monthly variation
in wet and dry bulb temperatures.

G.4. Effect of variation in grain depth

The depth of grain in a deep bed dryer is a major consi&eration
in design since increased batch volume can be achieved only by increased
structural costs, either horizontal or vertical. Furthermore, harvesting
machinery capacity and dryer operating schedule will influence the dépth
of grain to be dried in a given system. In order to analyze the effect
of increasing depth on dryer operating performance, Trials A, N, O,
and P (Table 3) utilized depth as a parameter, with all other conditions
standard.

To properly perceive the problem, it is useful to visualize it in
three dimensions (Figure 5). The three-dimensional representation of
isocost and finél average moisture isostere surfaces depicts the mode
of intersection inferred from the simulations. Any cross-section of
the inlet air temperature-airflow rate plane will exhibit one of the

four cases shown in Figure 2.
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The simulation results show a pattern of decreasing cost per bushel
with increased depth, but with a decreasing rate of change, i.e. the
incremental gain in dryer efficiency becomes smaller as depth increases.
In these trials, the model was found to be inadequate at depths greater
than 2& feet, presumably because excessive condensation in the upper
bed occurred at the low airflow rates specified by the optimal solution.
At the 25 foot depth, the rate of improvement in per bushel cost was very
small; since condensation is more pronounced at greater depths, per bushel
operating cost can be expected to begin increasing as depth is increased
much beyond 23 foot level.

In order to use the algorithm for optimal design it is necessary
to balance construction costs against performance for a dryer of speci-
fied volume. The following example, illustrating two hypothetical dryers
of equal volume bpt different geometries, demonstrates the relative
magnitude of capital and operating costs for each as well as the net
cost differential between the two.

Assume a corn harvesting system with a 9000 bushel per year through-
put and a specified 10 hour per day drying schedule. The depth of Dryer
I is arbitrarily chosen to be one foot and its radius 15 feet. Dryer II
is filled to a depth of two feet and has a corresponding radius of 10.6
feet, (Trials Q and R, respectively, in Table 3). Assuming that burner
capital costs will be approximately equal for the two solutions, the
total cost components which vary between the two dryers are: fixed cost
of fan and motor, operating cost, horizontal structural costs, and
vertical structural costs.

Using the fixed cost coefficients for layer dryers given by Morey
et al.(1969), and the operating cost evaluation of the QUICK model, a

comparison of the two dryers was made. Due to the similarity in
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construction of layer and batch-in-bin dryers, adoption of the layer dry-
er fixed cost coefficients for this example is a reasonable approximation.

Because specification of dryef dimensions automatically fixes the
construction cost components, these were not imbedded in the operating
cost function. Fan and motor cost, however, is a function of operating
conditions and hence was incorporated in the operating cost optimization.
For this example, the standard October operating conditions were taken as
average for the entire harvesting season. A comparison of component and
total costs is shown in Table 4.

It is evident in the example that horizontal construction costs and
operating costs are the major contributors to total annual dryer cost.

As shown previously, the per bushel drying costs are decreased by
increasing the bed depth (at Least within a range of depths). The de-
creased horizontal surface area gives an economic advantage to the
deeper dryer. However, as depth increases, the moisture content of the
top layer becomes too high for safe long-term storage.

In an actual fixed-volume design problem, depth could be expressed
as a parameter and the algorithm restructured to search for minimum
total annual cost, with time-variant constraints and climatic and eco-
nomic conditions specified by the designer. In this manner, dryer
design could be tailored to specifications of the locale for which it
was intended.

G.5. Effect of variation in required drying time

One means of increasing system capacity is to dry two batches daily,
rather than one. It is also conceivable that a three batch schedule
could be employed, although the final moisture gradiént for a bed of
the same depth would not favor long-term storage; materials handling

considerations also favor a fewer number of batches per day.
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Table 4: Comparison of Annual Dryer Costs for Two 9000 bu/yr Systems

Dryer I: Depth = 1 foot; radius = 15 feet; standard October drying

conditions.
Construction costs, horizontal = A6¢/ft2/yr x 707 £t? = $325.
Construction costs, vertical = lO¢/ft2/yr x 90 f£t? = $ 9.
Fan-motor cost = $10/HP/yr x 1.3HP = $ 13.
Optimal operating cost = 7.1483¢/bu x 9000 bu/yr = $643.
(Trial Q) Total = $990.

Dryer II: Depth = 2 feet; radius = 10.6 feet; standard October drying
conditions.

Construction costs, horizontal L6¢/ft2/yr x 352 £t2 $162.

Construction costs, vertical = 10¢/ft%/yr x 130 £t° = $13.
Fan-motor cost = $10/HP/yr x 2 HP = $ 20.
Optimal operating cost = 4.4077¢/bu x 9000 bu/yr = $397.

(Trial R) Total = $592..
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To examine the effect on operating cost of the drying schedule
alone, Trials P and W of Table 3 were compared. Using'standard October
conditions, drying a two foot bed for twenty hours incurred a cost of
5.9O¢/ft2. An equivalent daily volume can be dried in two one-foot
deep batches each using a 10 hour drying time; the operating cost for
this process is 2(5.03) = 10.06¢/ft2. Thus a saving of A.16¢/ft2
or 2.60¢/bu is realized by the twenty hour schedule. If this figure
were the average over the entire drying season for a 10,000 bu/yr
operation, the yearly savings would be $260. A 5-year cost amortization
for the dryer would then allow $L300 breakeven cost to be spent for the
additional height needed to dry by the twenty hour single batch schedule.

For a single drying depth it is also of interest to examine the
change in operating cost with increased required drying times. The
Trials A (10 hours), and S (6 hours) of Table 3 correspond to doubling
and tripling the system capacity, respectiveiy, over the capacity for
the 20 hour process Trial W. Three intermediate required drying times
(Trials T, U, V) were also simulated for additionair cost information. |

Again, a 3-dimensional schematic view (Figure 6) is useful in inter-
preting the simulation results. Because operating cost increases linearly
with time (for fixed inlet air temperature, airflow rate, depth, ambient
conditions, and price structure), the isocost surfaces change with time
as shown. According to the model, drying costs vary from a local mini-
mm of 6.39¢/ft2 in a 6 hour test, to a maximum of 6.53¢/ft2 in a 10
hour test, and again to a Locar minimum of 5.90¢/ft° for a 20 hour test.
For this example, the alternation implies that at least two lines of
intersection exist between some of the isocost surfaces and the constant

final average moisture content surface. It is also possible, with a
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flatter slope of the isocost surfaces relative to that of the isostere
surface for the minimum total cost to occur at the minimum ﬁime bound;
for a steeper slope, the minimum total cost will pass to the upﬁer time
bound.

Due to the small change in operating cost with time, the duration
of drying for a single batch is probably of minor importance; Conse-
quently the dryer operating schedule can be principally determined by
the considerations of increased system throughput with a multiple-batch
schedule or increased grain quality possible with a single batch per
day.

G.6. Effect of variation in marketing options

A suggested use of the algorithm is to assist in investigation of
the profitability of various marketing alternatives open to the grower.
Several of the common choices are shown in Figure 7 (Scott,1969). To
incorporate this model into a overall economic picture; it would be
necessary to also include aeration, storage, and handling costs, a
penalty (dockage) function for failure to reach the specified storage
moisture, plus seasonal variation in rate of harvest, harvest moisture,
and market prices. Nonetheless, insight into the relative profitability
of marketing options can be gained by experimentation with the present
algorithm.

Trials A, X and Y (Table 3) illustrate three of the options suggested
by Scott, using the standard set of parameters. For comparison, drying
to 15.5 and 20.5% w.b. (Scott, 1969), a net loss in operating cost of
7.17¢/bu is sustained on each bushel of corn sold at 20.0% w.b. The
third option, Trial Y, allows the corn to field dry to 25.0% w.b. before

harvest, after which it is artificially dried to 20.0% w.b. for marketing.



1l Sold at harvest directly from the combine

2 Sold at harvest
Dried to 20.0% w.b.

—\3 Stored, high

aeration, sold
March 15

Harvest with combine
beginning at 28.0% or
25.0% w.b. moisture

4 Sold at harvest
Dried to 15.5% w.b.

ﬁ\\S Stored low aeration,
sold July 15

Figure 7: Common Marketing Options for Shelled Corn
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Although this alternative cuts the operating cost to 1.43¢/bu the large
dockage penalty remains and the net difference per bushel is 6.35¢.over
the cost of the first option.

» The foregoing example demonstfates a simple marketing analysis
which can be easily made using the algorithm. Because the optimum can
be located by the algorithm very quickly, the model can also be combined
with weather and crop data in large-scale models to explore seasonal

harvesting and marketing strategies.

H. Observations of the Performance of the Algorithm

Using the criterion for acceptable model performance (Section I.B.),
admissible results were obtained with all values of input parameters
shown in Tablgig? However, in Trials W and Y it was necessary to raise
the lower airflow bound to 10 cfm/bu. This procedure did not affect
the final result but was necessary in order for the algorithm to begin
the solution properly; such a failure is indicated by a program diag-
nostic. In separate tests, a model deficiency was also detected at low
inlet air temperatures and airflow rates of 70 cfm/bu. The weakness of
the model in this region will ordinarily gje:voided by use of the sug-
gested upper airflow rate bound of 50 cfm/bu.

The optimization procedure, using the data presented, encountered
Case I, II, and IV type solutions (Figure 2) during the Trials A-Y. As
mentioned previously, the location of the optimum depends on the relative
slopes of the final moisture content isostere and the isocost lines.,
If their point of tangency lies outside the feasible region, as in
these trials, the optimal solution will occur on a bound; with this

condition, a small change in the constraints, final moisture content
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isostere, or isocost lines can shift the optimum from one boundary of
the feasible region to another. Case III, that of an intérior optimum,
is shown by Trial Z, using a similar data set. It is therefore necessary
to retain the generality of the algorithm, since any one of the four
cases may occur in a particular solution.

An indication of the speed of the algorithm is given by its per-
formance in the search of Trial Z, Table 3. For this search, reqpiring
10 reductions of the initial feasible region, execution time was 3.7

seconds using a CDC 6500 computer.

I. Proposal for Dryer Testing

As shown in prior sections, the model and optimization techniques
can be used to investigate the adaptability of the dryer to individual
operations or to study the effects of one or more variables on dryer
performance. These applications, however, require access to a computer
and manipulation of input parameters; at the present stage of farming
sophistication, this may be too difficult or inconvenient for many grain
growers. Despite these drawbacks, this package and similar pfograms for
other dryers can still be useful tools for extension workers by enabling
them to quickly generate data which can be transformed into useful
publications.

In this light, there are two unfulfilled needs to which this type
of model may be applied: (i) a mapping of the expected relative per-
formance of each dryer type with respect to climatic variation, and
(ii) development of meaningful uniform rating procedures for performance
comparison of competing dryers.

For both applications, at least two indices of performance are



L4

important for comparison: capacity and efficiency. Because of differ-
ences in weather conditions, energy prices, and operating parameters,
it has heretofore been difficult to compare the results of tests of
similar dryers; in the following discussion a standardization of test
conditions is proposed which, through computer simulation and limited
testing, will permit comparative studies to be made.

A means of localizing dryer tests with respect to climate is sug-
gested by the air conditioning design proceduie of the American Sdciety
of Heating, Refrigeration, and Air Conditioning Engineers, . For this
system, long-term nationwide weather records for the season of interest
have been analyzed to determine the wet and dry bulb temperature below
which 95% of the total hours of the season may be expected to fall;
these temperatures and their corresponding locations are listed in the
ASHRAE Guide and Data Book. Adaptation of this procedure for dryer
analysis would require calculation of the wet and dry bulb temperatures
above which a percentage of the total hours of the season can be expected
to fall. Moreover, the length and occurrence of the harvesting season
could be varied geographically. Analysis of weather bureau data by com-
puter would reduce the amount of labor required to produce these tables.
Atmospheric pressure, which also affects the drying process, is mainly
a function of altitude. Thus, location-specific values could be included
in the table with the expected temperature data.

In order to fairly compare dryer performances, a wide initial to
final moisture content span should be used. A standard initial moisture
content of 28% wet basis (near the maximum harvest moisture) and a mean
final moisture content of 14.5% wet basis (required for long-term storage)

are suggested. In addition, for product quality consideration the
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permissible final moisture content range could be specified as well
as an upper temperature bound.

For comparison of manufactured dryers, fan, motor and thermal
efficiencies can be determined by simple tesis; these could be performed
by an independent organization, similar to the Nebraska Tractor Tests.
Average efficiency figures can be assumed for testing the variation in
dryer efficiency with location.

With these conventions, éomparison of batch-in-bin dryer performance
(assuming model adequacy and uniformity of dryer air distribution)
could be done as follows:

1. For each location (two or three per state would probably be
sufficient) relatively severe weather conditions would be determine4
by the procedure described above.

2. The standard moisture content range and published efficiencies
would be used in the simulation.

3. Bed depth, airflow rate, and inlet air temperature would be
specified by the manufacturer.

4. Simulation would be performed on a per square foot basis for
determination of the time required to dry to the specified final average
moisture content.

5. Output information, for comparison with similar dryers, would
include: bed depth, time required, and air and heat energy requirements.
Using these data and prevailiﬁg energy prices, total dryer capacities and
operating costs could be easily calculated.

For a study of the variation in efficiency of batch-in-bin dryers
with location,‘the following modifications could be made:

1. Average efficiency values could be used.
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2. A four-diménsional search (with appropriate bounds) in bed
depth, time, airflow rate, and inlet air temperature could be performed,
with the objective to be the minimization of the energy input:dryer
capacity ratio. For this search, a cost ratio for high grade (electrical)
to low grade (heat) energy must be assumed. Again, a oné4square—foot

"bed cross-section would be assumed.

J. Suggestions for Further Study

Suggestions for further investigation in the field of deep fixed
bed drying economics center principally on improvement of the algorithm
and applications:

1. Because of the small data sample from which the model was
constructed, its accuracy and range of applicability are not firmly
established. Thus, there is a need for additional well instrumented
drying data over the entire range of model parameters. In addition to
serving as a check on the present form of the model QUICK, these data
can be used to improve the values of constants used in the model.

Other models which are developed should be considered as replace-
ments for QUICK, provided that their computational times and accuracies
are better than or comparable to that of QUICK. For example, an extension
of the dimensionless parameter model of Bakker-Arkema et al.(1971)
accounts for condensation in its prediction of final average moisture
content and requires less time for evaluation than QUICK.

2. The user should be able to improve the speed of the optimiza-
tion routine, OPTWHIZ, without significant loss of accuracy by relaxing
the termination requirements for the one-dimensional searches and by

reducing the interval to be searched.
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3. If optimization with respect to depth or time is desired for
purposes of design, an extension of the OPTWHIZ technique to three
dimensions might be made if the geometry of the isocost and isostere
surfaces were known for all possible cases. |

L. For purposes of control, it would be valuable to know precisely
under what conditions each of the cases of Figures 2, 6 and 7 occurs.
For example, if the optimal conditions are consistently at the uvver
temnerature bound for constant values of depth and time, only the air-
flow rate need be adjusted to maintain ontimality.

5. Equation I.C.3, which gives the contribution of the fan and
motor to inlet air temoerature rise, is an aporoximation based on avail-
able information. Since at low inlet air temneratures and high airflow
rates this factor becomes important, a study should be made to imvrove
or confirm this expression.

6. Similar onerating cost models should be develooed for other
common grain dryers. (If the QUICK model is shown to be valid for tem-
oeratures higher than 140 deg F, the algorithm is directly applicable to
the column batch drying system.) Incorporation of these into their resoec-
tive systems models would facilitate comparison of competing systems for
a particular enterprise, or enable the grower to determine the effect
of a proposed change in a given system.

A complementary study of capital costs for each type of dryer is
needed to extend the capabilities of the onerating cost models. These
costs, however, unlike operating costs, vary somewhat from manufacturer
to manufacturer and tend to rise faster with economic inflation than do
the utility orices. It would therefore be necessary to update the fixed

cost data frequently to maintain current capital cost models.
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7. The model might be useful in the development of a set of
operating guidelines (e.g. nomographs) for a particular locale to be
used by operatoré to minimize drying cost while maintaining grain- .
quality. ' '

8. This and similar models could aid in develonment of a rational
dryer performance rating scheme, as suggested in Section I. A testing
program generally éccepted by manufacturers, elevators, growers, and
universities could be set up to determine equipment efficiency factors,
a concept similar to that of the Nebraska Tractor Tests. With the
availability of telephone-linked comouter systems, evaluation of com-
peting dryers for a particular locale could thus easily and impartially

be made.



II. OPTIMIZATION OF CONCURRENT DRYER-COUNTERCURRENT
COOLER COMBINATIONS USING DYNAMIC PROGRAMMING

A. Introduction

Due to the large grain volumes handled daily by commercial elevators,
a high degree of automation is possible; this permits reduction in labor
costs but requires generally higher capital investments. Thus, in a
highly competitive market the costs required to process the inéoming
grain for storage or shipment can spell the difference between success
and failure; small differences in operating cost per bushel or dryer
capacity rather than capital cost can be the deciding factor in choosing
between two competitive designs.

The continuous flow convection-type dryers used in elevator oper-
ations can be classified into three categories based on the relative
direction of air and product flow: (i) cross-flow, in which the air moves
perpendicular to the flow of the grain; (ii) concurrent flow, where the
air and product travel in the same direction; and (iii) counterflow, in
which the air flow is opposite to that of the grain. In addition to
these basic classes, commercial dryers are built which use combinations
of these in sequential sections.

Thompson(1967) has commented on the performance characteristics of
the three basic dryer types. Cross-flow type dryers, when built in a
single stage, overdry the grain on the side where the inlet air enters
and underdry on the air exhaust side. Counterflow dryers, in which the

hottest air meets the driest grain, have the highest moisture removal
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rate per foot of depth of the three types but in doing so subject the

grain to considerable stress, Concurrent flow dryers typically remove
the majority of the moisture within a relatively short depth and then

provide a tempering period through the rest of the bed.

Improper drying of the product can cause two major types of damage:
reduced milling quality--caused primarily by overexposure to high
temperatures--and stress cracking, with consequent kernel breakage,
caused by rapid moisture removal. Thus, choice of dryer design can .
greatly influence product quality as well as system capacity, and the
two objectives are rarely compatible. Some combination of exisiing
dryer types in a single machine will ultimately be the compromise required
to meet the rising raw product standards of the cereal producté manu-
facturers.

A design currently of interest employs a concurrent flow dryer

coupled with a counterflow cooler for the grain (Anderson,1971; Kline
et al.,1971). The concurrent dryer, which exposes the grain to the least
stress, is used to remove the majofity of the moisture. The counterflow
design, used as a cooler, allows the grain to gradually cool, thereby
slowly reducing the temperature and moisture gradients within the kermel;
this cooler also accomplishes a slight amount of drying. Some sacrifice
in capacity, for a given sized machine, may be expected from the use of
the concurrent dryer instead of the more efficient counterflow design.
It is claimed, however, that higher dryer temperatures with consequent
higher moisture removal efficiencies can be achieved with a machine of
this design combination. 1In addition, there exists ﬁhe possibility of
recycling to the dryer all or a portion of the air exhausted from the

cooler, utilizing the heat energy which has been added to the air during
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the cooling proéess. Despite the promise of high product quality with

this machiné configuration, Thompson(1967) found that ncounterflow cooling
immediately following (concurrent) drying was not an adequate substitute

| for delayed cooling in reducing the susceptibility of the corn to break

or form stress cracks." | |

Clearly, the optimal design problem is not a straightforward one.
Variation in economic and ambient air conditions, product quality con-
siderations; temperature, airflow, and depth parameters must all be
considered in making design recommendations.  Due to the extreme vari-
ability of weather and product moisture over the short harvest season,
as well as the high labor costs and large number of variables involved
in the construction of prototype machines, another design technique was
required--the use of simulation and optimization.

Earlier researchers in the field of optimal design of grain drying
equipment have been hampered by the lack of adequate models to describe
the drying process. Although Hukill(1954) pointed out the inaccuracy of
his model of the batch drying process, Ahn et al.(1964) and Schroeder
et al.(1965) adapted it for modeling the crossflow dryer. Fortunately,
there now exist several more reliable models from which the researcher
can choose; these are summarized in Bakker-Arkema et al.(1971).

Within the published drying literature, only two attempts at optim-
ization of mltistage dryers have been reported. Both Ahn et al.(1964)
and Schroeder et al.(1965) used the dynamic programming technique to
determine optimal airflow allocation in multistage crossflow dryers.
Because different performance criteria were used, the two studies were
not comparable.

In related, single-stage optimization work on grain dryer design,
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Thompson(1967) employed gradient and one-dimensional search techniques
for determination of depth, grain flow and airflow rates in all three
basic continuous dryer types. Thygeson et al.(1970) used the differential
algorithm technique of Wilde and Beightler(1967) to predict optimal
bed depth and gas flow rate in a dryer Jduring the constant rate drying
period. The deficiencies of both techniques for the multistage problem
are discussed in the following section.

In designing an optimization procedure, one of the initial steps
must be the formulation of a performance criterion or objective function
for the system to be investigated. The criteria used in previous studies
of grain drying optimization fit three separate classifications: min-
imization of cost (capital and/or operating), maximization of throughput,
and maximization of quality. Usually these are stated in some combination;
the most comprehensive objective function (Thompson,1967) had the following

form:

E = ¢ ( Qg%%?ﬁ;ggggg )h + cz.{(drying temperature)dt

+ c3(heat energy supplied) + ch(fan energy supplied)

+ c5(size of dryer needed) (II.A.1)

In this thesis study the goal is to develop user-oriented techniques
for optimization of two concurrent flow dryer-counterflow cooler combin-
ations and to demonstrate their use. Choice of simulation models, constraints,
and objective function will be left, insofar as possible, to the user.
Adequate instructions for use of the associated computer programs will

be given and possible modifications discussed.
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B. Dynamic Programming

Dynamic programming (d.p.) is an optimization technique developed
especially for problems characterized by multistage decision procesées.
These problems arise, e.g., in a sequential manufacturing process when
decisions made during each production step affect the properties and
accumlated cost of the product at each subsequent step in the process.
Other problems of this type originate in such diverse fields as economics,
physics, and transportation scheduling.

Unlike linear programming, no standard algorithm exists which can
be applied to the problem at hand; instead, dynamic programming is es-
sentially a philosophy which allows the user to structure problems of
considerable complexity into a form amenable to solutidn. That is, d.p.
is used for determination of all process inputs, outputs, and controls
necessary to achieve the objective in the most desirable way (least
cost; maximum profit, etc.) for a given process.

To be structured into a form for optimization by means of d.p.,

a problem must have the following properties (Hadley,1964):

(1) it must be possible to visualize the problem as a sequéntial
decision problem, where each step in the process requires one
or more decisions,

(ii) the system must have a measure of performance which is
expressible in the same units at each stage of the process.

(iii) the parameters measuring the performance of the system and
its response to controls which are applied must remain the
same at each stage in the process.

Some alternative approaches to the optimization of multistage deci-

sion processes are discussed by Rosenbrock and Storey(1966), including
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hill-climbing on parameters, the gradient method in function space,

and Pontryagin's method. Of the available methods only Pontryagin's
method and d.p; will always yield the '"best" overall solution; the other
techniques may converge to a 'good'", but suboptimal solution. Further
difficulties with the other algorithms arise in the awiward manner in
which constraints are handled and in finding an initial feasible solution
from which to begin computations.

Pontryagin's method has not found wide acceptance in process control
problems due to difficulties in formulation of the solution and excessive
numerical computations necessary for solution. Although d.p. also suffers
from these two disadvantages, it yields a solution which is more useful
in the present context. A discussion of the "pros and cons" of d.p.
will follow a discussion of the d.p. formulation.

In order to explain the dynamic programming principle, some defini -
tions and an example are useful; the following notation and description
is due to Larson(1968):

Let x denote the state vector, the components of which describe the

state of the system at each stage in the process.

Let u denote the control or decision vector, whose components are

those variables which may be manipulated to influence the values of the
state variables,

The stage of the system will be denoted by the scalar index n, which
varies monotonically through the N process stages.

The system equations describe how the state variables at stage n

are transformed into a new vector of state variables at stage n+l by

application of a control vector u at stage n. The general relation is:

x(n#l) = g(x(n),u(n),n) (1I.B.1)
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The performance criterion (objective function) evaluates the per-

formance of the system when a given control sequence ﬁ(n), n=l,...,N is
applied. If the criterion is a cost function, the sequence of controls
which minimizes it are sought; a reward function is associated with a

maximizing sequence of controls. For the problems considered herein, a
cost function criterion is used, hence all further reference will be to
minimization of cost. The corresponding objective function takes on the

general form:

N
I = Z:i[ x(n),u(n),n ] (II.B.2)

n=0
where I is the total cost for the process, which is to be minimized, and
i is the partial cost incurred at stage n.

The purpose of constraints on the problem is to limit the values
of the state and control variables at a given stage. These controls
may be expressed as: xeX(n) and u eU(x,n).

The optimization problem can then be summarized as follows:
Given: 1) a system described by a set of system equations

x(n+l) = g(x(n),u(n),n)
2) the constraints

x eX(n)

u €U(x,n)
3) an initial state x(0)

Find: the control sequence u(n), n=0,...,N which minimizes:

N

I = E il X(n),u(n),n | (11.B.3)
n=0

An illustration of a problem having this structure is provided by
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an exhaustive review of a crossflow grain dryer design problem solved
by Ahn et al.(1964) usiné d.p. In this type of dryer, as shown in
Figure 8, a long column of grain, which moves steadily by gravity flow
through the dryer, is exposed to an airflow stream passing pefpendicular
to the grain. The hot entering air, which picks up moisture during its
exposure to the grain, is then exhausted. Wet grain entering the top of
the column dries to an acceptable average moisture content before its
release at the bottom of the column. Prior to this study, the usual
practice in crossflow dryer design had been to use an approximately evenly.
spaced airflow pattern along the length of the column. These authors
wished to investigate the possibility of improving dryer performance by
partitioning the airflow into three equaily spaced sections along the
column wiﬁh each section receiving a different portion of the total air -
flow. Inlet and outlet moisture contents, entering air temperature and
humidity, grain mass flow rate, and column width were taken to be fixed.
In terms of dynamic programming, the crossflow drying process can
be drawn schematicallybas shown in Figure 8, where the three equally
spaced sections of the dryer are taken to be the three stages of the
process. In this case the state vector has a single component, the
moisture content of the grain, which completely describes the variable
of interest in the system. A constraint on the grain moisture content
(m.c.) is given by the final m.c.; no outlet m.c. above this point is
acceptable., Likewise, only the initial m.c. specified is used as an
input to the process. The type of control available to the process is
the same at each stage, namely the amount of air allotted to the grain
passing through the section. Thé control variables are subject to the

constraint that the total airflow be less than or equal to a value fixed
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by the available fans.

The system equations are provided by a crossflow dryer adaptation
of a batch dryer model (Hukill,1953; also Section I.B., of this study)
which gives the average m.c. as a function of dryer inputs and grain
properties. The same system equations thus may be used for all three
stages., Finally, the objective function to be minimized is given by the
ratio of the mass flow rate of drying air to the mass moisture removal
rate, or simply the sum of the airflow rates of the individual sections,
since moisture removal rate is fixed by the specified inlet and outlet
m.c. and grain flow rate.

To implement the solution to this problem, it is necessary to intro-
duce the Principle of Optimality (Bellman,1965) and the basic iterative
relation associated with this problem. The Principle of Optimality
can be stated as follows: ["an optimal policy (i.e. sequence of decisions)
has the property that whatever the initial state and initial decision are,
the remaining decisions must constitute an optimal policy with respect
to the state resulting from the first decision"jj)From this observation-
which can be rigorously proved mathematically- a technique for solution
of mltistage decision problems was developed. Smith et al.(1970) have
interpreted the Principle of Optimality by stating "every component in a
serial structure influences every downstream component; only the last
component is independent. The last component can be suboptimized inde-
pendently for each possible state of the input it receives. Once this
is done, the last two components are grouped together and suboptimized
independently for each possible state of input. This process continues
until the entire structure is included in the optimization."

If the solution process begins at the final stage of the process and
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proceeds iteratively backward to the initial stage, the method is called
"backward d.p."; using the earlier notation, the recurrance relation

can then be stated mathematically as:

I'(x,n) = ueV {i(x,u,n) + I'[ g(x,u,n),n+l ]} (I1.B.4)

where I' denotes an optimal sum of the partial costs incurred in stages

up to and including the current stage n; i identifies the cost of a trial
solution during the current stage n. Thus the optimal solution including
the present stage is found by minimizing the sum of the costs incurred
dﬁring the present stage and the optimal cost associated with the resulting
state in the stage which computationally preceded it.

Implementation of this procedure on a digital computer requires that
the optimal costs as well as the associated optimal controls be stored at
discrete node points in the state space. These results are required forv
interpolation among nodes adjacent to the state point in stage n+l resulting
from discreﬁe applied controls in stage n.

Returning to the example of the crossflow dryer, the solution begins
at the third stage, which brings the grain to the desired final moisture.

The state space at the interface‘between the second and third stages is

partitioned into discrete, evenly spaced nodes representing moisture con-
tents in the range from which the final moisture content can feasibly be
reached during the third stage. The possible values of airflow to be
alloted to the third stage are also discretized; this range is bounded
above by the constraint on total airflow and below by zero, in which case
no drying would occur in the third stage.

Starting at each of the nodes designated at the interface of the

second and third stages, all possible discrete airflows are tried in
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turn. Of those which result in the desired final moisture content at ‘
the dryer outlet, the optimum control is that which achieves this goal
at the minimum cost (i.e. uses the least air to accomolish it). The
minimum cost and associated optimal control are then stored in the com-
puter memory at a location designated by the node at the second-third
stage interface from which the solution proceeded. For those nodes from
which it is impossible to reach the desired final moisture content using
available airflows, an absurd value indicating their infeasibility is
stored in memory. |

The solution now proceeds to the second stage of the dryer. A new
grid of possible moisture contents is set up at the interface of the
first and second stages. As before, each of the possible airfiow controls
is applied at each of the m.c. nodal points of the grid and the resulting
m.c. (obtained from the model) at the interface of the second and third
stages is noted. 1In general, the resulting m.c. will not fall on a node
and a value of the cost and associated airflow will have to be obtained
by interpolation between the two adjoining nodes at the interface of the
second and third stages. By summiﬁg the cost at the interpolated point
and the cost of the applied control of the current stage, a total cost
for the process through the current stage is obtained. Repeating this
procedure for each of the possible controls and comparing all sums, the
optimal total cost for each m.c. node at the first-second stage inter-
face can be found. These values are stored in the computer memory along
with their associated node point. In order that the maximum airflow
constraint is not violated, it is also necessary to store the total
accumilated airflow from previously computed stages.

At the first or beginning stage of the dryer, the initial m.c. is
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specified. Thus there is no need to set up a grid of moisture contents
from which to work. Starting at the initial moisture content, all feasi-
ble controls are again applied. For each control which results in a feas-
ible state, the cost of the control is assessed and added to an interpolated
value from the first-second stage interface. When all resulting sums are
compared, the minimum sum is the optimal total process cost and the assoc-
iated airflow control is the optimal control for the first stage. To
determine the optimal controls for the remaining stages, the first éontrol
is again applied to the model and interpolation is performed émong the
nodes at the second-third stage interface to recover the optimal airflow
control for the second stage. Optimal airflow for the third stage is

then simply obtained by subtraction of the two optimal controls from the
accuulated total. The first, second, and third dryer stages were found
to have optimal airflow rates of 6300, 5700, and 5400 lb/hr, respectively.

In addition to serving as an introduction to grain dryer design by

dynamic programming, (c.f. Schroeder et al.,1965) the preceding example
illustrates several of the advantages and disadvantages of the method:

(i) the algorithm for each process must be separgtely designed.
Although the formulation in the dryer example was straight-
forward, many more complex problems require a combination of
"experience, intuition, and luck" (Smith et al.,1971). Fam--
iliarity with the system to be optimized allows the designer
to choose relatively narrow ranges for the state variables--
grids which are fine enough to preserve accuracy but coarse
enough to speed computation--and to use all known constraints
to limit the number of computations necessary.

(ii) a large number of evaluations of the systems equations is

necessary even for a well designed problem. Therefore, it
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is necessary that the models are capable of rapid solution by
the computer;'in particular, this rules out long iterative:
type solutions.

it is necessary to store a large number of results generated

at each stage in order to be able to interpolate in the state
space of previous stages and to recover the optimal policy at
the end of the problem. This has been the primary limitation
in the use of the d.p. technique, since present computers are
limited in the amount of fast access memory available. As the
number of state variasbles increases, the storage location
requirement increases as the product of the number of levels

of all state variables. Most authors state a limit of three

as the absolute limit on the number of state variables that can
be handled by present computers.

in the solution of a dynamic programming problem, not just one,
but a family of solutions is generated. Thus at the end of the
example problem, optimal solutions are available for a range

of moisture contents in either a one or two stage dryer as well
as the single solution for the three étage dryer. Moreover,
because the grids of optimal costs and controls for the second
and third stages are unaffected by the inlet conditions spec-
ified in the first stage, they can be used to evaluate optimal
cost and policy for any initial moisture content within a wide
range and to serve as a base for the evaluation of dryers having
four or more stages.

once the problem has been solved with a relatively coarse grid,

additional refinement is possible by narrowing the ranges of
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étates and controls to be considered and by employing a finer
grid mesh. |

Several variations on the basic d.p. technique have been explored
in the literature. Among these is "forward d.p." in which it is desired
to find the optimal policy for a problem which starts at a known initial
state but for which a variety of desiréble final states is possible
(Larson,1968). Optimization of stochastic processes has received atten-
tion (Bellman,1965). Manufacturing processes having loops and branches
have been treated (Mitten et al.,1963) as well as countercurrent processes
(Dranoff et al.,1961).

The development of dynamic programming is still in a state of flux.
Several recent developments in diverse fields have shown promise in ex-
tending the size and variety of problems which can be handled by this
technique. For example, special methods which minimize size requirements
for problems having continuous rather than discrete stages have been
developed (Larson,1968; Wong,1967). A new type of magnetic memory using
orthoferrite crystals promises an inexpensive, fast-access, high-cépacity
memory for the current computers. Finally, a new generation of computers
(I1liac IV of the University of Illinois and Burroughs Corporation) is
being developed expressly to handle the type of computations found in
dynamic programming. Although dynamic programming may become more useful
as a design tool, its use will continue to be limited by the skill in

formulation of the user.
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C. Optimization of Concurrent Dryer-Counterflow Cooler
Configuration Without Air Recycle

C.l. Dryer-cooler description

The concurrent flow dryer-counterflow cooler configuration to be
analyzed in this section is shown schematically in Figure 9. In this
design, inlet air to the dryer is first drawn over the motor or engine
used to power the fan, thus serving to slightly increase the air tem-
perature as well as to cool the power source. The air then passes into
a combustion chamber where it is heated by combustion of a fossil fuel,

typically LP or natural gas. Next the hot air is forced through the bed
ih thé same direction as the grain, which moves downward by gravity flow.
As the air traverses the bed it cools by evaporation and accumlates
moisture until it is saturated or is exhausted from the system. The hot
grain passes from the dryer into the counterflow cooler where it is pro-
gressively cooled by an opposing airstream being drawn by suction through
the moving bed. By means of this gradual cooling process, steep internal
temperature gradients in the grain are avoided and stress cracking is
minimized. The air used to cool the grain may perform a certain amount
of drying, increasing in humidity during the process. At the exit of the
cooler, the cooling air temperature approaches that of the incoming
grain; thus the cooling air could be a potential warm air source for the
dryer. In this design configuration, however, it is exhausted from the
system by the suction fan.

To optimize the design of this dryer by use of mathematical tech-
niques, it is first necessary to define the objective of the optimiza-
tion and its mode of measurement and secondly to identify the state and

control variables, their constraints, the stages of the system, and
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the system equations necessary to model the components.

For the concurrent-countercurrent dryer system, it was decided to
minimize the operating éost for a given grain throughput rather than to
maximize throughput under cost constraints. Thus the optimum condi£ions
for airflow, depth, et cetera were sought. Capital costs were not included
in the analysis since, on a large volume operation, small differences
in construction cost are overshadowed by operating cost. Also, unlike
Equation (II.A.l), no penalty terms were included in the objective function,
although a constraint on maximum dryer air temperature was imposed.
Anderson(1971) stated that at present no premium is paid by the cereal
industry for quality dried grain. Hence, the objective function used
reflects the actual processing cost; additional quality terms can be.
.eASily added to the objective function should the marketing situation
change. |

Operating costs arise from three major sources in the system. In
the dryer, energy is required to heat the incoming air. The efficiency
of this process depends on burner and dryer design, the fuel used, and
on prevailing ambient conditions. The second energy requirement of the
dryer is for driving the fan; its magnitude depends principally upon
the depth of the bed and the airflow rate required, as well as on the
efficiency 6f the fan and driver designs. As noted before, a portion
of the "wasted" energy input-dissipated as frictional heat-is recovered
by using it to preheat the drying air. The operating cost of the cooler
fan, which exhausts the air by suction, is a function of the same vari-
ables. However, its inefficiency does not permit a savings on the heating
component of dryer cést unless the inlet air to the dryer is routed

over the cooler fan and motor. In the configuration chosen in the |
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formulation, utilization of the 'wasted" energy of the dryer fan, but

not that of the cooler fan, is assumed. For the continuous flow oper-
ation a time base of one hour was chosen. By specifying the fixed grain
flow in bushels per hour, and measuring operating costs in cents per

hour the common performance ratio of cents per bushel could be calculated.
The cost functions, which are the same as in Part I of the Thesis, are
given in Part I, Section C. A second common measure of performance,

Btu per pound of water evaporated, can be calculated after the optimization
is complete.

Since the product (grain) is the only flow component which passes
through both the dryer and cooler, the process divides naturally into
two major stages. The additional components, fans and heater, can be.
lumped with whichever major stage each is associated because they do
not operate directly on the product.

In many respects this problem is an analog of the cross-flow dryer
design example presented. Like that case, the air is not reused from
stage to stage; hence its properties need not be designated as state var-
iables. Again, because the primary function of the process is drying,
product moisture content is the natural choice as one state variable.
Unlike the example, however, the temperature of the product in this
problem is also required for assessment of the performance of the two
stages. This requires the addition of product temperature as a second
state variable.

Controls on the dryer include its depth, the temperature of the
entering air, and the airflow rate. Cooler controls are provided by depth
and airflow rate.

It is possible to impose many constraints, both artificial and

natural, on the problem to limit the number of possible solutions under
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consideration, In this context, experience with the system components
is invaluable in choosing maximum airflow and temperature constraints,
placing upper and lower bounds on bed depth, and establishing feasible
ranges and increment sizes for the two state variables at both stages.
The major preliminary task remaining before the final d.p. formulation
is the choice or Jevelopment of suitable systems equations, or models,
which adequately describe the performance of the two stages of the
process under all ootential conditions of overation. In the following
section, the deveiopment of these models is considered.

C.2. Develooment of models for cooler and dryer

For the two process stages of the d.p. formulation two separate
models are required, one for the dryer, the other for the cooler. From
each model, the resultant values of the state variables (product moisture
and temperature) are needed as a function of all possible controls over
the anticipated range of the model. In addition, the formulation also
required prediction of the air temperature and humidity in order to
satisfy physical constraints on saturation of the air.

The presently available models for these system components are of
an iterative nature (Bakker-Arkema et al.,1971) requiring time-consuming
computations for a single simulation. These fundamentai models, however,
were used in generating data from which strictly empirical models could
be constructed. Two of these fundamental models, CONCUR and COUNT, were
chosen to provide information for the empirical dryer and cooler models,
respectively, Fortran IV coding and documentation for these models is
found in Bakker-Arkema et al.(1972). Theoretical considérations are
discussed in Bakker-Arkema et al.(1971).

Since product flow rate was not intended as a parameter in this
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study, most of the models were constructed based on a single flow rate,
9 bu/hr/ftz. Since several different techniques were used in the
construction of the models, these will be discussed under separate
headings.

Concurrent dryer outlet moisture content model.-- DeBoer(1971) con-
structed an empirical model for the moisture content of corn at the

dryer exit as a function of inlet air and grain parameters, air flow

rate, and dryer length. A plot of the dimensionless depth DX = gaﬁ
a‘a
M- Mé
versus the dimensionless moisture ratio DM = ¥ - M for various
o e
values of dimensionless grain flow rate DF = gac indicated that
pp
all resulting curves can be approximated by the functional form
b ;

DX = bl(DM -1) 2, where b, and b, are each functions of DF. GAUSHAUS
(Meeter,1965), a non-linear least squares curve fitting subrouﬁine, was
used to approximate the constants. The equation was then re-written
with DM as the independent variable. In a similar fashion multiplicative

modifying functions for b, were successively incorporated into the model

2
accounting for the parameters: airflow rate, inlet air temperature,
initial moisﬁure content and inlet grain temperature. Air humidity was
found not to be a significant factor in the model except as implicit |
in the equilibrium moisture content.
Within the range:

inlet air temperature = 200.-500. deg F

initial m.c. = 0.20-0.40 d.b.

airflow rate = 60.-240. cfm/ft2

grain flow rate = 3.-9. bu/hr/ft2

inlet product temperature = 50.-100. deg F

the model was found to have an average error of approximately 0.5% d.b.
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with a maximum error of 1.6% d.b.

Concurrent dryer outlet air and grain temperatures and air humidity
models .-~ Using the midpoint value of each parameter as a'base, the
grain temperature profile through the bed was generated, using the
CONCUR model. This profile was approximated, using GAUSHAUS, by a
function of the form:éi,,= cl(Depth)cz; this will hereinafter be
designated the "standard profile".

. Next, the control variable airflow rate was varied from its mid-
point value over the intended range of the model being constructed,
holding all other parameters constant at their midpoint values. From
the profiles generated by this procedure, the deviation from the
standard profile caused by the change in airflow rate was plotted as a
function of the value of airflow rate, for a particular depth in the
bed. The plot at each depth was found to be essentially linear. Thus
the product temperature at a particular bed depth could be predicted
by adding or subtracting the deviation from the value of the standard
profile at that depth. 1In order to bring the parameter bed depth into
the model, it was then necessary to express the slopes of the lines
as a function of depth. GAUSHAUS was again used to provide the empirical
constants to the functional form: Slope = cl(Depth)cz.

The same procedure was used for the parameters inlet product tem-
perature and inlet air temperature, giving three correction factors for
the standard profile, each based on the value of the parameter and
depth within the bed.

Variations in the inlet moisture content and absolute humidity
parameters also resulted in near-linear plots of deviation from the

standard profile versus parameter value. These corrections, however,
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were nearly independenp of depth and hence required no depth factors in
their expressions.

Finally, it was determined that the sum of the correction factors
for all parameters, when added to the value of product temperature taken
from the standard profile, provided a good approximation to the results
of the CONCUR model, using the same input data. Within the same ranges
as the preceding empirical moisture content model, this model produced
results generally within 5.0 deg F of the data of the CONCUR model, at
bed depths of one foot or greater.

The same technique was used by Roth(1971) to produce empirical
models for the outlet air temperature and humidity of the concurrent
dryer. The results are: outlet humidity, maximum deviation .0168 1b
water/lb dry air, maximum percent error 40.%, mean percent error 18.%;
outlet air temperature, maximum deviation 52. deg F, maximum percent
error 35.%, mean percent error 12.%. The four empirical models for the
concurrent dryer--outlet air temperature, humidity, grain temverature, and

moisture content--are programmed in Appendix B, SUBROUTINE DRYSIM.

Model of outlet air and product conditions for the countercurrent cooler.--
Roth(1971) found that essentially the same procedure could be used
in formulating the empirical models for the countercurrent cooler, except
that a single additive depth correction factor could be used. That is,
instead of adding the depth dependent correction factors to the stored
profiles of the dependent variables, a linear depth correction factor plus
the sum of the other correction factors and a constant yielded a good
approximation to the data from COUNT.
Significant nonlinearity of the correction factor for airflow rate
in the humidity and air temperature models required approximation of

the factor by a polynomial in the former case and by an exponential in
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the latter. Only inlet air tgmperature and airflow rate were found to
significantly affect the outlet air temperature; inlet moisture content
and bed depth were the sole major determinants of outlet product moisture
content.
In testing the model over the ranges:
inlet air temperature, 35-60 deg F
inlet air humidity, .002-.005 1b water/lb dry air
inlet product temperature, 110-160 deg F
inlet moisture content, 0.19-0.24 decimal, dry basis
airflow rate, 80.-175. cfm
depth, 0.3-2.0 ft; ( € 1.0 ft for outlet product temperature)
Results were: outlet humidity, maximum deviation .00113 1lb water/
1lb dry air, mean percent error 12%; outlet air temperature, maximum devi-
ation 3.9 deg F, mean percent error 1.0%; outlet product temperature,
maximum deviation 6.1 deg F, mean percent error 4.5%; outlet moisture
content, maximum deviation .0135 decimal dry basis, mean percent error
2.06. The four empirical modeis for the cooler outlet air temperature,
humidity, grain temperature, and moisture content are found in Appendix
B, SUBROUTINE COOLSIM,

C.3, Dynamic programming formulation and computer programming

With the preliminary information necessary for the solution now
available, the mechanics of the dynamic programming formulation will be
considered. Because the application of the dynamic programming princi-
ple to a practical problem is inseparable from the problems of computer
program coding and the characteristics of the machine being used, the
following discussion will detail the rationale for the program flow
pattern; the associated programs COOLONE, DRYONE, and RECONE with their

attendant subprograms are listed in Appendix B.



73

There are two variations of the dynamic programming princinle which
can be applied to a process of this nature. In the first type, forward '
dynamic programming, the solution starts at a single state specified at
the beginning of the process and proceeds iteratively to the end of the
process, where the optimal solutions for a number of final states can be
explored without reworking the entire problem. For the other formulation,
backward dynamic programming, the solution begins at a single terminal
state and works iteratively backward to the beginning of the process; in
this case, only the last step must be repeated in order to.investigate
alternate initial states.

For the present problem, the backward dynamic programming formulation
was chosen as the most useful. Corn received at an elevator in a single
day can vary widely in moisture content; the fina. moisture content
necessary to prevent deterioration in storage provides a relatively
invariant terminal state toward which the system is directed. For a
single solution, no variation in ambient or economic conditions is per-
mitted; a parameter study of these factors using the present formulation
would require multiple trials.

In coding a d.p. comouter program, there are two basic machine
limitations which must be considered: computer fast access memory and
available computer time. Of these, the first is the more serious problem;
a long program with many checks on constraints may be more efficient
computationally but may require too much memory to accomodate the large
arrays which are needed for inberpolation. On the other hand, there
are economic penalties for computationally inefficient programs, which
may be the overriding consider?tion. In practice, a balance must be
struck. |

The overall strategy employed for the solution was to write a
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separate program for each stage in the process rather than to solve

the entire problem in a single program. This allowed the portion of
the memory allotted to program instruction storage to be kept to a
minimum. In addition, visual scanning of the intermediate output at
each stage permitted significant reduction of the size of the inter-
polating arrays for the subsequent stage, thus requiring only a moderate
amount of memory for the solution of large scale problems.

The general computational scheme for the cooler stage will now be
described; coding for the program is given in Appendix B, PROGRAM
COOLONE.

COOLONE first reads the user supplied information, including
ambient and economic conditions (fixed during the soﬁhtion), the ranges
and increment sizes for the state variables, product moisture content
and temperature at the dryer-cooler interface, the range and increment
size to be used for the application of the control variables airflow and
bed depth, and the maximum permissible values of outlet product moisture
content and temperature. In addition, a minimum permissible value for
moisture content is read; the use of this value will be discussed later.

The second phase of the program is a preliminary screening of the
grid sizes of both the state and control variables, in order to limit the
number of model evaluations necessary. This screening is accomplished
by using the constraints on maximum allowable outlet product temperature
and moisture content.

In the screening procedure, all parameters, except the one being,
checked, are held constant at that end of their respective ranges which
maximizes the probability of a feasible trial with respect to a given

constraint. The range of the remaining parameter is then searched until
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the point of failure (if any) is found. Several such simple checks
using different constraints can reduce the problem size considérably
at the start. The initial'screening can be done several times before
the iterations are begun in order to insure a near-optimal starting
grid size and a minimum number of controls to be applied.

The third phase of the program is designed to evaluate the cooler
simulation model for the remaining node points of the inlet product
temperature -moisture content grid, using the remaining controls. The
order of these computations is arranged such that the desired outlet
conditions are most apt to be achieved at the beginning of this cdmouta-
tional sequence; termination of the program occurs when no further
feasible solutions starting from the remaining nodes are possible. Thus,
the order of the DO lLoops, outside to inside, is: (i) inlet product
moisture (starting at its lowest value), (ii) inlet product temperature
(starting at its lowest value), (iii) airflow rate (starting at its
upper bound), and finally (iv) depth (starting at its lower bound).

The constraints on outlet product properties and outlet air prop-
erties can be classified into two groups if all other parameters except
depth are temporarily held constant (as they are while the inner DO
loop is incrementing). A failure to meet the constraints on maximum
allowable outlet product temperature and moisture content indicates
that the bed is too shallow; excess bed length is indicated by the
conditions of air saturation, air-product equilibrium, water absorption
by the product, or by excessive drying (indicated by the user-supplied
moisture constraint read in at the beginning of the program). These
checks are inserted within the inner DO loop. A '"bed too shallow' check

indicates that feasible solutions are still possible within the depth
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loop but that no cost evaiuation for the present iteration 1s necessary.
These procedures reduce considerably the number of process and economic
model evaluations required.

For each node of the inlet product temperature-moisture content
grid, the least cost feasible solution, if any, is determined by com-
parison with the costs incurred in feasible trials using alternate
controls; the indices of the grid, the minimal cost, and the corresponding
depth and airflow are then written sequentially on a low-speed stprage
device. No arrays are used in this program and storage requirements
are thus kept to a minimum.

The second program in the computer package for this concurrent
dryer-countercurrent cooler configuration, DRYONE, was designed to:

(1) evaluate the airflow and heating costs of the concurrent dryer using
all feasible controls, (ii) interpolate in the grid of partial costs
stored at the dryer-cooler interface, and (iii) perform a comparison

of the totaL costs to find the minimum total operating cost for the
system. Having found the optimum, DRYONE then interpolates in the grid
of stored cooler controls at the dryer-cooler interface to recover the
optimal depth and airfiow for the cooler.

The general computational strategy is similar to that of COOLONE,
with several additional features. Recalling the values of cooler cost
and corresponding depth and airflow stored sequentially on the low
speed memory device, DRYONE uses the associated indices of product
temperature and moisture content to index the three two-dimensional
arrays needed for interpolation. Because many of the values of the array
would normally be infeasible if the original indices were retained,
DRYONE uses information supplied by the user (from a scan of the COOLONE

output) to reduce the size of the arrays to a minimum. If memory
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capacity is still a problem, the program can be rewritten so that the
control arrays need not be formed at this time, but may have the needed
values retrieved for interpolation after the minimum cost is determined.

User-supplied vélues for the economic and ambient conditions are
read, in addition to the bounds and increment sizes in the state and
control variables. Two new constraints for the dryer, maximum inlet
air temperature and maximum allowable pressure drop, may be specified
by the user to conform to the requirements of currently available
equipment.

The iterative scheme used is to initialize the control DO loops
such that maximum drying occurs, with the order of the loops (from outer
to inner) being: airflow rate, air temperature, and bed depth, All
available constraints are used to minimize the number of model and cost
function evaluations necessary. Next, all feasible control possibili-
ties are evaluated and the sums of all dryer and interpolated cooler
costs compared in turn to identify the minimum sum. The associated
controls for the cooler are then found by interpolation in the stored
grids. Finally a third program, RECONE, uses all optimal controls and
input data to identify all intermediate states for the process.

C..4. Procedure for use of the algorithm and an example

The input information necessary for the use of the non-air-recycle
process programs, COOLONE, DRYONE, and RECONE is summarized in this
section. Options available to the user are explained for each program.
Finally, an example of the use of the algorithm is given.

For program COOLONE, the first of the three programs to be used, the
following information is to be supplied on data cards,.using FORTRAN IV

F10.0 and I10 fields for real and integer values, respectively.
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CARD 1

a. Maximum moisture content allowable at the entrance to the cooler,
decimal, dry basis (real).

b. Minimum moisture content allowable at the entrance to the cooler,
decimal, dry basis (real).

c. Number of levels of moisture content to be included in the grid
between the maximum and minimum values (integer).
CARD 2

a. Maximum product temperature allowable at the entrance to the
cooler, deg F (real).

b. Minimum product temperature allowable at the entrance to the
cooler, deg F (real).

c¢. Number of levels of product temperature to be included in the
grid between the maximum and minimum values (integer).
CARD 3

a. Maximum airflow rate to be considered as a cooler control
variable, 1b dry air/hr/ft2 (real).

b. Minimum airflow rate to be considered as a cooler control
variable, lb dry air/hr/ft2 (real).

c. Number of discrete levels of airflow rate between the maximum
and minimum values (integer).
CARD 4

a. Maximum cooler depth to be considered as a control variable,
feet (real).

b. Minimum cooler depth to be considered as a control variable,
feet (real).

c. Number of discrete levels of cooler depth between the maxdmum
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and minimum values (integer).
CARD 5

a. Inlet air temperature to the cooler, deg F (real).

b. Inlet air humidity to the cooler, 1lb vapor/lb dry air (real).

c. Atmospheric pressure, psi (real).
CARD 6

a. Maximum allowable cooler outlet product temperature, deg F
(real).

b. Maximum allowable cooler outlet product moisture content,
decimal, dry basis (real).

c. Minimum allowable cooler outlet product moisture content,
decimal, dry basis (real).
CARD 7

a. Price of fan energy (for electrical energy, as programmed)
required, ¢/KWH (real). |

b. Time base over which the optimization is taken, hr (real).

c. Fan efficiency, decimal (real).

d. Efficiency of fan power source, decimal (real).

In addition, the user has the option of using the cooler model
supplied, SUBROUTINE COOLSIM, and the electrical-energy-based objective
function, SUBROUTINE CSTCOOL, or substituting his own subroutines. 1In
this as well as the following programs, constraints read in as data
values may be deactivated by setting them to absurdly high or low values
and allowing the method to find an optimum unconstrained in that variable.

The output format for the program COOLONE, which is written on a
storage device as well as printed, gives the following information:

grid index for moisture content, grid index for product temperature,
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current optimal cost, airflow rate, and depth for the node.

In using COOLONE, some experience is required to be able to choose
an optimal sized grid. Recalling that the primary limitaﬁion in the
following program, DRYONE, is the size of the arrays which can be ac-
commodated by the fast access memory, the user is urged to carefully
consider the range and increment size in the product temperature and
vmoisture content dimensions. Because only the optimal controls of
depth and airflow rate will be stored, computer time for the COOLONE
program is the only restriction on the range and increment size of the
two controls., In initial trials using COOLONE, the use of a STOP card
after the initial screening process in the program is recommended; this
allows the progrém to use the constraints specified to initially adjust

the variable ranges to feasible size.

Before running the second program, DRYONE, the user should scan the
indices of the product moisture and temperature dimensions to note the
largest and smallest feasible values of each found by the COOLONE simm-
lation; this information is used to reduce the size of the arrays needed
in DRYONE, For large scale problems the computer can be programmed to
do the scan automatically. In choosing ranges and increment sizes for
the control variables, the program is limited only by computer time,
not storage space.

A sumary of the information needed for the program DRYONE follows;
values are read in FORTRAN IV F10.0 and I10 fields for real and integer
values, respectively.

CARD 1

a., Minimum value of product moisture content to be considered in



81

the interpolating grid (found by scanning the COOLONE output), decimal,
dry basis (real).

b. Increment size in product moisture dimension (from COOLONE),
decimal, dry basis (real). |

c. Lowest value of moisture content dimension used in COOLONE
program (real).

d. Number of feasible levels remaining in the moisture content
dimension (from the scan of the COOLONE output) (integer).
CARD 2

a. Minimum value of product temperature to be considered in the
interpolating grid.(found by scanning the COOLONE output), deg F (real).

b. Increment size in product temperature dimension, deg F (real).

c. Lowest value of product temperature dimension used in COOLONE
program (real).

d. Number of feasible levels remaining in the moisture content
dimension (from the scan of COOLONE output), integer.
CARD 3

a. Lowest value of airflow rate to be used as a control for the
dryer, 1b dry air/nr/ft° (real).

b. Increment size of the airflow rate, 1lb dry air/hr/ft2 (real).

c. Number of levels of airflow rate to be used as controls (integer).
CARD 4 (These inputs do not include the temperature rise due to the fan.)

a. Lowest value of inlet air temperature to be used as a control
for the dryer, deg F (real).

b. Increment size in inlet air temperature, deg F (real).

c. Number of levels of inlet air temperature to be used as controls

(integer).
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CARD 5

a. Lowest value of dryer bed depth to be used as a control for the
dryer, feet (real).

b, Increment size in bed depth, feet (real).

c. Number of levels of bed depth to be used as controls (integer).
CARD 6

a. Inlet air temperature to heater, deg F (real).

b. Inlet air humidity to heater, 1b vapor/lb dry air (real).

c. Atmospheric pressure, psia(real).

d. Inlet grain moisture content to dryer, decimal, dry basis (real).

e. Inlet product temperature to dryer, deg F (real).
CARD 7

a. Time base used for optimization, hr (real).

b. Price of energy (electrical energy) for fan, ¢/KWH (real).

c. Fan efficiency, decimal (real).

d. Efficiency of fan power source, decimal (real).

e. Heat value of fuel used, Btu/gal (real).

f. Price of fuel used, ¢/gal (real).

g. Thermal efficiency of heater, decimal (real).
CARD 8

a. Maximum temperature constraint for dryer, deg F (real).

b. Maximum pressure drop constraint for dryer, inches of water (real).

Output from DRYONE includes the optimal total process cost, optimal
dryer depth, airflow rate, and inlet air temperature (without heat added
by the fan). In addition, the grain moisture content and temperature
at the dryer-cooler interface are specified. Interpolation performed

by DRYONE also identifies the optimal depth and airflow rate controls
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for the cooler.

The remaining program, RECONE, uses the results obtained in DRYONE

along with the component models to identify the remaining air and grain

conditions and to summarize the steady-state operating conditions for

the process.

The required input information is specified in F10.0 fields as

follows:

CARD 1 (From DRYONE output)

Optimal dryer airflow rate, 1lb dry air/hr/ftz.

a.

b. Optimal dryer inlet air temperature (without heat added by the
fan), deg F.

c. Inlet air humidity to dryer, 1lb water vapor per 1lb dry air.

d. Optimal dryer depth, ft.

e. Moisture content at dryer-cooler interface, decimal, dry basis.

f. Product temperature at dryer-cooler interface, deg F.
CARD 2

a. Inlet air temperature to heater, deg F.

b. Atmospheric pressure, psia.

c. Fan efficiency, decimal.

d. Motor efficiency, decimal.

e. Inlet grain moisture content, decimal, dry basis.

f. Inlet grain temperature, deg F.

CARD 3 (From COOLONE input and DRYONE output)

Inlet air temperature, deg F.
Inlet air humidity, 1lb water vapor/lb dry air.
Optimal cooler depth, ft.

Optimal cooler airflow rate, 1lb dry air/hr/ftz.
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An example of the use of the program is next discussed; the con-
ditions for the example were arbitrarily chosen.
Input information for the cooler program:
Air input conditions -- temperature, 52 deg F; absolute humidity,
.003 1b vapor/lb dry air; atmospheric pressure, 14.3. psia.
Desired outlet conditions -- grain temperature, 80 deg F; product
moisture content, 0.19, dry basis.
State and control variable ranges and increment sizes (after initial
screening):
Moisture content: 0.203-0.195 dry basis, increment, 0.001
Product inlet temperature: 100.=~140.deg F; increment, 5.0
Airfiow rate: 100.-400. 1b dry air/ftz/hr; increment 10.
Depth of bed: 1.-2. ft; increment, 0.1
In the execution of this program, all remaining nodes were found to be
feasible; hence, in the setup procedure for running DRYONE, no adjust-
ments in the grid size were necessary. The range and increment size for
the dryer controls were chosen to be:
Airfiow rate: 400.-850. 1b dry air/ft°/nr; increment, 50.
Inlet air temperature: 200.-500. deg F; increment, 50.
Bed depth: 1.-3. ft; increment, 0.1
Inlet grain conditions were 0.25 moisture content, dry basis and
50. deg F.
Economic factors for both machine components were: electrical
price 2¢/KWH; LP gas price, 16.5¢/gal; fuel heat value, 91547. BTU/gal;

fan efficiency, 0.55; motor efficiency, 0.75; thermal efficiency, 0.70. <—
an efficiency,

An optimization time base of one hour was used for each model; grain
flow rate was specified as 9.0 bu/hr/ftz. The maxdmum total air tem-

perature bound was 500. deg F; the maximum allowable pressure drop
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constraint was deactivated. The objective function used reflected only
operating cost per square foot of dryer cross-section: no capital costs
or product quality penalties were included.
The optimal conditions found were:
Cost: 15.7¢/ft2/hr (or 1.74¢/bu)
Dryer depth: 2.6 feet
Dryer airflow rate: 600. 1b dry air/hr/ft? (or 230.cfm’ft?)
Inlet fan dryer temperature: without fan component, 450. deg F;
with fan component, 469. deg F
Cooler depth: 2.0 feet
Cooler airflow rate: 163. 1b dry air/nr/ft? (or 35.cfw/ft9).
Using RECONE, the resulting intermediate steady state air and
grain conditions were identified. Outlet conditions for the air from
the cooler were: 131. deg F and 0.0143 1b vapor/lb dry air; for the
dryer air: 128. deg F and 0.0155 1lb vapor/lb dry air. Outlet grain
conditions for the cooler were: 79. deg F and 0.185 dry basis; for the
dryer, 132. deg F and 0.202, dry basis. The overdrying from the
desired final moisture content is a result of the specified product
temperature constraining the solution.
From these results, mass and energy balances were performed as
a check on the accuracy of the models used. For the cooler the moisture
content model indicated that the amount of water lost by the grain was
7.36 lb/hr/ft2 whereas the less accurate humidity model predicted a
gain of only 1.8 lb/nr/ft° by the air. Using the former more reliable
figure and performing an energy balance on the cooler, an average figure
of 1100 Btu/lb water was obtained for latent heat of vaporization. This
value compares well with experimental data (Hall,1957).

Similar computations for the dryer indicated a moisture loss of
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2.8 lb/hr/ft2 from the grain versus a 7.5 lb/hr/ft2 gain by the air.
Again using the product moisture loss as a basis, the average latent
heat of vaporization was computed to be 1660 Btu/lb water. This value
is higher than would be expected, indicating poor predictions by one

or more of the dryer models. The foregoing balances are not efficiency
computations for the system. Their calculation serves only as a check
on the predictions of the component models used and hence provides no
measure of either component or system performance. If, in the Jjudgement
of the user, the results of these checks are unacceptable, the component
models must be improved before further use with the optimization
technique.

A summary of measured process parameters for a dryer-cooler combin-
ation of this type are next given (Anderson,1971). Because these data
are incomplete, no direct comparison can be made; however, they may
provide a useful benchmark in future process optimization work.

Cooler: depth, approximately 3 feet

average outlet grain temperature, 72.4 deg F

average outlet grain moisture content, 16.5% wet basis

Dryer: average inlet air temperature, 530 deg F

average outlet air temperature, 130 deg F

depth, approximately 5.5 ft
average inlet grain flow rate, 725.4 lb/min/lOOft2
average inlet moisture content, 21.9% wet basis
airfiow rate, 5710 £t3/hr/100£t°
Ambient conditions:

average dry bulb temperature, 52.3 deg F

average relative humidity, 63.7%
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D. Optimization of Configuration with Air Recycle

D.1. Dryef-cooler description

The second dryer-cooler configuration for which an optimization
technique was developed employed recycle of the warm air leaving the
cooler (Figure 10). This air, which has increased in humidity and
temperature during its passage through the cooler, is mixed with fresh
air, further heated, and forced through the dryer. Since the temperature
of the air at the cooler exit approaches that of the grain from the
dryer, there seems to be the potential for minimizing the heat which
must be added by the burner. This potential, however, will depend
strongly on the amount of moisture added to the air in the cooler and
on the ratio of cooler air to fresh air which enters the dryer. The fan,
which draws air through the cooler by suction also adds frictionél heat
to the air prior to forcing it through the dryer.

Clearly, this is a much more difficult optimization problem than
that for the process without recycle because of the added control
variables and the fact that the air properties must be accounted for in
the recycle process. In the development of the optimization procedure
which follows, the grain flow rate, as well as economic and ambient
conditions, will again be considered fixed. Thus, if ihe same models,
constraints, and objective function are used as in the previous con-
figuration, the optimal results of the two solutions can be directly
compared.,

D.2. Dynamic programming formulation and computer programming

/

The following development is in many respects an extension of the
non-recycle technique. Hence, to avoid repetition only the crucial
differences in the approach will be developed. Frequent reference to

the exposition of the former technique will be made.
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An overview of the system in terms of the dynamic programming
formulation reveals some significant differences from the preceding
problem. Unlike the process without air recycle, which could be called
a straight-through process (the air was discarded at each stage), the
process with recycle exhibits two streams--product and air--flowing in
opposite directions between stages. In addition, there is a sidestream
of fresh air entering the system prior to the heater. Such a system
is termed a countercurrent flow process.

The dynamic programming ramifications for this type of system
have been treated extensively by Dranoff et al.(1L96l). Basically, the
authors show that just as in the straight-through process the.backward
dynamic programming recursion formula (Equation II.B,l) applies if each
stage can be shown to be independent of those preceding it in the product
stream. For the recycled air grain drying process, this condition is
met by dividing the system into three d.p. stages: (i) the dryer,
without fan or heater; (ii) the fan, heater, and mixing chamber for the
air; and (iii) the cooler. 1In the>cooler, the last d.p. stage in the
system, the process of cooling from any given inlet moisture content and
product temperature will be the same, regardless of the use that is made
of the cooler exit air. The second stage (heater) model requires a
knowledge of the downstream air properties as well as of the properties
of the inlet air to achieve a specified set of outlet air conditions,
but needs no information about the dryer upstream. The first d.p. stage
is the dryer, which uses the air from the heater, but has no upstream
counterpart.

In determining which properties of the air and product to employ

as state variables, the product temperature and moisture content
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logically can be used to uniquely identify the state of the grain. It

is also necessary to identify the state of the aii' between stages. This

1s accomplished by the use of three additional state variables: air

humidity, temperature, and flow rate. The airflow rate, which ordinarily

would be designated a control variable, must become a state variable
because of the addition of outside aif in the middle stage of the process.
The resulting five-dimensional state s»nace poses a critical test

for the comouter imolementation since a very large number of storage

locations are required even to accomodate a rough grid mesh. Dranoff

et al.,(1961), for example, consider the problem to be computationally

feasible only in the dimensionality is two or less. However, by taking

advantage of the prooerties and configuration of the orocess, the tech-

nique presented can give a good approximation to the ontimal costs and

controls for the system.
One of the difficulties which initially arose in the imolementation

of the problem was due to the inability of the comouter, the CDC 6500,

to work with arrays having a dimensionality greater than three. To

circumvent this problem, a subprogram (SUBROUTINE IENCODE, Apvendix C)
was programmed to combine three of the indices into a single index, so

that the values could be stored in three dimensions.
The interpolation subroutine (SUBROUTINE INTERP, Appendix C)

was programmed to do linear interpolation in multivle dimensions.

Other auxilliary subprograms which are required are: (i) DRYHEAT,

associated with the interpolation subroutine INTERP; (ii) the cooler
and heater models, COOLSIM and DRYSIM; (iii) the cooler and heater

operating cost evaluations, CSTCOOL and DRYCOST; (iv) ZEROIN, a
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search routine for the zeroes, or roots, of an unknown function (Qekker,
1967), and associated functions DEEPMNT, DEEPMNM, and HOWDEEP; and
(v) assorted psychrometric functions of the SYCHART package (Lerew,1971).
To reduce the memory requirements for the program instructions,

the routines for the three stages were coded separately as programs

DRYER, HEATER, and COOLER. Simulation and cost evaluation for the

HEATER program were done internally; the program required no additional

subprograms.
The overall strategy for the computer implementation was to avoid
forming the cost interpolation array until the final dryer stage, thus

enabling the intermediate results to be stored in low-access-speed

storage devices. This was accomplished at the sacrifice of some com-

putational efficiency and extra low-speed storage requirements. In the
interim, by emnloyment of scanning techniques such as described earlier,
the size of the array created in the last stage could be substantially
reduced to manageable size.

In the first program of the sequence, COOLER, a grid of values of
each of the five dimensions at the cooler-heater interface is formed,
although the values are stored sequentially on the low-access-speed

storage device rather than forming an array. To accomplish this, an

initial feasibility screening of the specified input ranges takes
place, as in the previous algorithm, and user adjustments are made.
Next, for each pair of discrete (indexed) product temperatures and
moisture content values, a series of discrete decreasing airflow rates
is applied. For each airflow rate, the ZEROIN search routine is used
to fill the other two dimensions by searching for the bed depths where

discrete values of air humidity occur and noting the corresponding
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temperature of the air at the cooler exit. The indices of the moisture
content, product temperature, airflow rate, and humidity are stored as

they are generated, along with associated nondiscrete values of air tem-

Various feasibility checks are made during the compu-

perature and cost.
tations to minimize the number of model and cost evaluations necessary.

In the second program, HEATER, the objective is to apply all avail-
able controls to each of the states represented by the nodal points at

the heater-cooler interface and to produce a discrete (indexed) five-

dimensional state space at the dryer-heater interface for intervolation

in cost and controls.
Because the grain is unaffected by the heater in this stage, only
the process costs and airflow conditions are altered. HEATER reads and

processes as a block all those state nodal values at the heater-cooler
interface which have repeated indices for product moisture content and

temperature; this is an efficient process since they had been generated
as a block in the COOLER orogram. Seven one-dimensional arrays are needed
for temporary storage and processing of a block; the minimum dimensions

needed for each is equal to the largest number of values to be read in

a block.
For each state in the block, all controls on heat and airflow add-

ed are applied in turn and the cumulative cost computed. With the con-

trols available, it is only possible to get two of the three state vari-
ables affected by this stage, air temperature and humidity, into the

discrete, evenly spaced values necessary for simple interpolation in the
Therefore, an interpolation between the airflow rate values

DRYER stage.
resulting from successive controls is performed at this point, and the

resulting five state variable index values with associated costs and

heater controls are written on a second low-speed storage device.
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Since no attempt is made at this point to determine which of the

values corresponding to a given set of state indices is the optimal

cumalative cost, this procedure may produce many redundant data sets.
However,

since the values are written in a block corresponding to the

indices of moisture content and product temperature, they are stored

somewhat compactly on the memory device.

The third program, DRYER, using information supplied by the user
regarding the ranges of indices generated by the HEATER program, initi-
ally reads the indices and cost values from the low-speed memory device
and adjusts the indices to be used in the cost array to minimum size.

By means of IENCODE, the indices in the airflow, air temperature, and

air humidity dimensions are combined into a single index.

This index,
with the remaining moisture content and product temperature indices,

is used to identify the location in the three dimensional array to be
filled with a cost value. By comparison of all costs having the same

set of indices, each position in the array is filled with the optimal

cumilative cost at the dryer-heater interface; gaps in the array are

filled by absurdly high cost values to prevent their use in the inter-
polation procedure.

Using the input air values indicated by the indices of the airflow
rate, air temperature, and humidity dimensions, and applying discrete
values of the only remaining control, dryer length, the operating costs

due to airflow in this stage are assessed and added to the interpolated

cost obtained from the dryer-heater-interface cost arrsy. Appropriate
feasibility checks and the program flow pattern are designated to limit
the number of evaluations necessary. The minimum of all costs found

by this procedure is the optimal total operating cost for the process.
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The remaining task is to recover all optimal controls for the

process. This i1s accomplished by an auxilliary program called RECOVRY,

which uses information supplied by the user from the preceding programs
to find optimal bed depths for both cooler and dryer, optimal airfiows

through both components, and the optimal amount of heat added by the

heater stage. RECOVRY also uses the simulation models to summarize the

conditions of overation between each of the stages and at both ends of

the process.

By the same interpolation procedure used to find ootimal cost, the
ootimal amount of added air and heat in the heater stage are recovered.
Simple heat and mass balances, plus model evaluations recover all

intermediate air and grain conditions and remaining controls except

cooler depth. This is found by using the one-dimensional search tech-

nique, ZEROIN, to locate the depth at which the known cooler outlet
humidity occurs.

To facilitate use of the algorithm, a detailed description of

program inputs and intermediate steps follows. Information is to be

supplied on data cards using FORTRAN IV F10.0 and I10 fields for real

and integer values, respectively.
In preparation for using COOLER, the first of the four programs,

the desired outlet product moisture content and temocerature, airflow

and depth ranges, and humidity increment must be chosen. Ambient and

economic conditions to be fixed for the duration of the solution are

needed. The following data cards are to be supplied by the user:
CARD 1

a, Maximum moisture content allowable at the entrance to the
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cooler, decimal, dry basis (real).
b. Minimum moisture content allowable at the entrance to the

cooler, decimal, dry basis (real).
¢. Number of levels of moisture content to be included in the grid

between the maximum and minimum values (integer).

CARD 2
a. Maximum product temperature allowable at the entrance to the

cooler, deg F (real).
b, Minimum product temperature allowable at the entrance to the

cooler, deg F (real).
c¢. Number of levels of product temperature to be included in the

grid between the maximum and minimum values (integer).

CARD 3

a. Maximum airflow rate through the cooler, 1lb dry air/hr/ft2 (real).

b. Minimum airflow rate through the cooler, 1lb dry air/hr/ft2 (real).

c. Number of levels of airflow rate to be included in the grid

between the maximum and minimum values (integer).

CARD 4

a. Maximum cooler depth to be considered as a control variable,

feet (real).

b. Minimm cooler depth to be considered as a control variable,
feet (real).
CARD 5

a. Size of humidity increment desired for setting up the humidity

dimension at the cooler-heater interface, lb water/lb dry air (real).

CARD 6
a. Inlet air temperature to the cooler, deg F (real).
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b. Inlet air humidity to the cooler, 1lb water/lb dry air (real).
c. Atmospheric pressure, psia (real).
CARD 7

a, Constraint on maximum cooler‘outlet product temverature,
deg F (real).

b. Constraint on maximum cooler outlet product moisture content,
decimal, dry basis (real). |

c. Constraint on minimum cooler outlet product moisture content,
decimal, dry basis (real).

CARD 8

a. Price for fan energy (electrical energy, as programmed) required,
¢/KWH (real).

b. Time base over which optimization is taken, hr (real).

c. Fan efficiency, decimal (real).

d. Efficiency of fan power source, decimal (real).

The cooler model COOLSIM, and the electrical-energy-based objective
function, CSTCOOL, may be replaced by equivalent subprograms supplied
by the user, if desired. In the COOLER, HEATER, and DRYER programs,
constraints read in as data values may be deactivated by setting them
to absurdly low or high values.

The output format for COOLER, which is written onto a low access
speed storage device as well as printed, provides the following informa-
tion for each of the grid points at the cooler-heater interface: product
moisture content index, oroduct témperature index, airflow rate index,
absolute humidity index, corresponding outlet air temperature and cor-

responding cost.

As explained previously, the initial part of COOLER is designed to
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use feasibility checks for limiting the ranges of state and control
variables to be considered. Therefore, in initial trials, the use of
a STOP card immediately after the screening section is recommended.

The second program, HEATER, reads the information generated by
COOLER, then performs heat and mass balances calculating the amount
of added fresh air and heat necessary to achieve discrete values of
outlet conditions; the following information is to be read from data -
cards:
CARD 1

a. Minimum ajirflow rate at the cooler-heater interface as read
from COOLER data, Lb dry air/hr/ft> (real).

b. Airflow rate increment, as read from COOLER data, lb dry air/
hr/i‘t2 (real).

¢. Minimum air humidity at the cooler-heater interface, as read
from COOLER data, lb water/lb dry air (real).

d. Air humidity increment, as read from COOLER data, lb water/
1b dry air (real).

e. Minimum moisture content bound at heater-cooler interface,
as read from COOLER data, decimal, d.b. (real).

f. Maximum moisture content bound at heater-cooler interface, as
read from COOLER data, decimal, d.b. (real).

g. Minimum product temperature bound at heater-cooler interface,
as read from COOLER data, deg F (real).

h. Maximum product temperature bound at heater-cooler interface,
as read from COOLER data, deg F (real).
CARD 2

a. Lower airflow rate bound at the heater-dryer interface,
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1b dry air/hr/ft2 (real).

b. Upper airflow rate bound at the heater-dryer interface, -
lb dry air/hr/ft° (real).

c. Maximum permissible ratio of cooler exhaust air to total air,
decimal (real).

d. Lower air temperature bound at the heater-dryer interface,
deg F (real).

e. Upper air temperature bound at the heater-dryer interface,
deg F (real).

f. Lower air humidity bound at the heater-dryer interface,
1b water/lb dry air (real).

g. Upver air humidity bound at the heater-dryer interface, 1lb water/
1b dry air (real).
CARD 3

a. Number of levels of moisture content at heater-cooler interface,
from COOLER data (integer).

b. Number of levels of product temperature at heater-cooler inter-
face, from COOLER data (integer).

¢. Number of levels of airflow rate at dryer-heater interface
(integer).

d. Number of levels of air temperature at dryer-heater interface
(integer).

e. Number of levels of air humidity at dryer-heater interface
(integer).
CARD 4

a. Inlet air temperature to heater, deg F (real).

b. Inlet air humidity to heater, lb water/lb dry air (real).
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c. Atmospheric pressure, psi (real).

a. Heat value of fuel used, Btu/gal (real).

B. Price of fuel used, ¢/gal (real).

c. Heater efficiency, decimal (real).

d. Time base for optimization, hours (real).

The size of each of the seven one-dimensional arrays in HEATER is
found by counting the maximum number of data sets to be read from the
COOLER output which have the same indices of product moisture content
and temperature.

The output from HEATER, which is both printed and written on a
low-access-speed storage device, consists of indices for the moisture
content, product temperature, air temperature, air humidity, and airflow
rate dimensions, plus values of cumlative cost, added heat, and added
air from the HEATER model. To reduce the size of the cost array, to
be formed in the DRYER orogram, the range of indices for each state
variable is found from a scan of the HEATER data and is input on the
data cards for DRYER; the size of the 3-dimensional cost array is given
by the. maximum number of remaining feasible levels for (i) moisture
content and (ii) product temperature and (iii) by the product of the
remaining feasible levels of the other three state variables.

CARD 1

a. Number of feasible levels remaining in moisture content
dimension (integer).

b. Number of feasible levels remaining in product temperature
dimension (integer).

c. Number of feasible levels remaining in airflow rate dimension

(integer).
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d. Number of feasible levels remaining in air temperature dimen-
sion (integer).

e. Number of feasible levels remaining in humidity dimension
(integer).
CARD 2

a. Lower feasible bound of moisture content at the heater-dryer
interface, decimal, d.b. (real).

b. Moisture content increment at heater-dryer interface, decimal,
d.b. (real).
CARD 3

a. Lower feasible bound of product temperature at the heater-dryer
interface, deg F (real).

b. Product temperature increment at heater-dryer interface, deg
F (real).
CARD 4

a. Lower feasible bound of airflow rate at the heater-dryer inter-
face, 1b air/hr/ft° (real).

b. Increment of airflow rate at the heater-dryer interface, 1lb air/
hr/ft2 (real).
CARD 5

a. Lower feasible bound of air temperature at the heater-dryer
interface, deg F (real).

b. Increment of air temperature at the heater-dryer interface,
deg F (real).
CARD 6

a. Lower feasible bound of humidity at the heater-dryer interface,

1b water/lb air (real).
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Increment of humidity at the heater-dryer interface, 1lb water/

1b air (real).

CARD 7
a.
(real).

bl

Lower moisture content bound before adjustment, decimal, d.b.

Lower product temperature bound before adjustment, deg F (real).

Lower airflow rate bound before adjustment, 1lb dry air/hr/ft2

Lower air temperature bound before adjustment, deg F (real).

Lower humidity bound before adjustment, lb water/lb air (real).

Lower bound of dryer depth to be considered as a control,

feet (real).

b.
(real).

c.

Upper bound of dryer depth to be considered as a control, feet

Number of levels of dryer depth between upper and lower bounds

to be considered (integer).

CARD 9

Moisture content of grain entering dryer, decimal, d.b. (real).
Temperature of grain entering dryer, deg F (real).

Time base used for optimization, hours (real).

Price of energy (electrical energy) for fan, ¢/KWH (real).

Fan efficiency, decimal (real).

Efficiency of fan power source, decimal (real).

Atmospheric pressure, psia (real).

Maximum inlet air temperature to the dryer, deg F (real).
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b. Maximum pressure drop through dryer, inches of water (real).

The optimal totai operating cost is given by DRYER, in addition to
the optimal dryer depth and the resulting grain temperature and moisture
content at the dryer exit .

The last program, RECOVRY, uses this, plus additional information
from COOLER and HEATER to recover by interpolation all intermediate
states and optimal controls. The following data cards are required for
the use of RECOVRY; ali input values are real and are read in F10.0
fields.

CARD 1 (from DRYER output)

a. Optimal airfiow rate, lb dry air/hr/ftz.

b. Optimal inlet air temperature, deg F.

c. Optimal inlet absolute humidity, 1b water vapor/lb dry air.

d. Optimal dryer depth, feet.

e. Resultant dryer outlet moisture content, decimal, dry basis.

f. Resultant dryer outlet product temperature, deg F.

Next, note the indices in the HEATER grid corresponding to the op-
timal values of airflow rate, inlet air temverature, and‘inlet absolute
humidity from the optimal DRYER results. For the resultant DRYER outlet
moisture conteﬁt and outlet product temperature values, determine the
next lowest discretized vailues of both variables and their corresponding
indices in the HEATER grid. From the HEATER output, read the least
cost "added airflow" and '"added heat'" controls corresponding to the
five indices: (i) moisture content, (ii) product temperature, (iii)
airflow rate, (iv) air temperature, (v) absolute humidity.

CARD 2 (from HEATER output)
a. Discretized moisture content corresponding to the index found

in the above procedure, decimal, dry basis.
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b. Discretized product temperature corresponding to the index
found in the above procedure, deg F.

c. Least cost "added airflow" control corresponding to the five‘
indices found in the above procedure, lb dry air/hr/ftz.

d. Least cost "added heat" control corresponding to the five
indices found in the above procedure, Btu/hr/ft2.

Now raise the moisture content index by one, holding the other four
constant, and read the least cost "added airflow' and ''added heat"
controls in the HEATER output corresponding to the new set of indices.
CARD 3 (from HEATER output)

a. Increment size in moisture content dimension, decimal, dry basis.

b. Least cost '"added airflow!" control corresponding to the five
indices found by the preceding method, lb dry air/hr/ftz.

c. Least cost "added heat" control corresponding to the five
indices found by the preceding method, Btu/hr/ft2.

Next, return to the set of five indices used for Card 2 (i.e. return
the moisture content index to its original value). Then, raise the value
of the product temperature index by one, holding the other four constant,
and read the least cost "added airflow! and "added heat" controls in
the HEATER output corresponding to the new set of indices.

CARD 4 (from HEATER output)

a. Increment size in product temperature dimension, deg F.

b. Least cost "added airfiow" control corresponding to the five
indices found by the preceding method, 1lb dry air/hr/ftz.

¢c. Least cost "added heat" control corresponding to the five
indices found by the preceding method, Btu/hr/ftz.

The final three data cards are taken from the input parameters
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supplied for the three prior programs.
CARD 5 (from DRYER input)
a. Inlet moisture content to dryer, decimal, dry basis.
b. Inlet product temperature to dryer, deg F.
CARD 6 (from HEATER input)
a. Temperature of inlet air to heater, deg F.
b. Absolute humidity of inlet air to heater, lb water vapor/lb dry
air.
c. Fan efficiency, decimal.
d. Motor efficiency, decimal.
CARD 7 (from COOLER input)
a. Temperature of inlet air to cooler, deg F.

b. Absolute humidity of inlet air to cooler, 1b water vapor/lb dry

¢. Maxdimum allowable cooler depth, feet.
d. Minimum allowable cooler deoth, feet.
e. Atmospheric pressure, psia.

D.3. Example and discussion of results

A second example problem was formulated, using ambient and economic
conditions (summarized on pp. 84-85) identical to those of the non-air-
recycle case, but employing the dryer configuration with air recycle.

In the COOLER program, after initial adjustments, the resulting
state variable ranges and increment sizes were:

product moisture content: 0.195-0.203 d.b.; increment, 0.002

product temperature: 130.-160. deg F; increment, 5. deg F

airflow rate: 200.-500. 1b dry air/hr/ftz; increment, 50. 1lb dry

air/hr/ft?
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humidity increment: 0.0001 1b vapor/lb dry air

The indices of these four state variables; the corresponding outlet
temperatures, and the assoéiated costs were stored sequentially on the
low-access-speed storage device.

In the HEATER program, blocks of these cost data were processed
according to the indices of the first two state variables, product mois-
ture content and temperature. The size of the seven one-dimensional
arrays needed for block processing was chosen by scanning the COOLER
output data and locating that pair of product temperature and moisture
content indices which were most often repeated. The corresponding
(decimal) number of storage locations needed for each array was L9 for a
total of 343. HEATER then generated the indices for the five state
variables, the cumulative cost, and associated heater controls, which
were stored sequentially on a low-access-speed storage device. A constraint
was applied which limited the maximum recycled air:total air ratio to
0.5. Hence the number of feasible combinations was substantially
reduced,

Prior to the running of the third program, DRYER, a scan of the
stored indices allowed adjustment of the ranges of the five state var-
iables to:

product moisture content: 0.195-0.203 d.b.; increment 0.002

product temperature: 130.-160. deg F; increment 5.0 deg F

airflow rate: 650.-800. 1lb dry air/hr/ftz; increment 50.

air temperature: 200.-500. deg F; increment 50.

air humidity: .0055-.0069 1b vapor/lb dry air; increment .0002.

The resulting three-dimensional cost array size, using this rela-

tively coarse grid, was 5x6x224 or 6720 decimal storage locations.
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Total execution time required for the three programs using a CDC 6500

computer was approximately 95 seconds. The optimal total process cost
was 15.8¢/ft2/hr or 1.76¢/bu,

The final program, RECOVRY, identified all optimal controls for
the process and produced values of the state variables at the inlet,
outlet, and intermediate stages of the process. These are

| dryer exit air temperature: 133.7 deg F

dryer exit air humidity: 0.0141 1lb vapor/lb dry air

dryer inlet product temperature: 50. deg F

dryer inlet grain moisture content: 0.25 dry basis

optimal dryer length: 4.5 feet

optimal airflow rate through dryer: 650. 1lb dry air/hr/ft2 (231.cfm/b

£t2

optimal inlet air temperature to dryer: 379.8 deg F.

dryer exit moisture content: 0.202 dry basis

dryer exit product temperature: 143.2 deg F.

heat added by burner: 42031. Btu/hr/ft

optimal fresh air added to system: 388.9 1lb dry air/hr/ft2 (84.

cfm/ftz)

cooler exit air temperature: 142.1 deg F

optimal cooler depth: 1.47 feet

optimal cooler airflow rate: 261.1 lb dry air/hr/ft* (56.4 cfw/ft2)
The outlet product conditions, as calculated by working backward using
the optimal controls, are: 83.8 deg F and 18.9% d.b. The good agree-
ment with the specified outlet conditions of 80.0 deg F and 19.0% d.b.
indicates that even with the rough grid employed, a near-optimal solu-
tion has been found and that little accuracy has been lost in the linear

interpolations performed. Because no optimal controls or resulting
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states lie on the bounds prescribed for the problem, a good choice of
ranges is indicated.

Mass and energy balances were performed on the dryer and cooler
components of the system; since the heater model was itself a mass and
enefgy balance, no information on adequacy of its model could be gained
by this procedure.

For the cooler, using the output data given, a mass balance indi-
cated a loss of 5.5 1b water/hr/ft2 from the corn versus a gain of 6.8
1b vapor/hr/ft2 by the air. Based on the change in moisture content of
the grain (the more accurate model), a latent heat of vaporization of
1205. Btu/lb of water was calculated. Because the range of the cooler
model had been extrapolated beyond its proven depth limit for the pur-
poses of this example, better results can be expected using shallower
beds or more comprehensive empirical equations. Improvement in the
cooler model, which comes computationally first in the algorithm, will
reduce the error carried on in subsequent calculations. .

Similar calculations performed on the dryer output data indicated
a moisture input to the dryer of 112.6 1b moisture/ftz/hr versus an
output of 96.6 1b moisture/ftz/hr. This descrepancy was due primarily
to the model for outlet air humidity; in the solution process this model
was used only as a feasibility check and introduced no inherent error
into the subsequent calculations if the optimal predicted dryer conditions
were indeed feasible.

Presuming that the model for outlet air temperature is reasonable
(using the outlet product temperature as a basis) and adding all addi-
tional moisture to the air which is needed to balance the equation, the

resulting outlet air humidity of 0.0386 1lb water/lb dry air is far
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below the saturation value of 0.1200 lb water/lb dry air at the pre-
dicted outlet air temperature, 133.7 deg F. Based on the more reason-
able moisture content difference, a latent heat of vaporization of
1041. Btu/lb water is calculated for the dryer.

Comparing the values obtained for latent heat with those given
by Hall(1957), the calculated values are reasonable; the drier grain
passing through the cooler requires additional heat, on the average,
to evaporate a pound of water than does that passing through the dryer.

The efficiency calculated for the system, based only on heat energy
reaching the dryer inlet, is 1940. Btu per pound of water evaporated.
The energy expended for airflow only is 0.063 HP-hours per pound of
water evaporated. If thermal, motor and fan efficiencies are included,
the figures become 2775. Btu and 0.153 HP-hours per pound of water
evaporated.

D,4. Comparison of three example programs
The optimal controls and resulting states for the two previous

examples are, as might be expected, quite different; results of these
tests are summarized in Table 5. The slight superiority in per bushel
operating cost for the dryer without recycled air is most likely at-
tributable to the favorable drying weather conditions chosen for the
example. In the recycling case, the amount of moisture picked up by
the air in its passage through the cooler makes it unprofitable to use
for recycle, despite the heat it has gained. Commercial dryers of the
recycle design are rated for operating cost at O deg F (Anon.,1971),
which suggests that under cold temperature conditions these dryers may
have the advantage of greater economy. It may be possible to develop
dryer designs which can be easily switched from one type to the other,

devending on weather conditions.
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Table 5: Summary of optimal conditions for three drying systems
Recycle Non-recycle Dryer
System System Alone

COOLER
Inlet air temp, deg F 52. 52. -
Inlet air humidity,

1b water vapor/lb dry air 0.003 0.003 -
Inlet grain temperature, deg F lAB 2 131.8 -
Inlet grain moisture content,

decimal, dry basis 0.202 0.202 -
Optimal depth feet 1.47 2.00 -
Optimal airflow rate, lb/hr/ft 261.1 163. -
Outlet air temperature, deg F 142.1 131. -
Outlet air humidity,

1b water vapor/lb dry air 0.0117 0.0143 -
Outlet grain temperature, deg F 83.8 79. -
Outlet grain moisture content,

decimal, dry basis 0.189 0.185 -

HEATER
Inlet air temperature, deg F 142.1 - -

and 52.

Inlet air humidity,

1b water vapor/lb dry air 0.0117 - -

oand 0.003

Optimal airflow rate, lb/hr/ft2 650. -
Optimal heat input, Btu/hr/ft 42031, - -
Outlet air temperature, deg F 379.8 - -
Outlet air humidity,

1b water vapor/lb dry air 0.0065 - -

DRYER
Inlet air temperature, deg F 379.8 L69. L91.
Inlet air humidity,

1b water vapor/lb dry air 0.0065 0.003 0.003
Inlet grain temperature, deg F 50. 50. 50.
Inlet grain moisture content,

decimal, dry basis 0.25 0.25 0.25
Optimal depth feet 4.5 2.6 5.0
Optimal airflow rate, lb/hr/ft 650. 600. 500.
Outlet air temperature, deg F 133.7 128, 142,
Outlet air humidity,

1b water vapor/lb dry air 0.0141 0.0155 0.0401
Outlet grain temperature, deg F 143.2 132, 119.9
Outlet grain moisture content,

decimal, dry basis 0.202 0.202 0.190
TOTAL COST, ¢/bu 1.76 1.74 1.57
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Because the optimal operating conditions for the non-recycle sys-
tem lie on several bounds imposed by the model, it is possible that
additional savings in operating cost may be gained by extension of the
model limits.

As expected, the amount of labor, computer memory, and time required
for running a program of the non-recycle design are minimal compared to
those for the more complex system. A single solution, using a fine
mesh in state and control variables, may be sufficient to achieve accept-
able results for the former algorithm, while the latter may require
several applications to narrow the limits of uncertainty.

A third program, utilizing the concurrent dryer only, was run in
order to compare operating costs with those of the cooler-dryer combin-
ations. For this case, the outlet grain moisture content desired was
again 0.19 dry basis,vwhile the outlet grain temperature ;as uncon-
strained. A comparison of the optimal results is shown in Table
Because no cooling was done, the cost per bushel is lower than for the
dryer-cooler combinations. The outlet grain temperature, however, is

119.9 deg F, which is unsuitable for storage without further cooling.

E. Summary and Conclusions

The primary goal of this study, two user-oriented algorithms for
design and analysis of competing grain dryer designs, has been achieved.
Instructions for the use and modification of the two programs have been
included. Both atgorithms have been tested for performance, flexibility,
ease of use, and computational feasibility on an existing computer.

The empirical models which were necessary for the testing of the
two algorithms have shown deficiencies when subjected to heat and mass

balance checks; for successful design, some of these will require
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improvement and/or extension of the ranges over which they apply; alter-
nate approaches to modeling the dryer and cooler comnonents may be
required.

In the two comparable examples of algorithm use presented, the
dryer not using the air recycle was shown to have slightly suverior
onerating cost performance under the constraints imposed and economic
and ambient conditions assumed. Optimal operating conditions for the

two dryer systems were quite different.

F. Suggestions for Further Study

The following suggestions for use and imorovement of the algorithm
are made:

L. The orimary requirement for further use of the algorithms is
the develovment of more accurate models for the system components.
Although the present models are sufficient to nrovide much information
about the nature of the optimal solution, they are inadequate for the
purpose of making precise design recommendations. For the cooler model,
in particular, an extension to greater depths is suggested.

2. User experience with the algorithms is required in order to
reduce the computational requirements for the solutions; oarameter
studies of the effect of economic and ambient conditions will permit
a oriori narrowing of the state and control ranges to be considered.

3. The algorithms, as presently programmed, are primarily written
for comorehensibility rather than computational efficiency. By recon-
sideration of the order in which evaluations are processed, by increased
efficiency in programming, and by devising new checks on the limits of
feasibility, computational speed and nrogram memory requirements can be

further ootimized.
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L. Adaptation of these algorithms to other possible process var-
iations should be considered. For instance, the recycling solution
technique can be easily changed to investigate the possibility of re-
cycling only a fraction of the air from the cooler. Another design
worthy of interest is the insertion of a heat exchanger into the system
to utilize heat of the exhausted air from the dryer,

5. Two of the expressions used in the program require further
attention. The available formla for pressure drop through the dryer
and cooler is based on depth and an airflow rate measured in cfm.
Because the air volume is temperature dependent, this requires a cor-
rection in thé solution procedure, in addition to the computational
inefficiency of conversion to lb dry air/hr, the basic units of the
airflow rate terms in the algorithms. An improvement would be an
expression for pressure drop based on mass flow rate and bed depth.

The second expression to be analyzed for reliability in the al-
gorithms is the term expressing the amount of heat added to the air by
the fan and motor inefficiency. In the absence of a better equation,
this expression, developed from low-temperature low-airflow data in
Part I of the study, has been extrapolated far beyond its intended
limits. Because this inefficiency can make an appreciable contribution
to the heat added to the air under conditions of high airflow rates and
deep beds, some experimental checks on the adequacy of this estimate
are needed.

6. Modifications to the constraints and objective function may be
made, if desired. For example, fixed costs may be included in the ob-
Jective function if they vary smoothly with respect to the control
variables; this requirement on smoothness prevents errors in interpola-

tion. In addition, compatible time scales must be chosen for fixed and
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operating cost in order to keep both eqﬁally represented in the objective
function.

7. In the‘event that premium prices are paid for quality grain,
attention should be given to the choice of an appropriate penalty term
for the objective function which will accurately reflect the economic

cost of dryer operation on grain quality.
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(Note: The subprograms required for each main program are given after the
program name; the subprograms are listed alphabetically in Appendix C.)

Apoendix
l .

Appendix
l L]

Appendix

A: Thesis Part I

Program CONTROL

Subprograms: COSTFUN, COSTRT, COVER, DIAG, EMC,
HADBRH, HAPV, HLDB, OFFDIAG, OPTWHIZ, PSDB, PVIG,
PVDBWB, PVHA, QUICK, SIDE, VSDBHA, WBDBHAS, WBL,
ZEROIN, ZEROINA

B: Thesis Part II

Program COOLONE

Subprograms: COOLSIM, CSTCOOL, EMC, PSDB, PVHA,
RHPSPV, VSDBHA

Program DRYONE

Subprograms: COOLERC, COOLERD, COOLERG, COSTONE,
DRYSIM, EMC, INTERP, PSDB, PVHA, RHPSPV, VSDBHA
Program RECONE

Subprogrmas: COOLSIM, DRYSIM, HOWDEEP, VSDBHA
Program COOLER

Subprograms: COOLSIM, CSTCOOL, DEEPMNM, DEEPMNT,
EMC, HOWDEEP, VSDBHA, RHPSPV, ZEROIN

Program HEATER

Program DRYER

Subprograms: DRYCOST, DRYHEAT, DRYSIM, EMC,
IENCODE, INTERP, PSDB, PVHA, RHPSPV, VSDBHA
Program RECOVRY

Subprograms: COOLSIM, DRYSIM, HOWDEEP, VSDBHA,
ZEROIN

C: Subprograms

COOLERC Page 145 13. DRYCOST Page 148 25. PSDB
COOLERD Page 145 14. DRYHEAT Page 148 26. PVDBWB
COOLERG Page 145 15. DRYSIM Page 149 27. PVHA
COOLSIM Page 146 16. EMC Page 150 28, PVIG
COSTFUN Page 146 17. HADBRH Page 150 29, QUICK
COSTONE Page 147 18. HAPV Page 151 30. RHPSPV
COSTRT Page 147 19. HIDB Page 151 31. SIDE
COVER Page 147 20, HOWDEEP Page 151 32, VSDBHA
CSTCOOL Page 147 21, IENCODE Page 151 33. WBDBHAS
DEEPMNM Page 148 22, INTERP Page 151 34. WBL
DEEPMNT Page 148 23, OFFDIAG Page 153 35. ZEROIN
DIAG Page 148 24, OPTWHIZ Page 153 36. ZEROINA
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PRNGRAM CONTROLCINPJT,0UTPUT)

C PROGRAM CONTROL KHFANS DATA, CONVERTS UNITS,AND CALLS ROUTINBS
¢ DETERMINEN PY OOTIUNS CHOSER BY THE USER,

10
13
20

35
50
60

61

62
63

64

645
6464

65

70
75

78
90
100
103
105

110
113

COMAMON/PRESS/PATM/FCON/FANETAL,EMETA, THERETALELFRICELFUPRICE,TAMB,F
1ACTOR,FLCOST, rquusT/lCHECK/IFLAG/DT/DEPTH.Tln&/FINALIXMFINAL/STUF
2F/DIAGSLP, nMIN, TMIN, GMAX, TMAX/BOUND/XMRND, BNDM/AMB/PSHR,HPF G, ATWR,
3XMZERO/QTHER/ZUFLX2PV/UT/QUE, TEE

EXTERNAL COVFR,SIDE

DATA [RASIS,1Q,1HUMID,JHUMID,JCOST,JOPT,J JBOTH,JNH]ICH, IPRESS, IFUEL/

110H WETBASIS,10RCFMPERSNFT, 1CH WETRULB,10H ABSHUM,10H NO
1COST,10H OPTIMIZE,10H BOTH,10H INLETTEMP,10H PS1,30H
3 GALLON/

READ 10020, ICHFCK6, ICHECK?

PRINT 20001, 1CHECKG, ICHECK?

THE FOLLOWING SECTION SETS UP FOR QUICK

READ 10031 I7HFLX1,XMZERD, XMFINAL,XMBND

PRINT 20082, YMZERU, XMFINAL,X4YBND, ICHECK]
IFCICHECK1,EN,1HASIS)I10,13

XMZERO2XMZERN/ (1 .=XMZERU) § XMFINALSXMFINAL/(Lle=XMFINAL)SXMBNDsXMH
2ND/ (1, <XMBiND)

IF(XMZERO,LE,0,4+ANDsXMZERO,GE.0,0)G0 TO 20 $ MRINT 10002

STOP

READ 10031, IrHECKA,PATM

PRINT 20u03,PATM, ICHECKA

IFCICHFCKALEN IPRESS)IGO TO 355PATME()4491ePATM

READ 100015 IFHFCRZ,0,QMAX,QMIN

PRINT 20u04,7,NMAX,dMIN, ICHECK2

IFCICHECK2,EN, TWYOC,50

NQeDEPTHLL ¢ P5SUMAXSAMAX®DEPTH/1 ¢ 253QMINRQMINEDNEPTH/Y 425
[F(Q,GE 540 AMD,U.LE.S0s )GO TO 61 8 PRINT 10003

STOP
IFCICHECKG,ENyJUPT ,AND (ICHECK? yNE o JBOTH.AND4 ICHECK? (NE,JNHICH)) 62
1,64

IFCuUMAX,GT, 5‘..UR,OHYN.LT.5..OR.OHAX.LT.cnlN)63.64

PRINT 10008

STOP

READ 106105,DFPTH,TIME, TAMBDB, TINLET, TMAX, TMINSATAMBSTAMBDE+459,69
PRINT 20C¢05,PEPTH,T1M4E, TAMBDSB

PRINT 20C55, TINMLET, TMAX, TMIN

TAMB=TAMKDA

IFCICHRCKOoENy JUPT ,AND, (ICHECK74EQ,JBOTH,OR; ICRECK?7,Fd. JWHICH))
1645, 65

IF(TMAX,GT,140, CR,THINJLT 70, .0R, TMAX LT, TMIN)646,65

PRINT 10007

STOP

READ 1uCU1, JHFCK I, HUMID

PRINT 20006,NUMIN, ICHECKS

IFCICHFCKS ,EN, THUIMID)T7D,90

IFCHUMID o GT 022, e ANNHUMID,LT,100.)G0 TO 78

PRKINT 20004

STNP

AWRBAMBEHUMID«4F9, 6QSPV8PVDR»P(ATAHB,AHPAHB’!HS”tHAPV(PV)SGO T0 120
IFCICHECKILEN,JHUNTD)ILV0,110

TFCHUMID,GT o ceu01eAND HUMID,LT,0,1)103,105

Py= Pvuk(nunl )tnakszNlUIGO 70 12¢
PRINT 1C005

STOP

IFCHUMID ¢GT oo e AlDGHUMID, LT 41+02115,113
PRINT 10C06

STOP

v
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118% HSPaHANBRH(ATAMB,HUMID)SPVSPVHA(HSP)
129 FACTOR®(U,P?47¢3¢45¢HSP)/VSDBHA(ATAMB, HSP)SDELXSDEPTH/20
C THE FQLLUOWING SEFTIUN SETS UP FOR THE COST FUNCTIUN,IF USED:
130 READ 1U022,FANETA EMETA,THERETA)ELPRICE,FUPRICE,HTVAL
PRINT 20007,FANETAL,EMETA, THERETA
PRINT 2CJ075,FLPRICE,FUPRICE,HTVAL
IFCICHECK6,EN,JLOST)GOTUL140SFJPRICESFUPRICE/HTVALSIF(ICHECKS,EQ.J0
1PT)IGOTN150%CALL CUSTFUN(COST, TINLET,R)$COSTPAURCOST/NEPTH®1,25
PRINT 10023,CLCUST,FULCUST,CIST,COSTPRU
140 CALL QJICKCAVEMCUB, TINLET,0)TAVEMCHWBEAVEMCDB/(1++AVEMCDB)ISPRINT
110024, TINLET,U,AVEMCDB, AVEMCWB

sToP
150 IFCICHECK74EV4JBNTHIGU TO 180FIF(ICHECK7 ,EQ4JAMICH)160,170
B AIRFLOW IS FIXED,ONLY INLET TEMP CAN VARY

160 GUESS13TMAXECUESSZ2aTMINSIVESQSCALL ZEROINA(GUESSL,GUESS2,0,000004,
1COVER)ITEE=("UFSS1+GUESS2)72,
165 CALL COSTFUN(CCOST,TEE,QUE)SCISTPRUECOST/DEPTH®1:25
AVEMCW3IaXMFI"AL/ (1, ¢XINFIMNAL)FPRINT 10023,FLCOST,FULCOST,COST,COSTP
18U § PRINT 13022,TFE,QUE,XMFINAL,AVEMCWB § STOF
—T INLET TEM® IS FIXED,ONLY AIRFLOW CAN VARY
170 TEE=TIVLET § GUESS1sUMAXIGUESS23OMINFCALL ZEROINA(GUESS1,GUESS2,0,
1000001,SIDE)TULES(GJESS1+GUESS2)/2,3G0 TO 169
180 CALL OPTWHIZ
10001 FORMAT(ALD,7F1040)
10002 FORMAT(3IX,«MN]STURE CONTENT ]S NOT IN THE NORMAL PANGEt)
10003 FORMAT(3X,*ATRFLOW RATE INPUT IS NOT [N THE NUKMAL RANGEw)
10004 FORMAT(3IX,»W=TAULE TEMPERATURE INPUT [S NOT IiN NORMAL RAMGE®)
10005 FURMAT(3X,®A2SALUTE HUMID]ITY S NOT IN NORMAL HANGEe)
10006 FORMAT(3X,*RELATIVE HUMIDITY [NPUT IS INCORRECTe)
10007 FORMAT(3X,«I1*'LET AIR TEMP BOUNUS ARE [NCORRECT®)
10008 FORMAT(3IX,*AIRFLON RATE BOUNDS ARE INCORRECTe)
10010 FORMAT(BF1C.))
10020 FORMAT(2A10)
10022 FORMAT(8F1CeC)
10023 FORMAT(3X,*E_ECT,COMPONENT 2e,F7,2,¢FUEL COMPUNENT 3¢,F7,2,*TOTAL
) 1CUST,CTS/FT2 2#,F/,2,¢ CTS/BU COST s¢,F7,2)
10024 FORMAT(3x,eIVLFT AIR TEMP,DEG F =#,F10,7,%AIR FLOW RATE,CFM/FT2 &
1+,F10,7,*FINAL AVE MC,DHx #,F1043,*FINAL AVE MC,WB 8 #,F10.7)
20001 FORHAT(;HO.SY"THk OPTION CHOSEN 1S#,2A410)
20002 FORMAT(1HO,3Y,¢INIT MC = ,F7,4,3X,*DZSIRED FINAL MC = ¢,F7,4,3X,
1¢T0P LAYER MN]ISTUKE BOUND = #,F7,4,3X,A1G)
20003 FORMAT(1HD,3Y,¢ATM PRESSURE 3 *,F7,4,3X,A1C)
20004 FORMAT(1HG,»3Y,oAIRFLOW INITIAL GUESS 3 #,F7;,4,3X,*UPPER BOUND s &,
1F7,4,3X,*LNAER BOUMD 8 «F7,4,3X,A10) .
26005 FORMAT(1H0,3Y,edED DEPTH,FT 3 #,F7,4,3X,*DRYING TIME,HR 8 *,F7,4,3
1X, *AMBIENT TFEMP,F 2 6,F7,4)
206006 FORMAT(1HO,3Y,eHUMIDITY = #,F7,4,A10)
20N07 FOPMAT(1H], 37, «EFFICIENCY OF FAN & #,F7,4,3Xs%UF MCTOR & #,F7,4,3X
1,*0F H=ATEKF = #,F/7,4)
20055 FORMAT(1M0»3YseINLFT TEMP INITIAL GUESS,F 8 *,F7,4,3X,*UPPER 80UND
ls 'of7.‘o3X.'LU‘~'t:" HIUND = ¢,F7,4)
20075 FURMAT(1H0,3y,eELECTRIC PRICE,CTS/KiH_ 2 ¢,F7,4,3X,eFUEL PRICE,CTS
1/7GAL OR /LKH = 2sF7,4,3X,eFUEL HEAT VALUE,BTUZGAL OR /LRs#,F7,4,//)
END
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PROGRAY COOLPNF(INPUT,0UTPUT,CHAN, TAPEL18CHAN)
PROGHAM CONLONE 1S THE [NITIAL PROGRAM TO RE RUN [NV THE I-PROGRAM SEQUENCE FOFR
NDPTIMAL DESIGN OF A NUN=AlR=RECYCLE TYPE CONCURRENT DRYER=COUNTERFLOW CUOLER
SYSTFM, ASSOCJATFD SUBPROGRAMS REQUJRED=COOLSIM,CSTCNOL,FMC,PSDBsPVHAIRAPSIY,
VSDBHA
COMMON/FIXED/TAMR,)HAMB, ATAMB,SPVLCON/INCOOL/XMUL s XTH, XGA»XDP/OUTCO
10L/H0UT,TOUT.THUUInXMOUT/PRICE/ELPRXCE.TKHE.FANETAcEHETA/gRESSIPAI
iM
PRINT 55555
PEAD MAX AND MIN ALLOWABLE MCS AT THE ENTRANCE TO THE COOLER AND THE NUMRER OF
LEVELS USEN, CALMULATE [NCREMENT SIZE,
READ 10C00s XUMXIN,XMMNIN,LEVELM
DELMs (XMMX INeX¥MNIM) /FLUOAT(LEVELM=1)
PRINT 4000C,XMuXIH, XMHNIN, LEVELM,DELM
READ MAX AMD MIN ALLOWAGLE PRODUCT TEMPERATURES AT THE ENTRANCE TQ THE CJ0.ER
AND THE NU4BFR OF LEVELS USED, CALCULATE INCREMENT SIZEyw
PEAD 10000, THMXIN, THNNIN,LEVELTH
DELTH2(THHAXIVeTHMNIN)/FLOAT(LEVELTH=1)
PRINT 40001 ,THMXIM, THMNIN,LEVELTH,DELTH
READ MAX AND MIN ALLOWASLE AIRFLOW RATES THRU THE CUOLER AMND THE NUMBER OF
LEVELS USED, CALFULAI& INCREMENT SIZE,
READ 10C000,G"XNUT,GMNCUT,LEVELG
DELGE( MYQUT=UMNIOUT)/FLOAT(LEVELG=1)
PRINT 40203,/MX0UT,EMNOUT,LEVELG,DELG
READ MAX AND MIN ALLONABLE uED DEPTHS OF THE COOLEM AND THE NUMBER OF LEVELS
USED, CALCILATE INCREMENT SIZE,
READ 10050, °THMAX, UPTHMIN,LEVELD
DELD=(NPTHHMAX=PPTHININ)/FLOAT(LEVELD=1)
PRINT 78787, "PTHMAX,DPTHM]N, LEVELD,DELD
PRINT 40005
READ COOLING AIR IMLET TEMPERATURE AND HUMIDITY PLUS ATMOSPHERIC PRESSURE,
REAN20005, TAME, HAM3,PATM
PEAD MAX ALLOWABLE UUTLET PRQDUCT TEMPERATURE AND MAX AND MIN ALLOWABLE OUTLET
MCS
"READ 20C00% THOUTMX, XMOUTHX , XMOUTMN
PRINT 720000, TAMH,HAMB,PATM
PRINT 70681, THAOUTMX, XMOUTMX , XMOUTMN
ATAMRETAMBe4%9,69
SPVLCONSVSNBHA(ATAM3,HAMBR) /60,
HHIN=RHDHHA(ATAME, HAMB) FEQUMSEMC(RRIN, TAMB)
PEAD ELECTRIC PRICE, TIME OVER WHICH OPTIMIZATION 1S TO RE PERFURMED, FAN AND
MOTCR EFFJCIENCIFS,
READ 230C0,ELPRICE, TIME,FANETA,EMETA
PRINT 4020ns"LPRICE,TIMe,FANETA,EMETA
SEGIN SEARCH FOR YPPER 8OuND I MC GRID DIMENSION, FIRST CHECK FEASIBIWITY OF
MIN POSSI3LE QUTLET “C AGAINST CONSTRAINT,
PRINT 40207
XMOL =X AN BYTHITHMXINSXGASGUYXOUTIXDPEDPTHMAX
CALL CI0LSIM(S)
PRINT 96205, YMAUT
IF(XMO IT,GT 4 YIIOUTHMX)STOP -
CHECK FZASIBILITY OF MIN POSSIBLE OUTLET PRONUCT TEMPERATURE AGAINST COne-
STRAINT,
XTHETHYNIN
CALL CICLSIM(1)
PRINT 4GJ038, THOUT
IFCTHN T GT . THAUTMX)STOP
USING HISECTIOn, FIND UPPER MOISTURE CONTENT BOUNDS
MHIGHSLEVELMTMLOWSY
MUPTRY=LEVEL™
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10 XMO]sXAMN]HNeFLOAT(MUPTRY=1)*DELMEXTHETHMX N
CALL COOLSIM(S)
IF(XMOUT,GT o XMOUTMX)S5,19
15 XTHaTHMNI W
CALL CnOLSIM(1)
IF(TH0 JT,GT,THOUTMX)SS5,20
20 MLOWsMUPTRY
TFC(MHIGH=MLNW) o LE,1125,40
25 MUPSMLOW
IF(MUP,EU,1)2C,4%
30 PRINT 90000
STOP
35 MHIGHSMUPTRY
40 MUPTRYS(MH]GH=MLOW)/2+MLON
G0To10
45 PRINT 40009,4UP
C PEGIN SZARCH BY PISECTION FOR LOWER RCUND IN AIRFLUW RATE GRID DIMENS]ON,
€ USING MAX NUTLET PRUDUCT TEMPERATJRE CONSTRAINT,
46 PRINT 40040
KGH]GHeLEVELREKGLOWS{SLONGTRYY
XUASGMYOUTSCALL CUOLSIM(1)
PRINT 40008, THAUT
IFCTHDUT,GT, THAUTMX)STOP
S0 XGASAMUDUT+FLOATC(LONGTRY=1)*DELGSCALL COOLSIM(1)
IF(THOUT,GT,THOUTMX)55,60
55 KGLOW3LOWGTRY
IF ((K3HIGH®YGLUW) (EGCe1)62,57
57 LOWGTRYS(KGH]GK=KGL ORN)/72+KGLOW
GOTO 50
60 KGH]GHSLOWGTRY
JF((KGHIGH=KLOW) (GT,1)G0TOS57
62 LOWGsK3HIGH
IF(LO4S5,EQ,LFVFLG) 65,70
65 PRINT 90401
LOWG=LEVFLG
70 PRINT 4CG11,LEVELG,LONWG
C RERIN SEARCH BY 2ISECTION FOR UPPER SOUND N PRODUCT TEMP GRID DIMENSIOWN,
C USING MAX NQUTLET PPOOUCT TEMPERATURE CONSTRAINT,
PRINT 40012
XMOJ=XMN] 1SYDPEPPTHMAXBXGAEBGUXOUT
XTHaTHANINTCALL CUOLSIM(1)
PRINT 40003, THAUT
IF(T40JT.GT,THOUTHX)STOP )
KTHHIGHsl.EVELTHIXTHLOW=1Y JUPTATR=LEVELTH
75 XTH2THINIWeFLOATCIUPTHTR=1)*DELTHICALL COJLSIM(Y)
IF(THOUT,GT THAUTNX ) 95,80
80 ATHLOWSJUPTHTR
IFC(KTHHIGH=¥THLOY)Y ,LE,1)85,100
85 JUPTHE<THLOW -
IFCIJPTH,EG,1)93,105
90 PRINT 90402

STOP

95 KTHHRIGHSIUPTUTR

100 JUPTHTR8(KTHH]NHeKTHLOW)72¢KTHLONW
GOTO0 75

105 PRINT 40009, 1UPTH

C REGIN SEARNH BY PISECTION FOR THE LOWER BOUWD OF BtD DEPTH,
PRIWT 40313
XMOJSAUMNTIHEYGASGHXJUTEXTHETHMNIN
KDMIGH=LEVELPEKULOW=z13LOWDTRYsY
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XDPsDPTHMAXICALL CNOLSIM(])
PRINT 4CC08, THNUT
IF(THOIT,GT THOUTMY)STOP
110 XUPSNPTHM]HeFLOAT(LOWLTRYe1)#DELDSCALL COOLSIMCL)
IFCTHOUTGT THAUTMY ) 115,120
115 KOLOWsL OWDTRY
IFC(KDHIGH=KNLOW) ¢F3,1)122,117
117 LONDTRYS(KDA]GH=¥DULUW)/2+KDLON
GNTa11y
120 KDH]GHsLOWDTRY
IF C(KDH]GH=KPLAN) 4GT,,1)GOTO147
122 LOYD=KDH]IGH
IF(LOWD.EQ,LFVFLN) 125,130
125 PRINT 900998STNP
130 PRINT 4C311,LEVELD,LOWD
2. FIND OPTIMAL FEASIRLE CEPTH AND AJRFLOW RATE CONTRULS, FILLIRG THE PRUDYCT MC=
C TEMPERATURF GRID WITW CURRESPONDING COSTS,
PRINT 4CC16
DO 230 11]=1,MUP
XI'OI=FLOAT(I]l=1)eDELMeXMMNIN
DO 220 JJJsi,lUPTH
XTHEFLNAAT(JJJ=1) *UELTHeTHMNINSBESTCSTE10,E25F0ESTGA®0,C0SBESTOPS(;0
DO 210 KKK=LNWGLLEVELG
KKK1s_ OWGeKKKeLEVELG
XGASFLOAT(KKV1=1)*DELG+GMNOUT
DO 203 LLL=LNWr,LEVELD
LLLLizLOWL=LLL*LEVELD
XDPSFLOAT(LLL1=1)*DELDSDPTHMIN
CALL COOLSIM(4)
IF(THOUT,GT o THAUTHX ,0R XROUT ,GT 4 XMOUTMX)GOTO210
ATOUTaTOUT+459,69
RHOUTSRHNBHACATUUT,HOUT)
I[F(RHOUT.GT,1,)G0T0260
IFC((XMOUT=ENM)/(X™OL=EWUM)) o GT+1,)G0T0200
EQMOUTaEMC(RHOYT,TOUT)
IF(eamouT,GE, xvout)60T0200
CalLL CsTCOOLC(CAST)
IF(COST,LT,BFSTCST)190,200
190 BESTCSTECOSTSBRESTGAZXGASRESTDPSXDP
200 CONTINNE
210 -COMNTINUE
IF(RESTCSTLT,1N0,t237211,220
211 WHITE(11,33333)111,JUJ,8ESTCST,BESTGA,RESTDP
PRINT 33333,111,JJJ,BESTCST,BESTGA,BESTDP
220 COMTINNE
230 CONTINUE
ENDFILE ‘11
10000 FORMAT(2F10.2071C)
20000 FORMAT(8FLluel)
33333 FORMAT(215,3F22,15)
40000 FUP4AT(1XenAY “CEwF5,3¢ MIN MCseF5,3« NUMBER OF LEVELS®*]3e MC
1IMCREMENTaeF A, 4)
40001 FORMAT(1HQePFUN TEMPaMAXzaF5,0% MINzoF5,0¢ NUMBEF COF LEVELSse]3®
1 INCREMENT Sl?2kzeF5,1)
40003 FORMAT(1HO®AIPFLCW XATE=MAXSBeFS,09 M[N3eF5,Mfe NUMBFR OF LEVELSS®
113e JNCREFE™T SILFe6€fF5,1,//7)
40005 FORMAT(1XeaDNITIONEL INFORMATION REQD FGOP SOLUTINNe///)
40006 FORMAT(IHOELECTRICAL PHICEZeF4,2% TIME SCALEEeF4,20 FAN EFFsef4
1,3« MNTOR EFFzefF4,8,///)
40007 FORMAT(1XeSEARCH FUR FEASISBLE UPPER BOUND IN MG DIFEMSIONe)
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40008 FURMAT(1h0eFNPR THESE INPUTS, THE MINIMUM OUTLET PRCDUCT TEMPERATUR
1E IS ¢F7,2)

40009 FORMAT(1HO*APJUSTEN UPPER NODE IS #[%e,LOWER NUDF IS Le///)

40010 FURMAT(1Xw3ESRCH FOR FEASIBLE LOWER &GUND IN AIRFLOW DIMENSIONw)

40011 FOURMAT(1HQeUPFFR LLODB I1Se]Se,ADJUSTED LONER NUNE 1Se15,7/7)

40012 FOPMAT(1X«SEARCH FOR FEASIBLE UPPER BOUND IN THETA DIMENSION®#)

40013 FORMAT(1X#SEFRCH FCR FEASIBLE LOWER BOUND OF DtPTHe)

40n16 FURMAT(1XeRERIt ITERATION, PRINTING INDICES QF MC AND PRODUCT TEMP
1 AMND ASSOCIATEDN COST,AIRFLOW,AND DEPTHw)

55555 FONMAT(1H1*SFT UP GRIU SYSTEM AT THE COOLER=DRYER INTERFACE®///)

70000 FORMAT(1XeINLEY CUMDITIUNS<TEMPseF7,3¢ ABS hUmaeFa 5« ATM PRESSS
1+F5,2)

70001 FORMAT(1HN«DESTIRED OUTLET CONDITIONS®#MAX GRAIN TEMPseF7.3¢ MAX MCs
139F 7,40 MIN NCEeF7,4)

786787 FURMAT(1HQeNEPTH=MAX2oF 4,20 MINZ®F4,2% NUMFER OF LEVELS®*]3e [N
1CREMENTY S1ZE=*F5,3,7//7)

90000 FURMAT(3X,eMrISTURE DIMENSION CONTAIMS OMLY CNk FELSIBLE LEVELe)

90001 FORMAT(3IXealRFLUN CIMENSION CONTAINS ONLY ONE FEASIHLE LEVEL®Z/)

90002 FOPMAT(3X,oTHETA DIMENSICN CONTIANS ONLY ONE FEASIPLE LEVELW)

90005 FORMAT(1hpeFrR THESE INPUTS, THE MINIMUM QUTLET MC IS «F5.4)

90099 FORMAT(3X#DEPTH CONTROL CONTAINS ONLY ONE FEASIBLE LEVEL®)
ENC

PROGRA™ DRYONE(INHUT,QUTPUT,TAPEJ?) _
PROGKAM DRYONE IS THE 2ND PROGRAYM TO BE RUN IN THE J=PPOGRAM SEUUENCE FUR JPVe
IMAL DESIGN UF A NAN=AIR=RECYCLE TYPE CONMCUHPENT DNYER-COUNTERFLOW COULER
SYSTEM, ASSOCIATED SUBPROGNAMS REQUIRED==COOLERC,COOLERDeCOOLERG,COSTONE,
DRYSIM,EMC, INTERP FSDE,PVHA,PHPSPY,VSDBHA,

DIMENSION INNEY(2),1CECRFEM(2)

COMMOUN/CON/CPIvy »COM2/VALUES/XMCIN, THIN,GP,SA»CA»CP,CV/DOLLAR/TINE,
IELPRICEoFUELPhlnFQELHToEHETAaFANETA;THERCTR/“ECALL/UPTCOST( o Do
1GCOOLC » JL,UCO0LC 5, I, XNEW(2),DXINV(2) o X “LUN)DELM,) THLOW,DELTH/
zPR&SS/PATH/I”/SU“IEHE,HAHB.GlNoDEPYH/OUT/XM,THtTA.TOUT.HOUT/Sluc0§
3T/C,TA4B,TIN

EXTERNAL COOLERC,COOLERU,COULERG

DATA PATM,RHNP,BPH,3A,CA,CPsCV/14,34,38,71,9+023%,,4242,,268,,45/

NDIM=2

BESTCST=10.E22

GP=RPH»*], 2«40RHOP

CUOMN12SA/Z(GF*TP)YSCUN2SA/CA
C READ .MIN FFASI~LE “C VALUE FROM COOLONE OUTPUT, IWNCKEMIENT SIZE, MIN VALVE IF
€ MC USED IN CUQLOME PRUGRAM, AND “MUMBER OF FEASIBLE LEVELS REMAINING In CIOLONE
C OUTPUT,

READ $10CCloXMLNOW,DELM)XMMNIN,LEVELM

PRINT 2Cu0oaXMLUN)NELM, XMMNIN,LEVELM

NXTNV(1)=1,7ELM

XMMGHz XML el LUAT(LEVELMel) @eDELM

MIMOXMIF IR C(X“LOWeDELM/2,=XMMN]N) /DELM)

READ MIN FSAS].:LE PRIUUCT TEMPE VALUE FROM COGLONT QUTPUT, INCREMENT SIZE, YIN
VALUE NF P=00UST TEMP USZD IN COJILONE PROGRAMY, A1) N.MRER NF FFASIBLE LEVE.S
REMAINTUG IN COOLUME QUTPUT,

READ 14001, THLOW, DELTH, TUMNIN,LEVELTH

PRINT 20301sTHLUW,DELTH,THMNIN,LEVELTH

DXINV(2)=1,/DELTH

THHIGHaTHL)WeF LUAT(LEVELTH=1)*DELTH

MINDXTHSIFIX((THLOW+DELTH/2=THMN]IN)/DELTH)

a0

aaa
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C READ LOWEST AIRFLOW RATE,INCREMENT SIZE,AND NLUMBER OF LEVELS TO BE USEDy
READ 1uU0035GLUW,DELG,LEVELG
PRINT 2C002,7LNW,DELG,LEVELG
C PEAD LOWEST INLET aIR TEMP, INCREMENT S|ZE€, AND MUMBER OF LEVELS TO BRE YSED:
READ LuUL3»TLUW,DELT,LEVELT
PRINT 20003, TLOW,UELT,LEVELT
C READ SHORTFST HEN PEPTH, INCREMENT SIZE, AND NUMBER OF LEVELS TU BE ySEDy
RPEAD 100¢3,DLOW,0ELD,LEVELD
PRINT 20C04,NPLOW,UFLO,LEVELD
C READ INLET AIR TFMPERATJRE AND HJMIDITY TQ HEATER PLUS ATMOSPHERIC PRESSJRE
C AND INLET GRAIN MC AND TEMPERATURE TO THE DRYER;,
READ 1J0C2sTAMR,HAMB,PATM,XMCIN, THIN
PRINT 20005, TAMB,HAMB,PATM, XUYCIN, THIN
C READ TIME RASE FPR UPTIMIZATION, ELECTRIC PRICE, FAN EFFICIENCY,MOTOR E['!”
C IEMCY, FUEL HEAT VALUE, FUFL PRICEs. AND THERMAL EFFICIENCY.
READ 10CC2,TIMF,ELPRICE,FANETALEMETA,FUELHT,FUELPRI,THERETA
PRINT 25006, TIME,ELPRICE,FANETA,EMETA
PRINT 2C007,FURLNT,FUCLPR],THERETA
C READ MAXIMiIM AIR TEMP A~D PRESSURE DROP CONSTRAINTS,
READ 1uC02, T¥AX,PDROPMX
PRINT 2000/, THAX,PDRGPMX
ATAM3IBTAMBe4K9 69
SHVLCO!'sVEDBHACATAME,HAMB) /60,
RHINERHDRHA(ATAMR,HAMB)
EGMsENC(RHIN, TAMA)
C INITIALIZE THE CPST INTERPOLATION GRID TO ABSURD VALUES,
DO 9 Is1,LEVFLM
DO 7 J=1,LEVFLTH
OPTCOST(1,J)8iC.E2S

7 CONTINUE
9 CONTINUE
C READ IN VALUES OF £UST AND CORRESPUNNING AIRFLOW AMD COOLER DEPTHS, 8Y
C COMPARISON, FILL THE GRID WITH OPTIMAL VALUES.,
11 RCAD (37,35000)1»,1TH,EXPENSE,GACOOL,DPCOOL
IF(EOF(37))285,15
15 IH= [Me4NDXH

ITHE [ THeMWDXTH
OPTCNST(IM, ITHYIEXPENSE
GCOOL (1M, ITHYSGACOOL
DCOCL(IM,JTH)=NPCUOL
GOTO11
C APPLY IN TURN ALL MKYER AIRFLOW RATE ,AIR TEMPERATURE, ANJ BED DEPTH COWTRILS
C TO EACH NONAL POINT OF THE GRID, ;
20 DG 183 IGsz1,LEVELG
I1GGsLEVELG=1reg
GIN3GLNW+FLOAT(IGG=1)*DELG
DO 170 ITs1,LEVELT
JTTsLEVELT=1T+}
TINSTLOWSFLOLT (1 Tel)eDELT
DO 160 INsl,LEVELY
I1DD=LEVEL=lNey
DEPTHaN| OWeFLUATCIND=1)eDELD
C CHECK MaX]'UM AlP TEYFERATURE AND PRESSUREZ DROP CumMSTRAIMTSS
QOsGINeSPVLECONM
PDROPaNEPTH®(0/5R,)ed1,528
1F(PNRIP,GT,PUPUPHX)GOTO160
DELTADNs,$7854R39«FDROP/FANETA/EMETA
SUMTEMP2T]heNELTADD
IF‘SUN7E"PQG7QTH‘X)80T0160
C CALL DRYER SIHULATIOM TQ PREDICT OUTLET GRAINM MC AND TEMPERATURE AMD CHECK IF
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C RESULT FALLS WITKIY GRID,
CALL DRYS[HA(Y)
IF (XM, AT XMHIGH)GOTO170
JFOXM, LT XMLOW)G0TO160
IFCTHETA, LT THLOW)GOTO160
IF(THETA, ST THRIGHIGOTOL170

C APPLY SATU2ATION, ABSORPTION , AND EQUILIBRIUM CHECKS TO OQUTLET AIR AND

C WUMIDITY PREDJCTIUNS UF DRYER MODEL,
CALL DRYSIM(?2)
ATOUTETOUT 459,69
RHOUTaRHDBHA(ATOUT,HOUT)
1F CRHOUTGT41,)G0TO160
IFC((XMekQM) 7 (¥MCIN=EQM)),GT,1,)G0OT0160
EQMOUTSEMC(RHOUT,TOUT)
IF(EQMNUT ,GE XM)GOTO0160

€ SET UP INTFRPQLATION PROCEDURE AND INTERPOLATE,
XNEW(1)BXMSEXMEW(2)BTHETA
NSTORE=0
DO 85 1=1,NDIM

8% ICECREM(1)s0
INDEX(1)S]FIXC(XM=XMLOW)/DELM)*1
INCEX(2)3IFIX((THETA«THLOW)/DELTH) *}
XVALEXMLOWSFLUOATC(INDEX(1)=1)*DELM
IFCABS(XVAL~*YM),LT,106,E-8)90,100

90 NSTORE=NSTORF+1SICECREM(NSTORE) S

100 XVALETHLOWSFLOATCINDEX(2)=1) *DELTH
IFCAHS(XVAL=THETA) LT 1C,E=8)110,120

110 NSTOREENSTORF+1$ ICECREM(NSTURE)S2

120 JF(NSTOREL,FQ,NPIM)130,140

130 PARCOSTSOPTCNST(INDEXC1),INDEX(2))

GOTQ 145

140 CALL INTERP(PAPCOST,NDIM,INDEX,ICECREM,NSTORE,COOLERC)

145 IF(PARCOST LT e1+sE=R,OR,PARCOST GT.10,E22)GOTD160

C EVALUATE COST OF DRYING AND ADD TO INTERPOLATED COST, COMPARE THE RESULT T0

C THE CURRENT OPTIMAL COST,

CALL CNSTQHNE(COST,PDROP)
TRYCOSTaPARCNST*COUST
IFCTRYCOST,LT,RESTCST )1%0,160

C IF CURRENT TOTAL CNST IS OPTIMAL, REPLACE THE PREVIOUS BEST COST AND INIER~

C POLATE TO FIND UPTIMAL COOLER DEPTH AND AIHFLOW RATEs PRINT ALL OPTIMAL

C RESULTS,

150 RESTCSTSTRYCOSTSRESTDPHEDEPTHFBESTGEGINSRESTTET INSRESTMEXMEEESTTHS
1THETA ’ .

PRINT 20013,°ESTCST,BESTM,BESTTH

PRINT 206314,PESTDFH,BESTIG,BESTT

CALL JHTERP(CPTDCL oNDIM,INDEX,JCECREM,NSTORE,COOLERN)
CALL IMTERP(NPTGCL ,MNDIM, INDEX, ICECREM,NSTORE,COOLERG)
PRINT 20015,NPTDCL,0PTGCL

160 CONTINUE

170 CONTINUE

18n CONTINUE

10001 FORMAT(3F1(.C»110)

10002 FCRMAT(8F10,0)

10003 FORMAT(2F1us0,110)

20000 FOKMAT(1Hie MIN FEASIBLE MCs¢F543¢ MC INCREMENT=eFS,3eMIN MC [N
1COOLONF.-GR]DzeF5.3¢ REMAINING FEASIBLE LEVELS3¢14,//)

20001 FORMAT(1HQe MIN PEASIBLE PRIDUCT TEMPmeF6,2* FPRODUCT TEMP INCREM
1ENTseF6 20 MM PKODYCT TEMP [N COGLONE GRIDEwF6.2¢ RFMAINING FEA
2SIBLE LVLse13,7/7)

20002 FORMAT(1HQeLNWFR AIRFLOW RATE BOUNDz®F6;2e¢ INCREMENT3eF6,2¢ NUMB
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1ER OF LEVELSs*14,//)

20003 FORMAT(1HQeLNWER AIR TEMP BOUNUSe®F6,2+ [INCREMENTseF6,2¢ NUMBER 0
1F LEVELSs14,/7)

20004 FORMAT(1HQeLNWER BED DEPTH BOUND=3eF4,2¢ JNCREMENTseFfd4,2¢ NUMBER
10F LEVELSs»]4,//)

20005 FORMAT(1HO®HEATER INLET AR TEMP3eFS5,2¢ INLET HUMIDITYz¢Fe54¢ AT
1M PRESSUREs*F6,2¢ GRAIN INLET MCs*F5,3» INLET GRAIN TEMPseF§,2,/
1/)

20006 FORMAT(1HQeTIME BASE FOR OPTIMIZATIONsvF4,2% ELECTRIC PRICE=eF4;32
1+ FAN EFFICIENCYBeFS,3¢ MOTOR EFFICIENCY®S®F5,3,//)

20007 FORMAT(1HQeFUEL HEATsefF7,0% FUEL PRICE=*F532¢ THERMAL EFFICIENCY
12¢F5,3,//)

20008 ronnir(zuo.nax AIR TEMP CONSTRAINT=eF7,2+# MAX PRESSURE DROP CONST
1RAINT=eF6,2,//)

20013 FORMAT(1HOeCURRENT OPTIMAL COSTseF10,5¢ OUTLET MCs¢F5.4% OUTLET
1 GRAIN TEMPSeF&,2)

20014 FORMAT(1HO*CURRENT OPTIMAL DRYER DEPTHSeF442* AIRFLOW RATES®F§,2¢
1 AlR TEMP=3eF6,2)

20015 FORMAT(1HQ«OPTIMAL COOLER DEPTHseF6,3¢ AIRFLOW RATEseF§,2,/4¢)

30000 FORMAT(215,3F22,15)
END

PROGRAM RECONE(INPUT,QUTPUT)
PROGRAM REGONE IS THE FINAL PROGRAM TO BE RUN IN THE 3-PRUGRAM SEQUENCE FQ?
OPTIMAL DESIGN OF A NON=AIR=RECYCLE TYPE CONCURRENT DRYER=COUNTERFLOW COOLER
SYSTEM, ASSOCIATEDN SUHPROGRAMS REQUIRED*COOLSIMsDHYSIM,HOWDEEP,VSDBHA,
COMMON/PRESS/PATM/ IN/THEAT,BESTH,Q,BESTDPH/OUTZZoYZ»TOUTDRY,HOUTDR
1Y/INCOOL/BESTM,BESTTH,GINHEAT,XDP/OUTCOOL/HOUT» TOUT, THOUT,» XMOUT/FIX
2XED/TAMB,HAMP, ATAMR, SPYLCON/AITCH/HINCOQL
COMMON/VALUES/XMC|N,THIN,GP»SA»CA,CP,CV
EXTERNAL HOWNEEP
DATA EPS/,01/
READ, FROM THE DRYDNE OUTPUT, OPTIMAL DRYER AJRFLOW RATE, INLET AIR TEME,
INLET AJR HUMIDITY, DEPTH, PLUS RESULTING OUTLET MC AND PRODUCT TEMP,
READ 100U0,BFSTU,BESTT,BESTH,3ESTDPH,BESTHM,BESTTH
READ JNLET AIR TFMP TU HEATER, ATHUSPHERIC PRESSURE, FAN AND MOTOR EFE1(~
1ENCIES, AMD DRYFR INLET MC AND PRODUCT TEMP,
READ 10000, TINHEAT,PATM,FANETA,EMETA,XMCINSTHIN
READ INLET AIR TEMP AND HUMIDITY TO COOLER,OPTIMAL COOLER DEPTH AND COOLER
AJRFLOW RATE,
READ 10000, TAMR,HAMB,X0P,GINHEAT
CALCULATE ACTUAL AIR TEMP ENTERING DRYER,
ATAMBITAMB+459,69
QcIESTGwVSHBHA(ATAMB,HANB) /60,
PDROPSRESTUP!U® (U/58,)e¢1,528
THFATSRESTT+ ,37854R89¢PVUROP/FANETA/EMETA
C SIMULATE DRYER T0 PREDICY OUTLET AIR TEMP AND HUMIDITY,
CALL DRYSIM(?2)
PRINT 2000C, TOUTPRY,HOUTDRY»XMCIN, THIN,BESTRPH
SPVLCONEVSNBHA(ATAM3,HAMB) /60,
DEPTHzXDPSCALL COULSIM(4)
€ SIMULATE CNOLER TO PREDJCT COOLER OUTLET AJR TMEP AND HUMIDITY, PRQDUCT TEuR
C AND M(C, ’
CALL CNOLSIM(4)
PRINY 50003, TOUT,HOUT,GIRHEAT
PRINT 55000,PEST»,RESTTH

aoon

a OO0 aao oo
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PRINT 40003, TAMB,HAMB, DEPTH, XMOUT, THOUT

10000 FORMAT(8F10.2)

20000 FORMAT(1H1eDPYFR SPECS=UUTLET AIR TEMPzeFg,2% HIUMIDITYS«F6;4¢ [N
LLET GRAIN MCeeF5,3¢ PRUN TE4P=eF5,1¢ DRYER D:PTHeeF4,2,/7)

9000 FORMAT(1X#CONLFR EXIT AIR CONDITIONS=AIR TEMP3®FA,2¢ HUMID|TY=eF6
1,4 AIRFLOW RATESeF6,2//)

55000 FORMAT(1XeDRYER EXIT GRAIN CONDITIONSeMCswF4,3® PROD TEWPz#F§,2,/
1/)

60000 FORMAT(1XeCONLFR SPECS=INLET AIR TEMPseFg,2e MUMIDITYseF6,5» DEP
1THEeF6,2¢ OUTLET MCzeF6,4 OUTLET PROD TEMPs*F6,2)
END
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PROGRAM COOLFR(¢INPUT,OUTPUT,GIN, TAPELL1sGIN)

PROGRAM CONLER IS THE INITIAL PHOGKAM TO BE RUN IN THE 4-PROGRAM SEQUENCE F(QR
OPTIMAL DESJGN OF AN AIR»RECYCLE TYPE CONCURRENT DNYER=-COUNTFRFLOW COULER
SYSTEM, ASSOCJATEDP SURPROGRAMS REQUIKED==COOLSIM,CSTCOOLsDEEPMNM,DEEPMYT,EMC,
HOWDEEP,VSDBHA, RHPSPV,ZEROIN,

COMMON/FIXED/TAMB,HAMB, ATAMB,SPVLLCON/INCCOL/XMI1,XTH,XGA» XDPZOUTCOU
10L/H0UT.TOUT.THOUI)XHOUT/PRICE/ELPRICE.TIME.FAN&TA.EHETA/AI‘CH/HNU
2W/PRESS/PATM/TPIAL/THOUTHMX ,, XMOUTMX

EXTERNAL HOWNEEP,DEEPMNT,DEEPMNM

DATA EPS/, U1/

PRINT 40004

READ MAXIMJM AND MINIMUM ALLOWABLE MCS AT THE ENTRANCE YO THE COOLER ANY T4E
MUMBER QF LEVELS USENe CALCULATE INCREMENT S|ZE»

READ 10000, XMMXIN, XMMNIN, LEVELM

DELMS(XMMXIN=XMMNMNIN)/FLOATC(LEVELM=])

PRINT 40000, XMXIN, XMMNIN, LEVELM, DELM

READ MAXIMUM aND MINIMUM ALLOWABLE PRCDUCT TEMPERATURES AT THE ENTRANCE TO THE
COOLER AND THZ NUMRER OF LEVELS JUSEDs CALCULATE INCREMENT SIZE,

KEAD 10000, THMXIN, THMNIN,LEVELTH

DELTHE(THMXIN®THMNIN)/FLOAT(LEVELTH=1)

PRINT 40001 ,THMXYIN, THMNIN,LEVELTH,DELTH

READ MAXIMUM AND MINIMUM ALLOWABLE AIRFLOW RATES THRU THE COOLER AND THE
MUMBER OF LEVELS USEDy, CALCULATE INCREMENT SlZE,
READ 10CCN,GHXOUT,GMNOUT,LEVELG
DELGE(GMXQUT=GMNOUT) /FLOAT(LEVELG=Y)
PRINT 40003,hMX0UT,GMNOVUT,LEVELG,DELG
PRINT 40005
PEAD MAXIMUM AMD MINIMUM COOLER DEPTHS USED, THE INCREMEMT SIZE IN HUMIDITY,
COOLING AIP INLET TEMPERATURE AND HMUMIDITY, ATMOSPHERIC PRESSURE, MAXK]IMYY
ALLOWABLE NUTLET PRUDUCT TEMPERATURE, AND MAXIMUM AND MINIMUM ALLOWABLE
OUTLET MNISTURE CUNTENTS,
READ 2000n>DPTHMAX,DPTHMINSREAD 2350392, DELH
READ200UCO0, TAMB,HANMR,RATHM
READ 2C0CN, THOUTMX, XMOUTMX,, XMOUTMN
PRINT 700N0,TAMB,HAMB,PATM
PRINT 7CCN1, THNUTMX, XHOUTHX, XMOUTMN
PRINT 70002, PTHMAX,DPTHMIN,DELH
ATAMBSTAMB+459,69
SPVLCOM=VSOBHACATAME,HAMB) /60,
RHIMN=RUDKHA(ATAMA, HAMB) $EQMZEMC(RHIN, TAMR)
READ ELERTRIC PRICE, TIME OVER WHICH UPTIMIZATION IS TO RE PERFORMED, FAN AND
MOTOR EFFICIENCIFS,

READ 2UCOC,ELPRICE,TIME,FANETA,EMETA

PPINT 40CC6, LPKICE, TIME,FANETA,FMETA
HREGIN SEARCH FOR UFPER BOUND IN MC GRID DIMENSIQM, FIRST CHECK FEASIWILITY OF
MIN PQOSSI3LE QUTLET MC AGAINST CONWSTRAINT,

PRINT 40627

YMO]zX*'MNJISYTHETHMXINEXGA=GUXOUT §XDP2DPTHMAX

CALL COOLSIM(3)

PRINT G0Q05,YMOUT

IF(XMYIT ST YMAUTMX)GOTO250
CHECK FEASIBILITY Nk MIN POSSIBLE QUTLET PRODUCT TeMPERATURE AGAINST CON-
STRAINT,

xTuzTHANlN

CALL CHOLSIM(1)

PRINT 40063, THOUTY

IFCTHOUT ST THOUTHY)GOTO250

USIWNG PISECTION, FIND UPPER MOISTJURE CONTENT BOUND;

MHIGH2LEVELMTHLUWS]

MUPTRYzLEYFLM
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10 XMO]sXMHNINeFLOAT (MUPTRY=~1)*DELMEXTHETHHUX]IN
CALL CNOLSIM(3)
IFCXMOUT GT ¢ XMOUTMX) 85,19
15 XTRaTHMNIN
CALL COOLSIM(1)
IFCTHO IT,GT« THOUTMX) 85,20
20 MLOWEMUPTRY
IFC(MAIGH=MLOW) e LE,1225,40
25 MUPaMLNW

IF(MUP,EQ,1) 30,45

30 PRINT 90000
STOP

35 MH]IGHEMUPTRY

40 MUPTRYa (MHIGH=MLOW)/2¢MLOW
GOTO10

45 PRINT 40009,MUP
C REGIN SEARCH BY RISECTION FOR LOWER ROUND IN AIRFLOW RATE GRID DIMENS]ON.
C USING MAX NUTLET FRUNUCT TEMPERATURE CONSTRAINT
46 PRINT 40010
KCHIGHzLEYELGSKGLUWSISLOWGTRY L
XGASGMXOUT
CALL CNOLSIM (1)
PRINT 4006GR, THOUT
IFCTHOUT GT o THAUTHX)STOP
50 XCA=ZGHNOUT+FLUAT(LNRGTRY=1)#DELG
CALL COCLSIMctL)
IFCTHOUT,GT4 THOUTHX)55,60
59 KGLOW=I.OWCTRY
IF ((KARHIGH=KGLOW),EQ,1)62,57
57 LOWGTRY®(KSHIGH=KGLONW)/2+KGLOA
GOTO 5u
60 KGHIGHzLONTRY
IF ((KGHIGH=KRLOW) 4GT,1)GOTO57
62 LOWGSKGHIGH
IFC(LOWG,EQ,LEVFLG)65,70
65 PRINT 900018STOP
70 PRINT 40014 )LEVELG,LONG
C REGIN SEARCH BY ®ISECTION FOR UPPER BOUND IN PROJDUCT TEMP GRID DIMENSION,
C USING MAX OUTLET PRUNDUCT TEMPERATURE CONSTRAINT:
PRINT 40012
XMOaXMMN]HSYDPENPTHMAXSXGASGMXOUT
XTH3THMNIN
CALL CNOLSIMcL)
PRINT 40008, THOUT
IFCTHOUT GT . THAUTMX) 71,72

71 PRINT 4032L3CTOP
72 KTHH{GHsLEVELTHIXTHLOW=1FJUPTHTR=LEVELTH
75 XTHETHYNIN+FLOLTC(JUPTHTReg)*DELTH

Call C20LSIM(L)
IF(THO IT,GT THOUTMX) 95,80

80 KTHPLOAz JUPTHTR .
IFCCATAHIG e THLIW) ,LE,1)85,100
85 TUPTHZKTHLIOW

IFCJUPTH,EN,1)90,1C5
90 PRINT 9C202

STOP

95 KTHH]GAsIUPTHTR

100 JUPTHTRs(KIHHIGH=KTHL.OA) /72¢KTHLOW
6070 75

105 PRINT 4CC09Y»1UPTH
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C PEGIN SE4RCH FCR LNWKR BOUND OF BED DEPTR, F]RST CHECK FEASIBILITY OF NWIN
C POSSIBLE CUTLET PROUUCT TEMPERATJURE AGAINST CONSTRAINT,
PRINT 40013
XMO L EXHMNIHELGOSGMXOUTSXTHSTHMNIN
XUFsDPTHMAX
CALL CNOLSIM(L)
PRINT d4CUDRK, THOUT
IF(THOUT.GT, THOUTMX) 206,107
106 PRINT 40020
STNp
C CHECK FEASIBILITY 0P MIN POSSIBLE OUTLET MC AGAINST CONSTRAINT,
107 CALL CNOLSINM¢I)
PRINT 9C00E,XMOUT
IFEXMOUT,GT,YhNUTMX) 208,109
10R PRINT 4Q0C2C53STOP
100 KOUNTsY
XDPaDPTHM]IN
CALL CNnOLSIM(L)
IF(THOUTGT, THOUTMX)115,120
C USING 1=D SEARCH, FIND DEPTH AT WHICH PROZSUCT TEMPERATURE CONSTRAJNT §S
C SATISFIED,
115 GUESS1eDPTHMINSGUESS2=DPTHMAX
CALL ZEROYI' (RUFSS1,GUESS2,EPS,DEEPMNT)
DPTHMINSB(GUESS1+GUESS2)/2,
KOUNTSY
C UUSING 21D SEARCH, FIND DEPTH AT WHICH MC CONSTRAINT IS SATISFIED,
120 YUFzDPTHMINSCALL CRULSIM(I)
IFCXMOUT LY o YMCUTHX AR KOUNT (EQ4 001504130
130 GUFSS1eDPTHMINSGUESSS2CPTHMAX
CALL ZFROTI(RUFSS1,GUESS2,EPS,DEEPMNM)
IF(rOUI T EGe (2139140
135 DPTHM] '8 (GLESS1*GUFSS2)/72,
GOTU15u
C COMPARE DEPTHS AMD CHOOCSE THE MAX]MUM BECAUSE IT SATISFIFS BOTH CONSTRANTS,
14N CPTHMINEAMAXI(PPTHMIN, ((GUESS1*GUESS2)72,))
150 PRINT 10014,NPTHM]N
PRINT 40014
C DEFINE THE LIMITS FETWEEN WHICH HUMIDITY CAN VARY, THIS 1S HWELPFUL IN CH3QSING
C THE INCREMENT SI17E IN HJMIDITY,
XUCTEXMUNLSXTHETHMN INFXGAEGMXOUTEXPDPSDPTHMIMSCALL COOLSIM(2)
HLOWZHOUT
XMC]eXMMNIH+FLOAT(MJP=1) #DELM
XTHETHMNINFLOAT(ICPTH=1)eDELTH
XGAzFLPrAT(LUVvG=1)*TELG+GMNIUT
XDP=zDPTHMAXSCALL CCOLSIM(2)
HHT=sHQUT
PRINT 40C15,4LCH,HH]
C THFE USE NF A STUP CA®D AT THIS POINT |S RECOMMENTEL FOR INITIAL GRID SI{INS,
C THE DO LOOP I1TekpTIUNS TO FILL THE GRID WITWH COSTS AMND CNKRRESPCHWDING CONTRILS
C REGIM,
PRINT 40016 -
N0 240 11]sy,MUP
PRODMeFLCAT(TII=1)2DELMeXMMNTY
D0 239 JJJd=1,I1"PTH
THETASFLOAT(JJU=T) o DELTHATHMNIN
0 220 KXK=L"Wr,LEVELG
YRR 1z TnGe¥KVel EVELG
GASFLUAT(KKKY=1)eLFLG*GMNOUT
LSFARCH=(FISFARCHSC
XMO12Pa0lMiXTHe THETAEXGA=GASXDP3NDPTHM]INSCALL CUOLSIM(4)
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IHSTART=IFIX((HOUT=AAMB) /DELH)*2
C REGIN CHECKS ON MUNEL PREDICTIONS FOR WUMIDITY AT mINIMUM RED DEPTH,
C CHECK SATURATION UF AIR,
ATOUTBTCUT+4%9,69
RHOUTzRHDBHACATUUT,HOUT)
IF(RHCUT,GT414)6GNTOR3C
C CHECK MOISTURE RATIU FOR ABSORPTION,
JFCCUXI0UT=ENM)/ (PRODM=EOM) ) 4GT,41,)G0TC230
C CHECK FOR EQUILIRKRUI™,
EQUMOUTSEMC(RHOUT,TNUT)
IFCEAMNUT ,GE X¥OUTIGOTO 230
C CK OQUTLET PRODUCT TEMFERATURE AND MC CONSTRAINTS,
IF(XMOUT,LT,XMOUTHN)B0TO230
JFCTHIUT ¢GT e THAUTNX s OR ¢ XMOUT ¢ GT o XMOUTHX)LSEARCHE]
€ BEGIN CKXS NN MODFL PREDICTICNS FOR HUMIDITY AT MaxIMuM BED DEPTH,
XDPeDPTHMAXBICALL COOLSIM(4)
THTSPeIFIX((HUUT=HAME)/UELH) ¢}
IF(IRSTART EN, (INTNP+1))151,153
C IF VARIATION QF WUMIPITY BETWEEN MAX AND MIN BED UEPTHS IS LY DELH, SKIP T)
C MEXT ]TERATION OF INNER DO LOOP,
151 PRINT 69900
GOTC221)
C PERFORM MONEL FEASIBILITY CHECKS,
153 IFCTROUT,GT o THNUTMX OR ¢4 XMOUT (GT o XMOUTMX)IGCTOD 230
ATOUTETOUT+4%59,69
RHOUTaRHDBHACATUUT,HOUT)
IF(QHOUYoGToio’GOTolsi
IFL((X0UT=ENNY/ (PRIDM=EOM) ) (GT41,)G0T0155
EUMOUTaEMC(RHOUT,TOJT)
IF(EQMIUT ,REX*UUT)IL55,154
154 TF(XHMOUT LT YHPRUTMN) 155,160
155 ISEARCHEZ]
C IF NECESSARY BEGIN SEARCH FOR LUWER FEASIBLE BOUND OM HUMIDIYY DURING THIS DO
C LGOP JTERATION,
140 IF(LSEARCH,NF,1)GUTD181
165 LTRY=2(1HTOP=1HSTART)/2+1HSTART
167 HNCASFLOAT(LTRY=1)eDELH*HAMB
GUESS1=DPTHMINTGUSS23DPTHMAX
CALL Z2EROIN(NRURSS1,3UESS2,EPS,HOWDEEP)
XDPe (5. JESS1+rUFSS2)/2,FCALL COOLSIM(4)
IFCTHN T «GT o THNUTHX qOR ¢ XMOUT ¢ GTe XMOUTMX)17G»175
170 IHSTART=LTRY
IF((INTOP=IRSTLRT),LE,1)23C+165
175 LTRY=(LTRY=IHSTART)/2+4[HSTART
IF(LTRY, EQ,I¥START) 180,167
181 IHSTART=LTRY«]1
181 IF(]SEARCH,EN.1)185,205
C IF NFCF3SA7Y, hefl SEARCH FOR UPPER FEAS[BLE BOUND ON HUMIDITY DURING IH]S NO
C LOOP JTERATINN,
165 JTRY=(IHTOP=THSTAKRT)/2¢IHSTART
1827 HMNweFLOAT(ITRY=1)¢DEILHeHAME
GUESS1=dPTHATNILUESS23DPTHYAX
CAI.L Z-’,'FxUI'.(":UF,bSL. 3Uhs52' EPS.HOHDEEP)
XDPz (3 JESS1eNUFESS2)/2,FCALL COOLSIM(4)
ATOUTZTOUT+455,69
RHOUT=?HUBHACATUIT,AOUT)
IF(KkH0T,GT41,)G0T0 192
IFC((K OUT=ETMY/(FRUDN=EAM)) ,GT.1,)G0T0190
EQMOUT=EMC(RUOUT,TNJT)
IF(E04NUT,GE,XM0UUTY190,188



135

188 IFCXMOUT LT XMOUTMNL) 190,195
190 [HTOP=1TRY
IF((IHTOP=IHSTART) LT.1)230,185
195 ITRYEZ(IHTQP=1TPY)/2+ITRY
IFCITRY EG, (1HTUP=1))230,187
200 IHTOPa] TRY
205 DEFP1sDPTHMIN
T FIMD THE DFPTH AT WHICH EACH INTERMENDIATE HUMIDITY OCCURS AND EVALUATE
~ CORRESPONDING AlP TEYPERATURE AND PRUCESS COST,
DO 210 IhslHSTART,I4TOP
HNOWeF L OAT([H=1)¢DELReHAMB
GUESS1aDEEP1TGUESS23DPTHMAX
CALL ZFROUIJ(GBUESS1,GUESS2,EPS,HONDEEP)
XPPa(GIESS1+NUFSS2)/2,SCALL COOULSIM(4)
NzGA*SPYLCUN
PDHOP2XDPe(Q/%P,)ee] 528
TOUTETNUT*,37854889¢PDRUP/FANETA/ZEMETA
CalLL CSTCOOL(CNST)
WRITE(11,333%3)111,JJJ,KKK1,1H,TOUT,XDP,COST
PRINT 33335,111sJJJ,KKKL,[H, TOUT,XDP,COST
DEFP1sXDP
210 COMTINUE
220 CONTINUE
230 CONTINUE
240 CONTINUE
250 COMTINUE
ENDFILE 11
10000 FORMAT(2F10.C0110C)
10014 FORMAT(1HO®MINIMUA FBASIBLE BSED DEPTH IS #FS5.3¢//7/)
20000 FORMAT(BFL1542)
13333 FURMAT(4]15,3F22,15)
40000 FORMAT(1Xe4AX MCEeF5, 3¢ MIN MCzeF5,3¢ NUMBER OF LEVELS=*]3® M€
1INCREHMENT=eF4,4)
40001 FOPMAT(1HQePRUD TeMPeMAXzeF5,0¢ MINSeF5,0® NUMBER OF LEVELSs«#]3®
1 INCRFEMENT S[7Ez*F5,1)
40003 FOKMAT(LHNeAIRFLOW RATE=MAXEsFS5,0% M]NseF5,0e NUMBER OF LEVELSs*
113  JNMCHEUENT S1LFseb5,1,//7)
40004 FORMAT(L1H1«S=T UP GRID SYSTEM AT THE COOLER=HEATER [NTERFACE®///)
40005 FOR4AT(1xeADPITIONAL INFORMATION HEQD FUR SPLUTIONe///)
40006 FORMAT(LHOwEIErTRICAL PRICEZeF4,2¢ TIME SCALE=#*F4,2¢ FAN EFf=ef4
1,3« NNTOR EFF=eF4,38,///)
40907 FORMAT(1XeSE&RTH FNR FEASIBLE UPPER BOUND IN MUG DIMENSION®)
40068 FORMAT(1HI#FNR THESE INPUTS, THE MINIMUM QUTLET PRODUCT TEMPERATUM
i1t IS *F7,2)
40P09 FONMAT(1HO®ANJSTED UPPER NUDE IS #15+,L04ER NUDE IS 1e///)
40Nn10 FORMAT(1XeSEARNH FOR FEASIALE LOWER ROUND IN AIRFLOW DIMENSIONw)
40011 FOPMAT(1H)«UPPER NODE [Se[Se, ADJUSTED LOWER 11JLE [S#15,/7/7)
40012 FCPMAT(1XeSEARNH FOR FEAS]IBLE UPPER HOUND IN THETA DIMENSION®)
40013 FORUAT(L1XeSEARRH FUOR SEASISLE LOAER BIUND OF DEPTHe)
40014 FORMAT(1xeTl) CHUUSF DELH, CHECK THE LIMITS OF UUTLET HUMIDITYe)
40015 FORMAT(LHQeLAWFR BNJUND=eF7,5« UPPER BOUIDZeFT735+///)
40016 FORMAT(1XeRERIN ITTFRATIUNS,PRINTING INDICES OF MT, PROD TEMP,ALRFL
10w, ARS HUM, 8NN ASSOCIATED AIR TEMP, DEPTH, CuSTe)
40020 FOPMAT(1H3*»STUFPEU=MAX DEPTH TJ0 SHORT TU REAC™ DESIRED OUTLET CON
1D]T]ONGe)
70000 FURMAT(1X«INLET CUNDITIONS-TEMP3#F7,3¢ ABS HUMS*FR,5e¢ ATM PRESSS
1¢F5,2)
70001 FORMAT(LH]I«D SIRED JUTLET CUNDITIONS®MAX GRAIN TEMPaeF7,3¢ MAX M(s
12e¢F7,4¢ HIN MCzeb7,4)
70002 FORMAT(L1HJeMAX UEPTHAzeF4,29 MIN DEPTHEeF4,29InCREMENT SIZE IN ABS
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1 HUM=sFB,5)

Q0000 FORMAT(3X,eln]ISTURFE DIMENSION CONTAINS ONLY ONE FEASIBLE LEVELe)
90001 FURMAT(3Xx,»ATRFLOWN JINENSION CONTAINS OWNLY ONE FEASIRLE LEVELe)
90002 FORMAT(3X,eTHETA UIMENSION CONTIANS OHLY OMNE FEASIRLE LEVEL®)
90N05 FCRMAT(i1MO*FNPR THESE INPUTS, THE MINIMUM QUTLET MC IS *F%,4)
99900 FORMAT(3XeDIFFERENCE IN HUMIDITY THRU RED LT UELHe)

Yoo aancaaon

aaon

END

PROGRAY HEATERCINPUT,QUTPUT,TAPE?7,DOUT,TAPE118D0UT)
PROGRAM HEATER IS THF 2ND PROGRAM IN THE 4<PPOGRAM SEQUENCE FOR OPTIMAL DESIGN
NF AN AJReRECYCL~ TYP: CONCJURRENT UDRYER=COUNTERFLO¥ CGOLER SYSTEM, ASSOLIATED
SUBPROGRAMS KEQUIRFU=NONE,
MINIMUM DIMENS10'S $OR THAE ARRAYS ARE FOUND RY EXAMINATION OF COOLER OUI®YT,
EQUAL TO THE MAXIMUM NUMRER OF STATE NODAL VALUES HAVING REPEATED InNDICES FOR
PRODUCT 4C AND TEMFPERATURE,
DIMENSION JGSCRHC )y IHSCRH( ),TSCRACHS 3,CSTSCRHf{ )
DIMENSION GOUT( )y SADDED( ),DELHEAT( )
COMMN/PRESS/PATHM
NATA CA,CY/4242,.45/
READ INFIR4ATION FROM CJOLER QUTPUTeMIN AJRFLOW RATE AND INCREMENT, MIN WU4]D»
ITY AND INCREMEWNT, MIN AND MAX MC, AND MIN AND MAX PRQONUCT TEMPERATURESHY
READ INFORYATION NFEDED TO SETUP GRID SYSTEM AT HEATER=-DRYER INTERFACE AND
LIMITING RECYCLEN AlR=FRBSH AIR RAT]O,
PRINT 50007
READ 20030,GLOWIN,DELGIN,HLOWIN,DELHIN,XMLOW,XMHIGH, THLOW, THH]GH
PRINT S0000
PRINT 300N0J,RLNWIN,DELGIN,HLOAIN,DELHIN
READ 20000 XLUNGs XHIG)RATIOL, XLONT ) XH]T,XLOWH, XHIH
PRINT 30002, YMLOW)XMHIGH, THLOA, THHIGH, XLOWG, XHIGs XLOWT , XHIT ) XLOWH,
1XHIA
PRINT 3030%5,RATI101
READ THE NUMHER NF LEVELS OF MCs, PRODUCT TEMPERATUNE, AIRFLOW RATE, AIR TEvPs
FRAT'KE, AMD HUMIDITY TO BE USED IN THE GRID, THEN CALCULATE INCREMENT $11:S
IN EACH DIMENS]ON,
READ 2y0C1»L VM, LEVTH,LEVG,LEVT,LEVH
NELG={XHIGXi OWG)/FLOAT(LEVG=1)
DELTE(XHIT-X.ULT)/FLNDAT(LEVT=1)
DELH= (XHIH=XLOWHI/FLOAT(LEVH=1)
DELMs(XMH]GHeXMLOW) /FLOAT(LEVM=1)
DELTAS(THHIGH=THLUW) /FLUAT(LEVTHe])
PRINT XCJJ3sLEVM,LFVTH,LEVG,LEVT,LEVH,DELM,DELTH)DELG,DELTSDELKH
PEAD IWLET Alf CNUPLTIONS TO THE HEATER-TEMPERATJURES, HUMIDITY, AND ATMOJPHERIC
PRESSURE,
PRINT 50201
PEAD 2N, TAMO,HAME,PATM
PRINT X0J01,TAMB,HAMB,PATM
READ ECNNOAIC FANTOARS=FJEL HEAT VALUE, FUEL PRICE,“EATER EFFICIENCY, AND T4E
TIME BASE HISED FOR UPTIMIZATION,
READ 29C0GsFIELHT,FUELPRI,THERETA,TIME
PRINT ICUB4,FUFLHMT,FUELPR],THERETA,TIME
PRINT 50003
READ THE FIRST Pal® OF MC AWD PRIDUCT TEMPERATURE INDJCES AND BEGIN REAPINS
ALL GRID VALUES “AVING THESE TWU INDICES,
IEND=0
PEAD(7,11111)IM,1TH
[THOLD=]THSIvULUS]M
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BACKSPACE 7
89 ISCRACHED
90 READ(7,10060)IMsITH,1G,1IH,T,COSTCL

IF(EDF(7))109,94
94 IFCITH, NE ITWULDY®S, 200
95 BRACK3PACE 7
ITHOLD= ] TH3I4OLUs M
GOTO 110

C STORE AJRFL_LOW ANN WUMIDITY INDICES PLUS CORRESPONDING AIR TEMPERATURE AND Z20ST
C VALUES FOR ALL DaTa GHROJUPS HAVING THE SAME MC AND PRODUCT FTEMPERATURE IHDIZES.
109 ISCRACAH=ZISCRACKH*1
IGSCRH(ISCRANH)SIG
IHSCRH(ISCRANHYSIA
TSCRAC4(ISCRACH) =T
CSTSCR~A(ISCRACKH)=COSTCL
GOTO 9
f APPLY ALL FEASIBLE CONTROLS (HEAT AND AIRFLOW AQPDED) TO INLEY AIR CONDIJIQNST
109 IEMD=1RIMs[MALTSITHSITHOLD
110 DO 140 JJJsi,LFVT
TOUTEXLOWTeFL02T(JJJel) #DELT
DO 130 KKKel,LfVH
HOUT=XLOWHeFLOAT(KKK=1)eDELNH
IFCISCRACH,EN,1)G0UTO 130
DO 120 LLL=1,ISCRACH
IF(CSTSCRH(LLL) «GEL,10,E22)115,116
115 GOUT(LLL)3=-1,8GUTO 120
116 GINZGLOWINSFLUOATC(IGSCRACLLL)=1)*DELGIN
HIMSHLOWINSFLOATCIHSERH(LLL) =1)*DELHIN
TINETSCRACH(LLL)
IFCARS(HOUT=4AMEB) WL T,1,E»120117,118
117 GOUT(LLL)s10C0COLOGD,
GOTO0119
119 GOUT(LLL)SGIM®(HIN=AAMB) /(HOUT=HAME)
119 GAPDED(LLL)=ROUTILLLY=GIN
IFC(S]1/7GOUTCLLL) ) 4LT,RAT]01)GOTQ1195
DeLHEAT(LLL) 3L,
GADDED(LLL) ==,
6GOTU120
1195 DELAEAT(LLL)STOUT®ROUT(LLL)*(CAHOUTYCV)=TIN*GIN®(CA*HIN*CV)=TAMB"
1GANDED(LLL)*(CA+HAMBECY)
120  CONTINUE
HOLDING THF AIR TEMPFRATURE AND HUMIDITY AND PRONUCT TEMPERATURE AND MC N4~
ENSIONS CO'STANT, INTERPOLATE IN THE AIRFLOW DIMENSION TN OBTAIN EVENLY SPACED
VALUES 0F cQONTROLS AND COST,
DO 125 MMM=22, ]SCRACH
GONE=zGAUT(1M¥=1)
IF(GOHE (LT o XLOWS,ORBONE,GToX41G)GOTO 128
IF(GADTED (MM 1) LT Ced e R USLHEAT(MMM=1) ,LT,0,02GNT0O125
COUSTINFSDELHEAT(MNM=1) /FUELHT/THERETACFUFLPRI®T[ME«CSTSCRH(MMM-]1)
LWHEREL=IFIXC(RUNE=XLOWG)/DELG) *1
GTRY=zX'.OnGeFLUOPT(LrAFKEL)#DELG
[FCARS(GONT:*3TRY) gL T4yleE=1C) LAHEREL3WHEREL*1
GTWO=GRUT (MM )
IF(GTWI LT X O%G,UP,GTWO,GT«XHAIGIGOTO 125
IF(GADTEL(HWMY ) LT, 0,0,0R, UELHEAT(MMM ) ,LT,0.0)G0TN125
COSTTWAZDELHEAT(MMM) /FUELHT/ THERETA*FUELPRI®T]“E+*CSTSCRH(MMM)
LWHERE2=IFIX((ATWU-XLUNG)/DELG)*]
CTRY=XLOW3+FLUAT(LWHEREZ)*DELG
JF(ASS(GTWU=RTPY) oL T 14E=10)L~HERE2SLWHERE2*]
[F(LWHERELLEN,LWHEPE2)GUTO 125

SRS RS]
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IF(GTWN,LT GNANE)GOTD 123
NUMB =1

122 LWIPNe_WHERE1*¢NUMB
GaXLOWS+FLOAT(LWIPN=1)«DELG
RAT]02(G=GUNE) /(GTwI=GONE)
RESTCST=(CNSTTHU-COSTUNE)*RATIO+COSTONE
HESTGANS(GADEN (MMM ) «GAUDED(4MMe1) ) aRATIO0«CADDED(MMMe1)
BESTOHTE(DFLHNEAT(MMM) e DELHEAT(MMM=1) ) »RAT]O+NELHEAT (MMM=1)
WRITE(L11,4C020) 1) [TR)LWIPN, JJJsKKK,BESTCST,HESTGAD,BESTDNT
PRINT 77777 2 IMATTH LALPN, JJJ» KKK, BESTCST,BESTGAD,RESTENT
IF(LAN1PN,EQ,LWHERE2)GOTO 125 ’
NUM3ENUMBel
GOTO 122

123 NUMC=1

124 LW2PNa WRERE?eNUMC
GeEXLOWGFLOAT(LW2PN=Z)*0ELG
PATIN2(G=GONTZ)/(GTWI=GONE)
RESTCST=(CNSTONE=CCSTTAO)*RATIO«COSTTWO
BESTGAN=Z(GADPEN(MMM=1)=GADDED(MMM) ) ¢RATIO0«GADDED (MMM)
BESTOHHTS(DELHEAT(MM4e1)=BELHFAT(MMM) ) *RATIO+DELHEAT(MHMM)
WRITE(110400°0)IM) ITAZLN2PN) JJJ s KKK, BESTCST,BESTGAD,RESTDHT
PRINT 777277 2w IMpITH,LW2PN, JJJ s KKK, BESTCST,BESTGAD, RESTDHT
IF(LW2PN,EQ,LWHEREL)GOTO 125
NUMCEN'IMCey
GOTO 124

125 CONTINUE

130 CONTINUE

1490 CONTINUE

150 CONTINUE

IFCIEND,EQ,0)GNTO 89
ENDFILE 11

10000 FORMAT(415,E22,15,22%,E22,15)

11111 FORMAT(21%)

20000 FORMAT(B8F10,43)

20001 FORMAT(8110)

30000 FORMAT(1X#AIRFLUW=LJWER BOUNDE#*F7?,2+ [NCREMENY S[ZEzefF7,3¢ HUMID
1ITY=LOWER 30UNDE*F7,5« INCREMENT SI2ZE=eF7,5,47//)

30001 FORMAT(1XeAIR TEMPERATUREseF7,2¢ ABS HUMIDITYseF7? ,5¢ ATM PRESSUR
1Ee*F7,2,7/7)

30002 FORMAT(1XeMC=LNWER END=*F5,4% UPPER BNDzeF5,4,//« PRQD TEMP~-LOWER
1 BMDzeF7,2¢ LUPPER dNDzeF7,2,//« AIRFLOW=LUWER BND=#F7,2# UPPER 8
2ND=eF7,2,//% AIR TF4P=_LOWER BND3eF7,2% UPPER wiNDzeF7,2,//* ABS HU
IMIDITY-LOWER BMUs#F 7,5« UPPER BNDs#*F7,5,//)

30003 FORMAT(1XeVA ]ABLE LEVELS=MCze]d4s PROD TEMP=e]l4e AIRFLOW3#[4e A
1IR TeMPze]ee AgS HJNZ#[4,//¢ INCREMENT SIZE=MUS*FS,4¢ PROD TEMPS
2%F5,1¢ AJiiFLOWSeFS5,4¢ AR TEMPaeF5,1y ABS HUM3eF7,5,///)

30004 FORMAT(1x«FCPNNMIC FACTORS=FJEL HEAT VALUE3*F9,0¢ FUEL PRICEseFS5,
12« THERMAL “FFICLENCY=#F4,3¢ TIME SCALEz*F4.,1.7/7)

30705 FORMAT(1xei*AX ALLUWASBLE COOLER AIR/TOTaL AIR RATIO0=¢F5,3,///)

66300 FCRAMAT(515,3722,19)

S0NCO FORMAT(1H1eR=AN [NFIRMATION FROM COOLER SOLUTIUN®//)

S0N01 FORMAT(1XeREAD CONLIT]IONS OF AOUDED AlRw*//)

S0N02 FORMAT(1XeSETY 1P GRIND SYSTEM AT THE HEATER=DIYER INLTERFACE*///)

50003 FURMAT(1XePRINT [4N]CeS OF FEASIRLE MC,PPOD TEMP,AIRFLOW,AIRTENP, A
1HS HUM, AND ASSUCIATED ACCUMJLATED COST,ADDED AIR,AUDED HEAT#/7)

77777 FORMAT (3IX,517,3E22,15)

END
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PROGRAY DRYE(INPUT,O0UTPUT,TAPE3?)
PROGRAM DRYER IS THE J3RD PROGRAM TO RE RUN IM THE 4=-PROGRAM SEQUENCE +ON
NPTIMAL DESIGH U7 8N ATR=RECYCLE TYPE CONCURRENT D™YER-COUMTERFLUW COULER
SYSTFM, ASSOCIATEDN SURPRUGRAMS REUUJRED=<DRYCOST,URYHEAT,NRYSIM,EMC, IENCODE,
INTERP,P3D?,PVHA,KHPSPV,VSDBHA,
DIMENSION THOEX(3), ICECREM(I),IND(3),MAX(3I)
COMAIN/ZCON/CINA 4 CUN2/VALUES/XACINITHINSGP,SA»CASCP,CV/DOLLAR/TIME,
1ELPRICT,EMFTA,FANETA/RECALL/ZIPTCOSTC » YaXNEW(2)2DXINV(2), XML
20w, DELM, THLOW, NSLTH/PRESS/PAT 4/ IN/SUMTEMP,HIN, GIN,DEPTH/OUT/ XM, THE
3TA,TOUT,HIUT
EXTERNAL DRYHELT
NATA PATHARHGP;B“h;SAICA.CP/14334I38.71;9.0239;DQZ‘Z:0260/
BESTCST=10,E?2
GPREPHe1,244¢RHOP
CON1=SA/(GP*rPYSCUM2¢SA/CA
READ NUMRBE? OF FFASIRLE LEVELS REMAINING ]N MC, PRUDUCT TEMP, AJRFLOW RATE,
AJR TEMPERATURE, AMD nUMIDITY DIMENSIONS,
READ 1uCu0,LEVFLM,LEVELTH,LEVELG,LEVELT,LEVELH
PRINT 20001,LEVELM, LEVELTH,LEVELG,LEVELT,LEVEL"®
MAX(1)=LFVELHIMAX(P)=LEVELTENDIM=2]
PEAD LOWER FEASINLF MG BOUND AND INCREMENT SIZE AT HEATER=DRYER INTERFACE,
READ 10002, X"'LNW,LELM
DXINvV(1)21,/NELM
XMHIGHzXMLOWeFLOAT(LEVELM=1) «DELM
PRINT 20002, YMLOV, ¥YMHIGH,DELM
READ LOWER FEAGIMLE PRODUCT TEMPERATURE BOUND AND INCREMENT SIZE AT HEAJER-
NRYER INTERFACE
READ 1J0U2, THLOW,UELTH
DXINV(2)s1,/nELTH
THHIGHITHLOWeFLUAT(LEVELTH=1)«DELTH
PRINT 20003, THLUW,THAHIGH,DELTH
READ LOWER FEASINLF RIRFLOA RATE BOUND AND INCREMENT SIZE AT HEATER=DRYER
INTERFACE,
READ 1J002,GLOW,NELG
PRINT 20004,RLOW,DFLG
READ LOWER FEASIALE A}JR TEMPERATURE BOUND AND INCREMENT SIZE AT HEATER=QRYER
INTERFACE,
READ 1JCC25 TLUW,DELT
PRINT 20005, TLOW,DFLT
READ LOWER FEASIRLFE HUMIDITY BOUND AND JMNCREMENT SIZE AT HEAVTERe®DRYER INTERe
FACE,
READ 1yC92,HLOW,IELH
PRINT 2Cuf6,HLOW,DFLH
READ THE LOWER BNUNUS OF EACH DIMENSION AS TH:Y ARE BEFORE ADJUSTMENT=eMC,
PRODUCT TE1P,AIRFLNA KATE,AIR TEMP,AND HUMIDITY,
READ 10CC2, X WM Iry THMNIN, XLONG ) XLOWT , XLOWH
PRINT 200607 N1, THMNLH, XL ali g XLOAT ) XLOWH
MINOYH=JF IXC(XMLOWeDELM/ 2 =X 4NT) /DELM)
MENYTUZIFIXC(THLUP ¢DELTH/Z o= THMMIN)ZDELTH)
MINIXG=IFIY(eGLUNSNELG/2,oXLDal) /DELG)
MINOXTe b IXRCCTLUMSRELT/2,=XLONT)/LELT)
MINUAH=TF T CHLUR®DPELH/2,=XLOaH)/DELH)
PEAD BOUND OF ORvEWR DEPTH AND INCREMENT SIZE,
READ 99999,0L0%s UHIGH,LEVELD
PRINT 2CU03, L W,UHIGH,LEVELD
DELD=(YHIGH="LAWI/FLOAT(LEVELD=-1)
READ DRYER INLET GPRPAINW MC AND TEMP PLUS ECANOMIC FACTORS==T]ME ON WhHICH JPTe
IMIZATION 1S 3ASFU,ELECTRIC PRICE,MOTUR FFFICIENCY FAN EFFICIENCY, ANU AT=
MOSPHER]C PRESSUPE,
READ 1UD0C2sX"CIN, THIN, TIME,ELPRICE,JEMETA,FANSTA,PATH
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PRINT 20CDO0,YMOIN,TAIN,PATM
PRINT 2CCL.,TI"E,ELPRICE,EMETA,FANETA
C PEAD COVSTRAINTS UM MAXIMUM AIR TEMPERATURE INTO DWMYER AND MAXIMUM PRESSURE
C DROP,
READ 20CC1, T AX,)PUROPMX
PRINT 2Cc12,THAX,FPROAPMX
215 INDYMAYELEVELGe LEVFLT®LEVELH
C INITIALIZE TrE CNST INTERPOLATION GRID TO ABSURD VALUES,
DO 9 Isi,LEVFLM
DO 7 Js1,LEVFLTH
DU 5 Ks1,]lDYMaX
OPTCNST(1,ds")=21C,F2%
CONTINUE
CONTINUE
C READ [N VALUES FROM WEATER OUTPUT AND BY COMPARISUN, FILL THE GRID WITH OPT-
C IMAL COSTS,
11 READ(37,30300)TM, JTHaIND(3)»IND(2), INDC1),EXPENSE
IF(ENF(37)122,15
15 IME[MaMINDAM
ITHEI THeMINDYTH
IND(3)=IND(3)=MINDXG
IND(2)=IND(2)=MINDXT
IND(1)=InND(1YeMINDYNA
CALL IENCONECINDYINDaMAX,NDIM)
IF(EXPFENSE LT OPTCOST(IM, JTH,INDY))16,17
16 OPTCOST(IM, ITH, INDY)2EXPENSE
17 GOTO 11
C APPLY InN TURN ALL AIRFLOW RATE, INLET AIR TEMPERATURE, AND HUMIDITY CUMBINe
C ATIONS WITHIM THE GRITD, .
20 DO 190 !Ga1,LEVELG
IGGeLEVELG=]r+{SIND(3)=]16G
GINzGLYW+FLOAT(IGG=1)*DELG
INN¢3)=s1G6GG
DO 1RO IT=1,LEVELT
ITTSLEVELT=]T+q
TINRTLOW+FLOAT(ITT=1)*DELTSIND(2)2]TT
DO 170 lH=1,LEVELH
HINEHLNWeFLOAT(IH=1)SDELHSIND(L1)=]H
ATIN=TIN®459,60
RHIN=RHDHHACATIN,HIN)
EQMsEMZ(KRHIN,TIN)
C APPLY &4LL NISCHETE DEPTH CONTROLS IN TURN,
DO 160 INEPT=1,LEVELD .
IDN=LEVELD=]NEFTHe
NDEPTH=NLOweFLUAT(]DD=1)*DELD
ATEHMF=TIN+4aS59,,Y
CAPPROX=G]1evSTO~A(ATEMP,HIN) /60,
PRROPZNEPTHe(rPPROX/DR,)ee],528
CHECK MAX]:iUM AIP TeE“PERATURE AND PRESSURE DROP COWSTRAIMTS,
IF(PDRYP,GT,PDRUPMY)50T0169
DELTADNZ,37876PBI*PROP/FANETA/EMETA
SUMTEM 2T JuuenEL TADD
IFC(SUMTEMP,GT,THAX)IGOTO160
ASUM=S IMTE 1P e 49,69
N=G[NheVSDHRHALASUM,HIN)Z60,
CALL DRYER SIMILATION TO PREDICT OUTLET GRAIMN MC AND TEMPERATURE AND CHECK [F
PESULT FALLS WITHIN GRID,
CALL DJ3YSIin(y)
IF (XM AT, XHH]GH)GUTOL70
IF (XM LTeXHLO"W)G0TO0160

O N

«

e X&)
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IFCTHETA,LT,THLOU¥)GOTO160
IFCTHETALGT,THKRIGH)GOTO170
C APPLY SATURATION, ADSURPT]ION, AND EQUILIBRIUM CHECKS TO OUTLET AIR TEMP AND
C HUMIDITY PREDICTIUNS UF DRYER MUDEL
CALL DRYSIM(?2)
ATOUTETOUT+459,69
RHOUT2RHDBHACATUUT,HOUT)
IF(RHOUTGTe1o )u01n160
IFCC(XN=EQM) Z(YMCIN=EUM) ) ,GT1,)G0T0160
ELQMOUT=EMC(RHUUT,TOUT)
IF(EQMAUT ,GE X*)GRUTO16N
C SET UP [NTERPOLATINN FROCEDURE AND INTERPOLATE,
CALL IFNCODECINDY,IND,)MAX,NDIM)
INDEX(1)=lFlY((X¥=XMLOW)/DELM)+1
INDEX(2)8FIY((THETA=THLOW)/DELTH)+3
INNDEX(S$)sINDY
XNEW(L1)EXMTXNEW(2)STRETA
NSTOREs(
DO 85 1s1,NDIM
85 ICECRE™(1)=0
XVALzXMLOWeFLOATCINDEX(1)=1)eDELM
IFC(ARS(XVAL="YM) LT ,10,E=8)90,100
90 NSTORExNSTORF+43ICECREM(NSTORE) 31
100 XYALSTHLOWeFLOATCINDEX(2)=1) ¢DELTH
IF(ARS(XVAL®THFTA) ,LT,10,E=8)110,120
110 NSTORFaNSTNRE¢4 FICECREM(NSTORE) 82
1292 MSTORE=NSTNIRF+13iCECREM(NSTORE) =3
IF(NSTORF ,FO,NP[M)130,140
130 PARCOST=OPTCNST(INNEXCL1), INDEX(2), INDEX(3))
GOTV 145
14N CALL JYTFRP(CARCOST,NDIM,INDEX,]CECRE1,NSTORE,)DRYHEAT)
145 IF(PARCOST.LTe1+E=R,OR,PARCUST GT.10,E22)G0TO160
C EVALUATE CcnST OF DRYING AND ADD TO INTERPULATED CUST, COMPARE THE RESULT TO
C THE CURRENT OPTI™MAL COUST,
CALL D2YCOST(CNST,PDROP,N)
TRYCNOSTzPARCNST*CUST
IFCTRYCOST,LT,RESTCST )150,160
C IF CURRENT TOTAL COST 1S OPTIMAL, REPLACE THE PREVIOUS BEST COST AND PRINT THE
COPTIMAL COST AND CUPKESPONDING DRYER INLET AIR AND UUTLEI GRAIN CONDITIONS 2LNS
C NDPT[MAL, DEPTH,
150 RESTCST= TRYCOSTSH@STDPH‘DEPTH%BESTGSGIN%PESTT:TINSPESTHlHINSBESTH'
1XMSBESTTHETHET A
PRINT 262013,°ESTCST,HBESTM,BESTTH
PRINT 20014,PESTDPH,RESTG,BESTT,RESTA
160 CONTINUE
170 CONTINUE
18¢ CONTINUE .
190 CONTINUE
10000 FORMAT(BIZ1)
10002 FORMAT(E8F13,2)
20001 FORMAT(1H1eFFACSIRLE LEVELS REAAINING IN FACH DIMFNSION=-MCse]3e PRU
1D TEMP=«l3e AIPFLOW RATE=zel3e AIR TEMPzw[Is RUMINITY=*]3,//)
20002 FORMAT(1HO*MNISTURE CONTENT FEASIBLE 50ULDS=LO0“ERs*F7,4e UPPERS*F
17,4¢ INCRLEMFMTZeF7,4,//)
20003 ronnA7¢1H0-F°0rUrT TEMP FEASIBLE BOUNDSwLOWEHZ®F(O,2* UPPERS®F4,2¢
1 INCHEMENTZeFA2,//)
20004 FORMAT(1ROeLMrWER FEASIBLE AIRFLOW RATE gOULDzeF 6,20 [HCREMENT=eFO
1,2* [NCRENEMT=#F6,2477)
20005 FOPHAY¢1HOoLﬁHFK PEASIBLE AIR TEMP BOUNDseF§,2® JHCREMENT=2eFg4,2,/
1/)
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20006 FORMAT(1HDeLNWFR FEASIBLE HUMIDITY BOUNDE=wF§,4® [NCREMENTSEeF 6,4,/

1/)

20007 FORMAT(1HOeLNWER BCUNDS REFURE ADJUSTHMENT=eMCeF5,3¢ PRODUCT TEMPS

1¢F5,2¢ AJRFLUW RATEewF5,2e¢ AIR TEMPaeF5,29 HUMIDITY=eF5,4,/7)

20008 FORMAT(1HQeDNYFR UFPTH==LOWER HOUND=®F5,3e UPFER FOUNDE®F5¢3e NU

1¥hER OF LEVELS=*13,/7/)

20009 FORMAT(1HO«l"LFT CONDITIONS TO DRYER»=GRA[N MCzeF5,3¢ GRAIN TEMPs

1¢Fh,49 ATHUSPHERIC PRESSURE=eF6,4,7/)

20010 FORMAT(1HO#E~UNUMIC FACTNRS==TIME ON WHICH OPTIMIZATION IS5 BASEDs®

1F4,2+* ELECTRIC PRICEs#F4,2« EFFICIENCIES-MOTURSeF4,3¢ FANzeF4,3
1,/77)

20011 FORMAT(1HD,*NUNSTRAINTSe=HAX AIR TEMP3#Fg,2* MAX PRESSURE OROP=eFé

1,2,77)

20013 FORPMAT(1HOeCIIKPENT OPTIMAL COSTs#F1045¢ NUTLET MCeseF5,4% OUTLET

1GRAIN TEMPLRATURES«F(G,2)

20014 FORMAT(1HO®C!/RPENT NPTIMAL DEPTHaeF4,2¢ AJR CUNDITIONSe=FLON RATE

1zeF6,2¢ TFNPEFATUREZ®F 6,29 HUMILITYzeF§,4,/7¢7)

30000 FORMAT(515,E72,15,44X)
99999 FORMAT(2FLCeCeTlN)

anon

e By} aa aa

aa

END

PROGRAM RECOVRY(INPJT,0UTPUT)
PROGRAM RECOVERY 18 THE FINAL PROGRAM TO BE RUNM IN THE 4-PROGRAM SFQUENCE FQR
NPTIMAL DESIGN OF AN AIR=RECYCLE TYPE CONCURRENT UMYER=-CNUNTERFLOW COULER
SYSTEM, ASSOCIATEPN SUHPHOGRAMS REUUIRED=COOLSIMsDRYSIM,HWDEEPRSVSNBHA,ZERIIN,
COMNMON/PRERS/PATM/ IN/THEAT,BESTH, Uy BESTDPH/QUT/Z L, YZ, TOUTNRY, HOUTDR
1Y/INCOOL/RFSTN, BESTTH)GINHEAT, XDP/OUTCOOL/HOUT»TOUT, THOUT» XMOUT/F I
2XED/TAMB, HAMD, tTANE, SPVLCON/AITCH/HINCOOL
COMMON/VALUES/YMC N, THIN,GP,»SA»CA»CP,CY
EXTERNAL HCWDPEFP
DATA EPS/,C21/
PEAD (FRON DRPYFR OUTPUT) OPTIMAL AIRFLOW RETE, INLET AIR TEMP, INLET HUMIDITY
DRYER DEPTAH, PLUS FURKESPONDING OQOUTLET MC AND PRODUCT TENP,
READ 10ULCO,BFrSYU,HBESTT,BESTH,3ESTNPH,RESTM,BESTTH
READ (FROM MEATEP NUTPUT) THE BASE VALUES OF MC, PRUDUCT TEMP, AIRFLOW BATZ,
AND HEAT ADDED NFEM™EDN FOR INTERPOLATION,
READ 10000%HRASFM,UASETH, BASEGAD, BASEDHT
READ (FROM HEATEF NUTPUT) THE VALUFS UF MC JNCFEMEMT, AIRFLOW RATE, AND WEAT
ADNED NEEDRD FNAR IMTERPOLATION IN THE MC DIMENSION,
READ 256Gul,DFLM,PLUSGAM,PLUSHTM
READ (FROM HEATEP QUTPUT) THE VALJES OF PRODUCT TE™P JNLCREMENT, AIRFLUW RATE,
AND HEAT ANDED NFEMEN FOR INTERPOLATION IN THE PRODJAT TEMPERATURE DIMEQNS]IV,
READ 10000, DFLTH,FLJISGAT,PLUSTHT
READ JNLET MC aln™ PRODUCT TEMPERATURE T3 DRYER,
RZAD 1UCu0,X'CIN, THINR
READ TEMP AN[ HU"INITY JF INLET AIN TO HEATER, PLUS FAN AND MOTOR FFFIC{ENCIES
READ 10CL0sTINHEAT, AINHEAT,FANETALEUFETA
GEAD TEMP alNlD wUMITITY OF INLET AlR TGO COOLER, PLUD MAX AND MIN EHOUNDS WN
COOLLR DEPTH, aNN ATMUSPHERIC PRESSURE,
PEAD 10030, TANP,HAMB, NP THAAX,IPTHMIN,PATM™
INTERPOLATE TO FIND OUPTIMAL AMOUNTS OF ADDED AIR A"D HEAT,
HMP1s8ASEMe D LMIRTHPLSBASETHDELTH
GAD1=RaSEGuDe(PLUSHAM=RASEGAN ) *(BMPL*GASEM)/IELM R
GAD2=3ASKEGADe(PLUSGAT=BASEGAD)*»(BTHP1=RASETH) /DELTH
GANDDENs(GAD1eGAL2)/2,
DHT1=3ASEDHT+(PLUSHTM=BASEDHT)*(BMP1~3ASEMI/NELM
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DHT2=BASEDHT#(PLUSTHT=BASEDHT)*(BTHP1+RASETHI/DELTH
DELHFATS(DHT1+NAT2)/2,

CALCULATE AJRFLOW RATE THROUBH CIOLER,

GINHEAT2RESTR=RANDED

CALCULATFE NUTLET ATR HUMIDITY FROM CNOLER,

HINCOOL=2(HBESTGeBESTH~GAUDED*~INHEAT)/GINHEAT

CALCULATE NUTLET AIKR TEMP FROM CNJLER,

ABESTT=BESTT+479,69
QAPPROXZRESTReYSNBHA(ABESTT,BFESTH) /60,
PDROPRNESTNPHe (UAPPRNX/58,)*e1,528
TAPRPROXZHESTT+,375654889*PDRUP/FANETA/EMETA
ANEATZTAPPROY+459,69
N=RESTReVSDBHACANEWT ,BESTH) /60,
PDROPZMESTNPH*(U/53,)wel,528
THEATS3IESTT+,37854889«PURQOP/FANETA/EMETA

C SIMULATE DRYFR TN CALCULATE OUTLFT AIR TEMP AND WUMIDITY,

C SEAR

10000
20000
1
30000
b
40000
1
50000
1
60000
b

CALL DRYSIM(2)

PRINT 20005, TOUTNRY,HOUTDRY,XMCIN, THIN,BFSTDPH

PRINT 30005, THEAT,RESTA,3ESTS,BESTM,BESTTH

PRINT 4000),)AANUED,DELHEAT, TINHEAT ,HINHEAT
ATAM32TAMB+459,69

SPVLCN{zVSDBXA(ATAMB,HAMB) /60,

CH FOR OPTIMAL COULER DJEPTH,

GUESS1=DPTHMTINYLUESS28NPTHMAX

CALL 2FROIN(AUFSS1,GJESS2,EPS,HONDEEP)
DEPTH3(GUESS1+ZVUESS2)/2,

CALL COOLSIM(4)

PRINT 50000,TOUT,HOUT,RINHEAT,BESTM,RESTTH

PRINT A000C,TAMB,HAM3,DEPTH,XMOUT, THOUT

FORMAT(BF13,¢)

FORMAT(1H1*DPYER SPECS=OUTLET AIR TgMP=zeFg,2¢ HUMIDITYS®F6,40
LET GRAIN MCeefH,d8« PRUD TEvPEeF5,1* DPYER DEPTH=eF4,2,//)

IN

FORMAT(1XeNRY:R=HEATER [NTERFACE AIR TEMPz*f6,2¢ HUMID]TYEsFg 4,

CAIFLIWBOF6,2¢ NCzEF5,3¢ PROD TEMP2eF5,1,//)

FORMAT(1xe{EATFR SPECS-ADDED AIR=eFg,2¢ ADDED HEATzeF10,2¢ TEMP

INLET alRseFA,~* INLET HUMINITYE®F5,4,//)

FORMAT(1XeHEATFR=COULER INTERFACE AIR TEMPxeFg,2* HUMIDITYEeFg 4@

AJRFLOW RATEeeF 6,26 MCseF4,3% PROD TCMP2eFA;2,//)
FORMAT(1X#CONLER SPECS=INLET AIR TEMPs#Fg,2¢ MUMIDITYzeF6,5¢
THaeF§,2% OQUTLET MCseF6,4¢ OUTLET PROD TEMPE®F6,2)

END

DEP
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SURROUTINE COULERCCAVERAGE,XIP,LMNOP, INDEX)
C CONLERC 1S CALLEN FROM [NTERP TU INTERPOLATE COOLEX COST,
DIMEMSION INPEX(2),LUNOP(2)
COMMON/RECALL/NPTCOST( 4 )oGCOOLC o 3,DCOOLE , ))XNEW(2),DX]
INY(2) , XMLON, NELM, THLOW,DELTH
STINTRP(XQ JEo XTWO XX s XXXoDX)IXONE*(XTAOSXONE) @ XX=XXX) DX
LMNGP(KIP)=ZI"IFX(KIP)
XONE=QPTCQSTC(LMNOP (L), LMNOP(2))
LMNOP(KIP)SINUFX(KIP) ey
XTHQeQPTCQST(LMNIOP (1) ,)LMNOP(2))
GOTO(1y,20),¥ 1P
10 XYALSXMLOWeFLUATCJNDEX(1)=1)¢DELM
AVERAGFISTINTRF(XUME , XTWQ, XNEWCL) » XVAL,DXINV(L1))
RETURN
20 XYALEZETHLOWSFLOATCINDEX(2)=1)*DELTH
AVFRAGESSTINTRP(XUNE ,XTWO,XNEWCZ) ) XVALDXINV(2))
RETURN
END

SUBROUTINE CNCLERUCAVERAGE,KIP,LMNOP, INDEX)
C COOLFFD IS CALLE™ FROM INTERP TO INTERPOLATE COOLER DEPTH,
DIMENSTON INNEY(?),LHMNOP(2)
COMON/RECALL/NPTCOST( , ),GC00QLC , ),DCOPLC , ), XNEW(2),DX}
lNV(Z)pX"LOanEL"oT“LOdoDELTH
STINTRO(XQHE S XTHO» XX g XXX, DX) EXONE¢ (XTWOSXONE) ® ¢ XXaXXX)*DX
LMNOP(KIP)=1“UEXIKIP)
XONE=DCOOL(LMNAP (1), LMNOP(2))
LMNOP(KIF)Ss[MOFEX(KIP) el
XTHO3DCOOLCL*NNP (1), LMNOP(2))
GOT0(10,20),%|P
10 XVALZXMLOWeFLUATCINDEX(1)=1)eDELM
AVERAGFESTINTRP(XUNE, XTwO, XNEW(1) s XVALDXINV(L)
RETURN
20 XYALETHLOWSFLOATCINDEX(2)=1)«DELTH
AVERAGE=STINTRP(XUNE, XTWO,XNEW(2) p XVAL,DXINV(2))
RETURN
END

SUSROUTINE CNULERG(AVERAGE,KIP,LMNOP, INDEX)
C CONLERG IS CALLEN FROM INTERP TOU INTERPOLATE COOLEM AJRFLOW RATE,

DIMEMSION INNEY(2),LMNOP(Q)

COMMON/RFCALL/ZOPTCIASTC , ),GCO00LC , ),DCCOLC , )sXNEW(2),0XI

1MV(2),YML0”0“&L"OI"L3NoUELrH

STINTRP(XO JES XTWI )Y Xy XXX, DX)SXONF*(XTWOeXOHE) (XXX XX)*DX

LMYMOP(<IP)YSIHDEX(IKIP)

XOMNE=GCONL(LMIINP (L) ,LMNOP(2))

LMNOP(<IP)SI*DFX(KIP) e

XTWO=GTONLCLMNNP (L), L MNOP(2))

GOTO(Lu,c0)s¥1P
10 XVALSXMLCW+FLOATCINDEX(1) 1) o DELM

AVZRAGSEZSTINTHRP(XUNE ¢ XTWO,XNEW(L) o XVAL)DXINV(1))

RETURN
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20 XVALZTHLOWeFLOATCINDRX(2)e1) e DELTH
AVERAGFEFSSTINTRP(XONE ,XTWO,XNEW(2) ) XVALSDXINV(2))
RETURN
END

SUBROUTINE CNOLSIMCISO)

C COOLSIM PREDICTS U'ITLET PROVYUCT TEMPERATURE, HUMIDITY, AIR TEMP, AND MO}STJRE

C CONTENT FOR THz NUUNTERFLOA COOLER AS A FUNCTION OF INLET CONUITIOMS ANY BEQ

C DEPTH,
COMMON/FIXED/TAMS,HAMB,ATAMB,SPYLCON/IRCOOL/AS»AB,XGA»AB/QUTCONOL/A

11,A2,A3,A4
NELTH(x)=X=140,
NELT(X)=sX=45,
DELH(X)=X=,003%
DELM(X)sXe,21
DELCFM(X)sX=100,
NDELX(X)EXe, 4
A7=XGA»SPYLCNAN
GOT0(1,,15,23,10),1G0

C PRODUCT TE“PRRATURF CALCJLATIONS,

10 DTHa ,3R333«DELTH(ASL)
DT=,6007«DELT(TAYE)
NHz264,9«DELH(HAMB)

DMe71,93¢DELM(AD)

DCFMze, 4452¢"EI CFM(ATY)
DXxLse18,88+DFLY(AB)
AZeDTHeDTeXHeIMeNCFMEDXL+80,4459
IFCIGO,NE,4)PETURN

C HUMIDITY CALCULATINNS,

15 DTH=,0U0C3667+PELTH(AG)
DT=2,C0uC15¢8eDFLT(TAMB)
DHz,9129eDELH(HAME)

DM2 , 02305« ELM(AS)
DCFM=5,474E=7¢PELCFMLAT7)we2=6,115E-54DELCFM(AT7)
IXL=,0u07893¢DFLX(Al)
A1SDTH+CTeNH+V+NCFMeDXL®,00772

IF(IGO NF,4)RETURN

C AJR TEMPERATURE FALCULATIONS,
DThs,952¢DELTH(AS)
DEFM=2,035+(1,=-EXP(,02190+0ELCFM(AT7)))
A2=DTHe[DCF~e1372,77

C ¥C CALCULAT]ONS,

20 DMz ,9635¢DeLM(AD)

DXlz=,UCH26*NELX(AR)
AdesDMeNXLe,205%5
RETURN

END

SURROUTINE CASTFUNI(COST, TINLET,Q)

C SUBRUUTINZT CQSTFU™ EVALUATES THE PROCESS COST,
COMMON/ECO/FA 'ETA EMETA,THERETA,ELPRICE,FUPRICE2TAMR,FACTOR,ELCOS
1T,FULCOSTYDTZ7UFPTH, TINE
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20 PDROP3NEPTHe(U/5B,)e%1,528FDELTS,378548895899*PDROP/FANETA/EMETA
ELCOST=QePIRNPeTIMERELPRICE®1,1748031496C6E~4/EMETA/FANETA
FULCNST=FUFRICS*I*FACTOR(TINLETeTAMB=DELT)I*TIFE/THERETA®60}
COST=ELCUST+FU|I.COSTERETURN
END

SURRNUTINE CNSTUNECCOST,PDROP)

C COSTANF EVALUATES THS CU3T OF THE DRYING PROCESS.
COMMON/DOLLAR/TIYE,ELPRICE,FUELPRIVFUELHT,EMETA,FANETA, THERETA/SIM
1COST/Q, TAMs) TIMN/IN/SUHTEMP ,HAMBIGIN,DEPTH/VALUES/XMCINGTHIN)GP,SA»
2CA,CP,CV
ELCOST20ePIRNPeT [MEPELPRICE®1,1748(3149606E=4/EMETA/FANETA
FUILCOST=G]ie(CASCVeHAM3) ¢ (TIN=TAMB) /FUELHT/THEXETA®FUELPRI*TINE
COST=ELCOST¢FULLOST
RETURN
END

FUNCTINN COSTRT(Q)

C FUNCTION €OSTART 1S USED BY OPTwWHIZ TO DETERMIME ISOCOST SLOPE,
COMMON/ECN /FANETALEMETA, THERETALELPRICESFUPRICE,)TAMRLIFACTOR,ELCOS
1T, FULCOST/DT /D PTH, TIME/CT/COSTLFT,TOFF
PDROPENEPTHe(G/5R, )81 ,528FDELTE,37854R895899«»DROP/FANETA/EMETA
ELCOSTzQePORNPeT IMECELPRICE®1,1748031406y6E-4/EMETA/FANETA
FULCNSTBFUPKTICF*O®FACTOR®(TUFF oTAMB=DELTI*T[ME/THERETA®60
COSTRTsCOSTLFT=ELCOST=FULCOSTSRETURN
END

FUNCTION COVFR(T)
C FUNCTIOM COVER 1S. USEDM RY OPTWHMIZ TO FIND THE INTERSECTION OF THE
C ISOSTERE JITH A TFMPERATURE BOUND,

COMMON/F INAL/ZXMF INAL/ZUT/NUE, TEE

CALL QUICK(AVE~CDB,T,WUE)SCOVERZAVEMCDReXMFINALSRETURN

END

SURRNUTINE CSTCOOLICOST)
C CSTCOOL EVALUATES THE GOST UF THE AIRFLOW THRU THE COULTERFLONW COOL&R-

CUMMON/ZFIXED/TAMA, HAMB, ATAMB,SPVLCON/PRICE/ZELPRICE,TIMFE,FANETALEMETA

ATA/ZIMCAOL/PROUM, THETA,GA,DEPTH

NsGA«SOVLCON

PPROP2IEHTHE(U/5v,)eF],528

COST=QePNRUPeTIMFor PRICE®1,74803L49606E~4/EMETA/FANETA
RETURN

END
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FUNCTION DFEPMMM(D; .
C DEEPMNM 1S USE!) IN A 1-D SEARCH TO FIND THE BED DEMTH AT WHICH THE MAXINUM
C ALLOWARLE OUTLET MC UCCURS,

COMMON/TRIAL/THUUTMA, XMOUTMX/INCOOL/XHMO] ) XTH)XGA» XDP/OUTEOOL/ZHOUT,

1TOUT, THOUT, X40UT

XDP=NRCALL CPOLSTM(3)

DEEPMN 12XMOUT=XMUUT4X

RETURN

END

FUNCTION DEEPMNTI(D)
C DEEPMNT 1S USEN IN A 1-0 SEARCHM TO FIND THE DED UEPTH AT WHICH THE MAXINJM
C ALLOWABLE NUTLET PRUNUCT TEMPERATUHE OCCURS:

COMMON/TR]IAL/THOUTMX, XMOUTUX/INCOOL/XMOT,XTH) X6A» XDP/OUTCUOL/HOUT,

1TOUT, THOUT, AMOUT

XDP=NTCALLCONLSIM(Y)

NEEPMNTsTHOUT=THOUTMX

RETURN

END

FUNCTION DIAGKT)
FUNCTION N]AG IS USED BY OPTWHIZ TO LOCATE THE INTERSECTION OF THE
ISOSTFRE WITH THE DIAGUNAL OF THE FEASIBLE REGION.
COMMON/F INAL/ZXMF INAL/STUFF/DIAGSLP, QMIN, THIN,UMAX, TMAX
OsD]AGSLPe(T=THIN)«IMINSCALL QUICKC(AVEMCDB, T @)
DIAG=AVEMCDB=XNF INALTRETURN
END

an

SURROUTINE DPYTOUST(COST,PDROP)

C DRYCOST EVALUATES THE €JST OF THE DRYING PROCESS.,
COMMON/DOLLAR/TIME,ELPRICE,EMETA,FANETA/SINCUST/I,22,222
COST=QePDRIP«TIMEZELERICF#14174808149606E=4/FAETA/FANETA
RETUPRN
END

SURROUTIME DOYHEZT(AVERACE,KIP,LMNOP, INDEX)
C DRYHEAT IS CALLEN FROM [NTERP TO PERFURM A LINEAK INTEPPOLATION [N OME YIMe
€ ENSION,
DIMENSION INDEX(3),LMNOP(3)
COMMON/RECALL/OPTICUSTC , » ) o XNEW(2),DXINV(2)sXMLOW,DELMs THLOW
1,DELTH
STINTRE(XQE,XTWO XXy XXX, DX)ZXONES(XTWO=XONEI ®CXXaXXY)# DX
LMNOP(XIP)=]1"UFEX(KIP)
XOME=QFTCQSTILMNUP(1),LMNOP(2),LHMNOPTT))



149

LMNOP(k IP) = IMDEX(KIP) 1
XTWORQPTCOSTCLENCP (L)) LMNOP(2),LMNOPT3)Y)
5070(10,20) 1P

10 XVALEX' ILOWeFLUATCINUEX(1)=1) ¢ DELM
AVERAGFSSTINTRF(XUNE , XTWO,XNEW(1))XVAL,DXINV(L?)
RETURN

20 XVALETHLCWeFILLOATCINDEX(2)=1)o[ELTH
AVERAGFSSTINTRP(XUNE ,XTWO,XNEWN(2) s XVAL,DXINV(2))
RETURN
END

SUBROYTINE DRYSIM(I1GO)
€ DRYSIM PREDICTS THE GUTLET GRAIN MOISTURE CONTENT AND TEMP PLUS THE OUTLET
C A]JR TEMP AND HUMIDITY,
COMMON/COUN/CNNL»CON2/VALUES/XMCIN) THIN,GP»SAICRICP,CV/SIMCOST/AF,L
12,ZZZ/!N/TlN.HlN.ngD&PIH/OUT/XM,TﬁETAaTOUT,HOUT
COTO0(10,210),1GU
C OUTLET MC MODEL
10 HCE ,690GAne, 49
DFeHCeCONY
DMel,=(HCeSAQUFPTIH/GA/CA/(10,%¢(e1,531*«ALOGIC(DF)+5,92)))we((( 3,8
177°4L0310CGAY) 2L N73)*( 77,36/ (UF+11149))¢(625495=TIN)/428.5%(1,12"*
2XMC e ,59)e (237 FB=TH|N)/3B4,61)
C OUTLET PRONUCT TFMFERPATJURE MODEL,
ATINZTIN+459,60 :
RHINSRHDEHA(ATIN,HIN]Y
XMESFMC (RHIN,TIN)
XMEDMe (XMCINaXME) ¢ XME
THFTAZ150,R9CB5* EPTHwe(=0,13458986)
IF(THI™,LE, 75,)GCTO28
SLCPER(,46P3462B*IEPTHe*{=0,28550254)
GOTO040
20 SLOPE=y,46493212¢DEPTHwe(=0,26856385)
40 DELTEMP=SLOPFe(THIMN=75,)
THETA=THETA+PELTEMP
IFCTIN,LE,%5C)G0TO66
SLNPE=Sy,1972 675+ UEPTHe*(=0,3155996)
GOTOAQ
60 SLOPE=S),25301944«UEPTHen(=0,26230775)
80 DELTEMPsSLOPCEe(T1H=3%0,)
THETAZTHET A+ ELTEMP
IF(XMCINL,LESC3000C0TOL00
DELTEMPZ=128,5¢ (XMCIN=0,30)
60 TO 12?0
100 DELTEMP=z=133,¢(X“CIN=0,30)
120 THETAETHETA+NELTEMP
IFCHIN,LF,L,504)6UTO140
DELTEMO 2157 ,2727¢(HIN=0,004)
GOT0160
140 DELTEMPz20%,¢(H[V=0,004)
160 THETAZTHETA+NELTEMP
IF(AF,AT,150,)60T0180
SLOPE=2y,436715(1¢DFPTHee(=0,28665312)
GOT02d¢u
180 SLOPE=z(,33195071¢UEPTHes(=«0,16581(073)
200 DELTEMP=zS_OPF*(AF=250,)
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THETARTHETA+NELTEMP
DELTEMPE=15,7136KR4eDEPTHen(»0,37998875)
THETAaTRETA*DEL TEMP

RETURN

C OUTLET AIR TEMPERPATURE MODEL,

210 TOUT=11(,2+45,749EXP(=0,5492¢DEPTH)¢37,39#(EXPt=3,254#(XHCIN=0,3))=1,.)¢0.2
1°1,)%0,2028*FXP(=,1275¢DEPTH) «(TIN=35C,)+,6535EXP(»01348%DEPTH)*(iA]Ne?5
2(THIN=75,)4,4050¢EXP(=0,1575#DEPTH)*(AF«1504)

C OUTLET HUM4IDITY MONEL,

TEMPNRY=0,L121¢ALUG(DEPTH/04178)+(C D055*DEPTH*41)#(XMCIN=0,3)e("
9.4,496E 6% (DEPTH=4,£31)002+1,145E24)*(TIN=350,)*1,208E~4#DEPTHe» (D
2431w (THIN=T75,)+0,9CNE(HIN=,0035)

IFCAF,(T,1%C,)60T0220

HOUT=TEMPQRY e, 378E=46(AF=150,)

RETURN

220 HOUT=TEMPORY¢(=4,15En6* (DEPTH+1,155)%¢249,5%4E~5)2(AF=150,)

RETURN

END

FUNCTION EMCItRH,T)
C FUNCTION EMC 13 USED TO DETERMINE EQUILIBRIUM MOISTURE CONTENT AS A
C FUNCTION OF TEMPRLPATURE AND RH,
IF(RH=,53)303,200,309
300 Flse,0003922¢T+,15F22=,0004353%7+,13287F33~,0015350T+,1646%51213,
1U3Ht(-9,tF1+6.-F2-F31$52=13.838t(4,0F3—9,tF2*6,tF1)SBIRH-.17
IF(8Y301,301,302
301 EMC =(S1*RHePHeRH/1,02¢(F1/:17-51¢,02833)«RH)SHETURN
302 IF(RHe,34)3C2,303,304
303 A = ,34eRH
EMC 2(S1vAvAeA/1,02¢S2¢83898/1,02¢(F2/,17=52*,02R33)#B+(F1/,17=51"*
1,02833) *A)SRETURN

J04 As,51enH
EMC 3 S2%AvAeA/L N2¢tF3/,17)«(RH=,34)¢(F2/317=52*,02R333)*AMRETURN

309 Vo= .OUC53730T¢.16?41F1=-.0007075'70 2075:F23=,0007449+T¢,2532
FS2e,001071°7+,39315S1=13,838¢(4,¢F0"0,eF1¢6,°F2-F3)
S2 = 13,838 '(40'F3 “D,2F2¢6,¢F1°FU)3RSRH= 66+ IF(R)305,305,306
305 A:RH-.49
EMC=S1eAvA®A/1,02¢(F1/,17=51¢,02833)%A4(F0741719(,66=RH)IRETURN
306 IF(RH- 83)337,X07,308
EPC SltA'A'A/I 02¢S26BeB*B/1,02¢(F2/, 17 SZ‘.OZ”SS)'BO(F1/.17 S
+028333)¢4 FRETURN
308 A:l,O-QH
EMC=S2eA®A®A/L N2+ (FS3/,17)*(RH=,B3)¢(F2/,17-52%,028333)*ASRETYRN
END

FUNCTINN HADARKH(CH,RH)
C MANDBMH [S USED TR FIND ARSOLUTE HUMIDITY,GIVEN THE DRY BULR TEMP AND KH,

HADHRH=zHAPV(PHePSUR(DE))  SRETURN

END
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FUNCTINN HAPV(PV)
C HAPV |S USED TN FIMD ABSOLUTE HUMIDITY, GIVEN THE VAPOR PRESSURE,

COMMNN/PRESS/PATH
HAPVE ,6219«PV/(PATM=PV) § RETURN

END

FUNCTIAN HLDR (LS)
C KLDB IS USED TO FIMD LATENT HEAT, GIVEN THE DRY BULB TEMP,

I[F(NB8=491,69) 1,2,?
HLDBe122:,884=,05N776(DB=-459,69)SRETURN

IF(D33409,69) 3,4,4
HLDB=1U75,4965=,56983¢(DR=459,69) SKETURN

HLDB=SYRT(1354673,214=,9125275587¢DE*DR) ERETURN
END

5 wWLN -

FUNCTINN HCWNEEP(D)
C HOWDEEP IS USEN IN A 1=D SEARCH TO FIND THE BED DEFTH AT WHICH THE CURRENTLY

C SPECIFIED HuMIDITY OCCURS,
CUMMON/OQUTCONL/HOUT, TOUT, THOUT» XMOUT/ATTCH/HNUP/INCOOL/PRODM, THETA
1,GA,DEPTH
DEPTHaNECALL COULSIM(2)
HOWDEEPSHQUT=HNUW
RETURN
END

SUHRNOUTINE IFNCUNECINDY,IND,MAX,NDIM)
C 1EMCODE IS USED TO COMRINE THREE IWNDICES INTO A SINGLE INDEX,

DIMENSION INN(3),MNAXTI)
INDY=19D(1)
MAXSIZE=zMAX(1)
DO 30 N=2, NNIM
INDY=[ND(H) Y AXSIZE=MAXSIZE+INDY

30 MAXSIZF=MAXSIZFe*“AX(N)
RETURN
END

SUBROUTINE IMTFRP(VALUE,NDIM, INDEX, JCECREMNSTOKE,NUMMY)
C INTERP ]S USED TN SeT WP [NIFHPOLATION [N FOUR [IMENSICNS OR LESS,
C PRNGNAM, Ta0 DIMFHSIONS ARE INTERPOLATED,

DIMENSION INNEY(3), ICECREM(3),LMNOP(3)

SyU“s0,9

DO 175 KIP=zi, kNI~

DO 124 N=i,NN]M
126 LMNOP (W) =0

FUR THIS



127
128

12R5
129
130
131
132

1325
133
134
135

1355

1357

136
137

138

1385
139
140

141
142
143
144
145
lde
147
148

149

150
151
152

1925

1527

153
15¢

155

1555
156
157

158
159
160

152

Ksi

MATSTOPSMRKSTOPSLUKSTOPEQ

DO 129 JJsi,NIOIM
1FC(JJ=1CECRE"(K))129,127,129
IF(JJ=K][P)12R,175,128

LMMOP(JJ)SINNEX(JY)
IF(K=NSTORE)12R5,130,1285

KsKel

CONTINUE

DO 174 1s1,?

IF(1-29132,135,132

MATTHEWSD

Ksl
IF(LMNOP(K)=INPEX(K)1133,137,133
IF(K=KIP)134,137,134

MATTHEWSK

LMNOP (MATTHEW) S INDFX{MATTHEW) =142
IF(MATSTOP=1)1%6,1355,136

CALL DIMMY(AVERAGE,KIP,LMNOP, INDEX)
IF(AVERAGE=1C,E2302357,174,174
IF(AVERAGE=0,0)1745,174,1745
1F(1=-29137,142,13%7
IF(K=NDIM)139,138,139

MATSTOP=1

CALL D'IMMY(AVERAGE,KIP,LMNOP, INDEX)
IF(AVERAGE=10,r23)1385,174,174
IF(AVEPACE=0,0)1745,174,1745
IF(M4ATTHEW=0)141,140,141

KsKel

GO TO 1325

KsKel

DO 173 1Ils1,2
IF(1=-2)144,152,144
IF(11e2)145,152,145

MARK=(
IFCLMNOPC(K)=INDEX(K))150,147,150
IF(X=NDIM)14R,149,148

KeKel

GO TO 146

MATSTOPs1

GO TO 174

IF(K-KIP)151,1%54,151

MARRKzK

LMMNOP (MARK)SINNE((MARK)=1]+2
IF(MRKSTOP=111%35,1525,153

CALL DIIMMY(AVERAGE,XTP,LMNOP, INDEX)
JF(AVERAGE=1;,523)1527,173,173
JF(AVFRAGi @ 47)1/45,173,1745
IF(11=2)154,159,154
IF(K=ND1%)156,155,156

MRKSTOP=1

CALL D!'MMY(AVERAGE,K1P,LMNOP, INDEX)
IF(AVERAGE=12,523)1555,173,173
IF(AVERAGE0,3)1745,173,1745
IF(MARK®D)15R8,157,158

Kshel

GO TO 146

KsKel

no 172 111s1,2

IF(]1=2)1601,165,1601
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1601 IF(11-2)1622,165,1602

1602 1FC111+2)2603,305,1603

1603 LUKE=Q

1605 IF(LMNOP(K)=TNNEX(K))164,161,164
161 IF(K=NNIM)162,163,162

162 KeKel
GO TN 1605
163 MRKSTOP=l
GO TO 173

164 JF(KeKIP)1K45,166,1645
1645 LUKE=K
165 LMNOP(LUKE)SINREX(LUKE)=I]1e2
IF(LUKSTOP=1Y1£6,109,166
164 IF(K=NNIM)167,168,161
167 KsKel
GO TO 160%
16R LUKSTOP=1
169 CALL D/IMNY(AVERAGE,AKIP,LMNOP, INDEX)
JFC(AVENAGE=10,F23)171,172,172
171 IF(AVERAGE=0,0)1745,1272,1745
172 CONTINUE
173 CONTIWUE
174 CONTINUE
IFCAVERAGE=0,0)1742,1741,1742
1741 VALUEs(,O0
RETURN
1742 VALUE=],0
RETURN
1745 SUMsSSUMeAYERAGE
175 CONTINIIE
VALUE=SUM/FLNAT(NDIM=NSTORE)
176 RETURN
END

FUNCTIAN OFFNIaG(Q)

C FUNCTIOH OFFDIAG IS USED BY 0PTAAIZ TO DETERMINE ISOSTERE SLOPE,
COMHON/F JWAL/XVF THALZENOT/TONE
CALL QUICK(AVEMCDY, TONE,0)3UFFDIAGEXMF INAL=AVEMCNBSRETURN
END :

SUBRNUTINE OPTWHIZ

C SUBROUTINF NPTWHIZ <ONTROLS 2-UIVvENSIONAL OPTIMIZATION
COMMDN/ZICHECY/TFLAG/DT/DEPTH, TIME/FINAL/XYMFI%AL/OT/QUE,TEE/STUFF /U
11AGSLP ,GMIiep TMIN,GMAX ) TMAXZCT/COSTLFT,TOFF/ZEUNL/XMGHD, BMNDM/ENDTY/
2TONE/ECQi FAYETA,EMETA, THERETA,ELPRICE,FUPRICE,TAM2,FACTOR,ELCOST,
4FULCOST
EQTERNAL COVER,SIDE,DIAG,O0FFDIAG,COSTRTSKOUNTZNEN]IFFe100.3EPSS E=
17%EPS2=21,E-4

c SYURVEY MPOJSTI'RF COUNTENTS AT EXTREME POJNTS
CALL QUICK(AVEMCLb,TMIN,OMIN)ETMNIMNSAVEMCDBEPRINT 200061, TMIN,OMIN
1,AVEMCDB ’
CALL 2ICK(AVEMCDS, TMAX,04IN)STMXUMNIAVEMCDBY¥PHINT 20001, TMAX,QMIN
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14
155
17

195
20

31
33
334
337

60

81
83
84

86

120
130

141
142

144
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1,AVEMCDBSCALL NUICK(AVEMCDB, TMIN,CMAX)STNOMXSAVEMCDARSPRINT 20001,
2TMIN,Q4AX, AVEMCURSCALL QUICK(AVEMCDB, TMAX,O0MAX)STMXQUXEAVEMCDPB
CHECK LH,TNP,RH,HOTTOM SOUNDS SEQUENTIALLY FOUR FINAL AVEMC ISOSTER
PRINT 20001, TMAX,UMAX,AVEMCDIFIF(XMFINALGT s TMNUMN,ORXMFINAL,LTS]
IMNOMX)GO TO 20 SGUESS1euUMINSGUESS2sQMAXSTEESTHINYCALL ZERDINA(GUES
2S1,GUES52,:P%,SINE)SAZEROS(GJESSL+GUESS2)/2,1CALL CUICK(AVEMCDR,TH
3IN,22ER0)SKUUNTEKOUNT+13DELTS, 1
TEFSTMIN®DELTHGUESS12UMINSGUESS280MAXSCALL ZERUINACGUESS1,GUESS2,E
1PS,SIDE)SIF(IFLAGINE,1)G0TO 14%DELTSDELT/2,8G0T0 12
QONE=(GUESS1e6UESS2)/2,$SLOPEAS(QONE=GZERD)/DELTEDEL T3, 1SCALLCOSTF
LUN(COSTLFT, TeIN,QZERD)

TOFFeTHNeDELTCLUESS18IMAXTGIESS23AMINSCALL ZEXOINA(CUESSL,)GUESS2,
1EPS,COSTRT)SIF ¢LFLAG,NE,1)GOTO 1731DELT=DELT/2,%GOTO 155
QRIGHTE(GUFSS1+GUESS2)/72,8SLOPECS(URIGHT=QZERO?/DELY

PRINT 20002,TMIN,WZERD

PRINT 30002,SLOPEN,SLOPEC,COSTLFT

IF(SLOPEC,GT,SLUPEM)IGO TO 20%1F(BNDMyLE.XMBND)6S0 TO 19SSRRINT 2001
10,8NDM, xMBND

COSTPBUSCOSTLFT/DEPTHe1,258PRINT 20004,COSTLFT,COSTPRU, TRIN,QZEROD
GO TO 70

IFCXMFINAL ¢GT o TMNUMX JOR(XMFINAL LT, TMXOMX)GC TN 70%GUESS12TMINSGUE
1SS?28THUAXSQUEZUMAXSCALL JEROINA(GUESS1,)GUFSS2+EPSsCOVFR)STZEROa(GUE
25514GUFSS2)/7,TCALL GUICK(AVEMCDR, TZERO,CUE) FKUUNTeKNJNT+1YDELQS (]
OUERAMAX=DELCBRUESSLaTMINSGUESS2s TMAXSCALL ZFRUIMA(GUESS1,GUESS2/E
1P5,COVERIGIF(IFLAG,NE,1)GOTO 3I3IENELO=DELN/2,3GUTO 31
TONEZ(GUFRSSL143UESSP) /2, 4SLOPEMBDELU/(TZERO=TUNE)SDELTS,1SCALL COST
1FUN(COSTLFT, TZERQ,OMAK)
TOFFeT7ERO«IFLTSGUFRSS 1B UMAXSGUESS280MINSCALLZENUINA(GUESSL1,GUESS2,
1EPS,COSTHT)STF (IFLAG,NEs1)3UTOII7SDELTEDELT/2,%GOTO 34
NRIGHTa(GAUFSS1+GUESS2)/72,3SLOPECS(URIGHT=QMAX)/PDELTSPRINT 20002,T2
1ERND, QMAXSPRIMNTI0CN2, SLOPEM,SLOPEC,COSTLFTSIE(SLOPEC,GT.SLOPEM)GO
170 70

1F(BNDM,LE,XMBYD)IGO TO 6JTPRINT 2¢010,BNDM,XMBNDESTQP
COSTPRI'=CQSTLFT/DEPTHe1,258PRINT 20004,COSTLFTH»COSTPPU, TEERO,QMANX
IFCXMFPINAL,GT ,TMXUMN OR XMFINALLT,TMXAMX)GO TO 13n3GUESSLsUMIN
GUESS22QMAXFTEE2TMAXSCALL ZEROINA(GUESS1,GUESS2,EPS,SINE)STLEROS
1(GUESS1+GUESS2)/72yTCALL QUICK(AVEMCDB, TEE,QZERU) ENOUNT=KOUNT 3
GUFSS1=0M]INLGUFSS28JMAXSDELTS,1

TEE=®TMAX=DFLT sLaLL ZERUINACGUESS1)GUESS2,EPS,SIUE)SIF(IFLAG/NE.1?
1G0 TN A3 § DFLYSPELT/2, % GU TO 81
NONE=(RUFSS1+GUESS2)/72,3SLOPEM=(0ZERO=QONEY/DELTIDEL TS, 1

CALL COSTFUN(COSTLFT,TMAX,QZERQ)
TOFF=TYAX+DELTSGUESS1=0MAXTGUESS220MINSCALL ZEHOINACGUFSS1,GUESS2,
1EPS,COSTRTIBIF(LFLAG,NE,1)GUTN B6IDELT=DELT/2,%GOTO 84
OKRIGHTS(GUFST1+4GUESS2)/72,ISLOPEC(ORIGHT-QZERQI/DELT

PRINT 20002,THAK,UZERO

PRINT 30002,SLCPEM,SLOPEC,COSTLFT

IF(SLOPEC,,LT,SLYPE™)G0 TO 13nFIF(BNDM,LE.XMENUIGO TO 120

PRINT 2C003,209DPM, XMe4DESTOP

COSTPB'!=COST FT/NLPTAC1,25

PRINT 20(04,°0STLET,COSTPRU, THAX,CZERQYSTOP
IF(CXMFINAL,GTy TMNWMA ,ORXHUFIVAL LT TMXAMLIGO TN 1923GUFSSLISTHMIN
GUESS23TMAXSNLES I [NTCALL ZERJDINA(GUESS1,GUESS2,EPS,COVER)ITZERDS
1(GUESS31+hUTST2Y/24FCaLL QUICK(AVEMCDR,TZERO, UL ) FKOUNTEKNUNT+4
DELQ=,1 $PRINT 20202, T2ZER0,24IN
OUESNATNeDLELNERURSSLsTMINFGUESSZa TMAXECALL ZREROINMA(GUESS1,GUESS?,
LFPS,COVER)TIF(IPLAGNEGL)IGITD 143IDELGEDRLO/2,3G0NTO 141

TONE= (A UES3160G:ESS2) /2, ESLOPEM=DELG/ (TCNE=TZERU)IDELTS, ]

CALL CIOSTFUN(CASTLFT,TZERD,Q4IN)
TOFFST2ERD=DFLTSGUESS1=UMAXIGUESS22QMINSCALL ZEROINA(GUESS1,GYESS2
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1,EPS,COSTRT)®IF(IFLAGINE,1)GITO 146FDELY=DELT/2,%G0T0144
1486 OLFFTs(GUESS{¢NUESS2)/2.3SLUPRCS(QMIN=QLEFT)7DELT
PRINT 30002,SLNPEM,SLUPEC,COSTLFTEIFTISLOPECILTS SLO
1PEM)GO TO 1973 1F (BNDM,LE,XMBND)GO TO 18Q0TPRINT 20003,3NDM, XMBND
STOP
180 COSTPBUSCOSTLFT/PEPTH® L 25F%PRINT 2C004,COSYLFT»COSTPRU, TEERO,QNIN
STOP
190 IF(KOUNT,EQ00)200,210
200 PRINT 2C005
SToP
210 IF(KOUNT(NEJ7) 2209230
220 PRINT 300033¢TOP
c THERE IS AN IMTERIOR OPTIMUM, BEGIN SEARCH FOR IT,
230 GUFSS13TMIISTUFSS28TMAXEN]AGSLPE(QMAX=QMIN)I/(TMAX=TMIN)
CALL ZSROJNAIGUESS],GUESS2,EPS,DIAG)SIF(IFLAG,NEC1)GO TO 2302$STOP
2302 TZEROsS(GUESS1+0UESSZ)/2,8QZERU=DIAGSLP*(TZERO=TMIN)*OMINSDELTS ¢
CALL QUICK(AVEMCNB,TZERVU,QZERDO)ISIF(BNDM,LEXMBNDIGOTO 231
QMIM=QZERQITHAXSTZFROSGUTO023)
231 GUESS1zOMININUFSS2sOMAXITONESTZERO «DELTSCALL ZEROINA(GUESSY,
1GUFSS2,EPS,O0FFNPIa L)
IFCIFLAG/,NEL1)00 TO 233$DELT=DELT/2,3G0 TO 231
233 NQME= (GUESS1eGUESS2)/2,ESLOPEM3(QUNE~UZERQY/(TUNE=TZERO)SCALL COST
LFUN(COSTLFT,TZFRO,)CZZRI)FDELTa,1
234 TOFFSTZERQ«DFLTERUESS13UMAXEGUESS22QMINSCALL ZEROINA(GUESSL1,GYFESS2
1,EPS,CASTRT)TIF(IFLAG,NE,1)GITO 2373DELYEDELT/2,3GCT0O 234
237 NRIGHTE(GUFSS1+GUESS2)/72,3SLOPECS(QRIGHT=QZEROI/DELY
IF(SLOPEC=SLNPEMNYR272,275,270
270 PRINT 20004,TZFRO,NZERO,SLOPEM,SLOPEC,COSTLET
TMINZTZERQ$U''AXSQZEROSGU TO 274
272 PRINT 20009, TZFRO,NZERO,SLOPEM,SLLOPEC,COSTLET
TMAX=T7ERQ3QM]I*8ULERD
274 CURDIFF=ARS(SLOPEC=SLOPEM)SIF(ABS(CURDIFF=DIFF);GT,EPS2)G0 TO 278
27% COSTPRUECQSTLFT/NEPTHeL,25%PRINT 20011,TZERO,QLERD
PRINT 30041,CUSILFT,ELCUST,FULCOST,COSTPBY
STOP
278 DIFF2CHRDIFF3GNTO23N
20001 FORMAT(3IX,o1"LFT AIRTELMP,DEGF & #,FB8,4,3X,*AIRFLOW RATE,CFM/FT2 s*
1,F7,4,3X,pF 1AL AVE MC,,DECeD s 3*,F7,3)
20002 FORMAT(3IX,*FINAL AVE MC ISOSTERE CROSSES BND AT INLET TEMP 8 #,f8,
14,3X,2AJRFLOL RATE 2§,F7,4)
20003 FORMAT(3X,*TsE MC OF THE YOP LAYER,*,F7,4,2X,»*HAS MNOT REACHED THE
1MAX, PFRM]SSIELE MC,8,F7,4)
20004 FORMAT(3X,eA" OPTIMUM CUST,*,F7.,4,2X,*CTS/FT2 URe,F7,4,2X%,*CTS/BV
10CCUKRS AT INLEY TEMPze,F8,4,2X,*A]RFLOW PATE 5¢,F8,4,9CFM/FT2¢)
200C5 FORMAT(3X,elT IS IMPOSSIBLE TO REACH THE DESIRED MC WITHIN THE STA
1TED BOUNDSe)
20008 FORMAT(3X,oTHE UPTIMUM OCCURS AT T,GT,*,F8,4,%+Q,LT,%)F8,4,9%,MC SL
10PF :-,FR,M-,(‘UST SLOPE 3"‘-80‘0"0057 "0F8O4)
20009 FORMAT(3IX,eTHE UPTI4UM OCCURS AT T, LT,*,F8e4s*2s04GT9sFB,s4»*yMC SL
10PF lt.F8‘4p‘.CUSI SLOPE 8,7 5,4,%,C0ST = ¢,Fg,4)
20010 FORMAT(3Xx,*THE MC CF THE TOP LAYER,#,F7;4,2Xs¢CANNOT REACH THE MAX
1, PERMISSIRALE “C,®,F744,#wlTHIN THE STATED BOUMDSW)
20011 FORMAT(3X,eTHE UPTIMUM OCCJUKS AT T =¢,F8,4,%+U 8*,F8,4,eCFM/FT2,%)
30002 FORMAT(3X,e]lSUSTFRE SLOPE s ¢,F7,4,2X,9]S0OCOST SLOFE 30,F7,4,2%,
1*]SOCOST VAL!I'E,CTS s #,f7,4)
30003 FORAAT(3IX,eTiE FINAL MC JSOSTERE CROSSES OTHER THAN 2 BUOUNDS=gTHE
LMETHND FAILSe)
30711 FORAAT(3IX,eTrTAL COST/FT23 ¢,FH,4,¢ ELECT,CUMPUNENTS o,FBy4)%,
1UEL COMPONENT ¢,F8,4 » * COST/BU 8#,F8,4, *CTSe)
END



156

FUNCT]ON PSDP (DR)
C PSDB IS USED TO FIMD THE SATURATION VAPOR PRESSUREs GIVEN THE DRY BULB dEM2;
DATA R,A,B,C,D5k,F,G/,3206182232F(04,~,2740552583861426E05,.54189607
A6328951EL2,~,4513/r3E84112655E=1,,215321191636354E=4,-,462026656819
B962E=6,,24161272n9B74EN1,,121546516706055E~2/
IF(DBed91,69) 1,202
1 PSDE=EXP(23,1974~11286,6489/NB=,46057«AL0OG(DR)ISRETURN
2 PSDBEReEXP((A+Nue(PeDBe(C+DBe(D+'B*E)) )/ (DB*(F=G#DB)))SERETURN
END

FUNCTION PVDPWR(DB,wR)
C PYDBWB IS USED TN FIND THE VAPOR PRESSURE, GIVEN THE DRY BULB AND WET RYLB
C TEMPS,

COMMON/PRESS/PATM™

ASPSNR(WE) $ B2,62194*HLDB(WB)*PATM $ C=2,24059TA=PATM)*(KB=DB)

PYD3WRs (AelioC*PATM)/T1B+,15577+C) IRETURN

END

FUNCT]INN PVHA (HA)
C PVHA [S USED TN FIND THE YAPOR PRESSURE, GIVEN THE ABS, HUMIDITY,
COMMON/FRESS/ZPATH™
PYHARHA®PATI/(,6219¢HA) SRETURN
END

FUNCTIIN PVTR(TRYPV)
C PYTG JS USED TN LUCATE THE VAPOR PRESSURE AT WHICH EQUILIBRIUM MC OF THE G41IN
C OCCURS,

COMMON/PRESS/PATM/AMH/PSHB,HPFG,ATWB,) XMZERD

TEMPZATKRe (PSWR=TKYPV)¢HPFG*?,584129106029/(PSWB=PATM)/(1,+0,315577

1+ TRYPY/PATIM)TTRYRheTRYPY/PSDR(TEMP)STEMPF3ITEMP=459,69

PYTG=XMZERO=ENC(THRYRH, TEMPF)SRETURN

END

SUBRNUTINE QUICKCAVEMCDE, TINLET,Q)
C SURRUUTINE GUJCK SIMULATES THE BATCHeIN=BIN DRYING PROCESS
DIMEMSICON XMrUR(21)
COMMON/PRESS/PAT“/ICHECK/IFLAG/DT/DEPTH, TIME/BOUND/XMBND, BNUM/ANBY
1PSHE, HOFG, AT ‘B, KMZERO/OTHER/DELX,PV
EXTERNAL PVTR
ATINLET=T]/iLFT*+459,098PSATaPSDI(ATINLET)SRHEFV/PSATSHARSEHADRRH(AT
L1INLET,PH)SAT 2 WPUPAASCATINLET yHABS,»495,+»55000001)
ThHzATWP=459,69 ¥PSA3zPSNB(ATWH) 3 HPFGsHLDB(ATNWE)
IFC(EMC(14,TWO) ,LEgXMZERD) 1,2
1 TG=TwB [ Gn 10 3
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2 GUESS1=,18GUFSS28PSWRASCALL ZEROIN(GUESS1,GUESS2,1,E*R,PVTG)
JFCIFLAG,EN.1)25,26
2% PRINT 40001
STOP
26 PVATTGs(GUESS1+GUESS2)/2,
TGETWAe(PSWB=PVATTG)¥HPFG#2,5860291060297(PS~B=PATM)/(1:+0,15%77
1*PVATTG/PATM) '
3 XME=EHMG(RH, TINLET)
DELMEX'12ERO®XME §VE(1094,0,57*TINLET)#(1,44,392*EXP(~1412,52DELM))
VONEaVe(TINLFT=70,)e(1,¢0,2/DcLM)
XKBe,04564530¢,0055856759#PSATwe ,338041419009,94061342
YzXKeTIME § Y=2,0 ¢ N0 683 KKs1,21
DDsVONFexKeDELMeY/Q/(TINLET=TG)#22,19316276535
RATIOXFXP(ND)/ZIEXPIDD)*EXPIY)=1,) § XMCDF(KKIEHATIOONELMeXME
65 XeXeDELXYBNDM=XMCLB(24) ESUMZ(XMCNE(1)+XMCDP(212)72,85D0850LL82,20
850 SUMBSUMeXMZDA(LL)SAVEMCURESUMRUELX/DEPTHTRETURN
10001 FORMAT(3X,«THE MODEL CANNOT WANDLE THIS CASE®)
END

FUNCTION RHPSPV(DNL,D2)
C PHPSPY 1S USED TN FIND THE RH, GIVEN THE PARTJAL AND SATURATION VAPOR PHESSURE
AsD] § B=2D2 ¢ GU TO0 2
ENTRY QMDBAA
AsPSNB(D1) § RsPVHA(DR)
1 RHPSPVeB/A
RETURN
END

FUNCTION SIDF(O)
FUNCTION SIDE 1S USEU BY OFPTWHIZ TO FIND THE INTEXSECTION OF THE
ISOSTERE WITH A TFMPERATURE BOUND,

COMMON/FINAL/XMF INAL/ZQT/AUE, TEE

CALL QUICK(AVEMCDU,TEE,U)$SIDEZAVEMCDB®XMF INALSRETURN

END

(SN @]

FUNCTIAN Y3DPHA (DB, HA)
VSNBHA IS USED TN FINJ THE SPECIFIC VOLUME, GIVEN THE CRYBULB TEMP AMD A8S,
MUMIDITY,

COMMNN /PRESS/PATH

VSDBHA353,35e0P*(,62194MA)/1444/,6219/PATMIRETURN

END

(g XS]
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FUNCTION WHDPHAS(DR,HA,G1,62,EPS)
C WBDBHAS 1S USED TO FIND THE WET BULB TEMP,, GIVEN THE DRY BULB TEMP, ANY A3S,
C HUMIDITY,

[-XTERNAL WRL

CUMMON /SPECTAL/PV,TS8

AsG1lYRsG28TBsUFSPVEPVHA(HA)SCALL ZEROIN(A,B,EPD)WBL)SARDBHASZ(A®B

1)/2,$RETURN

END

FUMCTION WRL(TWH)

C wBlL IS THE FUNCTIO™ USED TO DESCRIBE THE WET BULB LINE,
COMMNN/PRESS/PATM/SPECIAL/PV,DB
PWhePSNB(THE)
WELSTWReNB=(PWNr=PV)/,2405¢(PWBePATM)*(1,9,15577*PV/PATM))I*L 62194
1*HLDR(TwWH)) TRFTURN
END

SUFROUTINE ZFRNIN(A,8,FEPS,FUNC)

C SUBKOUTINE ZEROIN 1S THE 1-DJMENSIONAL ZERO~FINDING ROUTINE USED BY

C 30TH PARTS OF THF THESIS,

COMMON/ICHECK/TFLAG

REAL [,M

FAZFUNC(A) § FPSsFUNCIB) § FCsFA § CsA § [FLAGSD

IF(SIGN(L,aFP) ,EU,SIGN(L,,FC))400,1

1FLAGSY § RETURN

IFCARS(FC)-ANS(FR)) 2,3,3

Cek & PsA ¢ AsC % FCaltB § FHBsFA $ FASFC

IF (ARS(C=R)=?,¢EPS) 12,12,4

le(B-AYeFH/(F3«FA) § JUSLEGVAR(I) S Me(C4B)/2s % JF(J=0) 75547

Jg=]eB § CHIMT=(H=1)6(M=]) 3 IF(CHINT) 8,8,7

[sM

IF(ARS(B=]1)=FPS) 9,108,10

IeSIGN(1,,(C=H))eEPSB

AeR & Qs] % FAsFH § FbeFUNC(8)

IF(SIG"(1,,FR)=SIGM(1,,FC)) 1,11,1

11 CzAg FOsFA § GO TU 1

12 Az(CeB)/2, 3 FAZFUNCIA)
JIF(SIGN(1,,Fa),EQ,SIGN(L,,FB)) B=C $ RETUKN
END
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SUHROUTINE ZERNINA (A,B,EPS,FUNC)
C SUBROUTINE ZEROINA IS THE 31-DIMENSIONAL ZERO«FINDING ROUTINE USED uY
C OPTWHIZ A“D CONTRCL,

COMMON/ZICHECK/IFLASG

REAL 1,M

FAZFUNGC(A) § #0=FUMCIB) F FC=FA $ C3A § [FLAGsD

IF(SIG :(1,,FP) EV SIGN(L1;,FC))400,1
400 IFLAGSs] $ KRETURN

L4
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IF(ABS(FC)=ARS(FR)) 2,3,3
CsA 8§ 49zA & A=C % FC:FB8 ¢ FBsFA $ FAsfFC
IFC(ABS(C=BY=?2,+EPS) 12,12,4

[s(B=A)*FB/(FB=FA) § JzLEGVAR(I) $ M=(Ce¢B)/2¢ % IF(J=0) 7+5.7

Is=]eB8 5 CHINT=(R=1)6(M=]) § IF(CHINT) 8,8,7

{aM

IFLABS(B=1)=FPS) 9,10,10
18S1GN(1,,(Ceb))*EPSeB

A8 § Rel 4 FAsFH T FBsFUNC(B)
IF(SIG(1,5FR)=SIGN(L,,FC)) 1,11,
CeAS FO2FA S GO TO 4

Az(C+B)/2, § FAZFUNCIA)
IF(SIGN(L,sFA) ,EQ,SIGN(L1,,FB)) BsC
END

$ RETUKN
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