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education, experience. and aptitudes, and that meets their career goals.

To help employers locate those professionals best qualified for positions they
desire to fill.

To provide current information on the special training and experience of
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Direct inquiries to: SWST Referral Service, P.O. Box 984, Mississippi State,
MS 39762, or telephone (601)325-2116.

A COMMENT FROM THE EDITOR ON THE FOLLOWING
PAPER BY PROFESSOR HART:

1 have procrastinated for sometime on commenting about my thoughts on
how we (as a Society) can more effectively use the Professional Affairs section
of Wood and Fiber. Time for action!

The following article by Dr. Hart is an example of one such use (my opinion).
Dr. Hart would like this information put to use by some of your researchers
out there, and the article provides plenty of details but not much theory. As
with all articles in Wood and Fiber, this paper has been peer reviewed and page
charges will be charged to the author.

The only presentations in Professional Affairs that are ‘‘charged’ to the
Society are the pages devoted to the business of the Society (Referral Service,
annual meeting business, book reviews, and related items).

Volume 11, No. 4, contained two excellent examples of what 1 believe to be
needed items for the Society membership and indeed are ‘‘at home’ in Pro-
Jfessional Affairs. These were the articles by Helmuth Resch and by H. M.
Barnes.

We need to put this section of Wood and Fiber to greater use! How many
other journals, of professional societies, do you know of where the opportunity
to publish on research, philosophy, teaching, extension, etc., exists? I welcome
your thoughts on this subject of expanding usage of the Professional Affairs
section of our journal.

Sincerely,

E. Allen McGinnes, Jr.
Editor, Wood and Fiber
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ABSTRACT

SIMSOR, a computerized simulation of sorption, represents an effort to structure the known es-
sential physical phenomena that control the drying behavior of wood in such a way as to permit the
duplication, with acceptable accuracy and cost, of experimental data obtained from actual drying
studies. Programming knowledge is not required for its use. It can accurately simulate a typical red
oak kiln schedule in less than one minute of computer time. It will handle adsorption or desorption,
from freezing temperatures to boiling temperatures, and at humidities from virtually 100% to nearly
0%. Wood of any thickness and density, permeable or impermeable, can be simulated over any
desired range of wood moisture content. However, its use to duplicate experimental data requires
that the diffusion coefficient be adequately defined over the entire applicable range of moisture con-
tents. At present, this will generally require a trial-and-error approach, especially in the free water
range. Free water is treated the same as bound water, but the temperature dependence may be
canceled, if desired.

Although the simulation has already been proven under a variety of trials, it still needs to be tested
under the widest possible range of applications. Wherever duplication of experimental data proves
the validity of the simulation, it can then be used to provide a much more comprehensive analysis of
wood-drying procedures and variables, and in far less time at far less cost, than is possible by actual
physical trials.

Keywords: Computer simulation, drying simulation, kiln drying simulation, moisture movement,
sorption.

INTRODUCTION

When wood is drying, water vapor is transferred from the wood surface to the
air stream, moisture moves from within the wood to the surface, and heat is
transferred from the air stream to the wood. SIMSOR is a computer simulation
of sorption that continuously balances all of these interdependent phenomena. 1t
does so for adsorption or desorption, at air temperatures ranging from the freezing
point of water to its boiling point, at air relative humidities from virtually 100%
to nearly 0%, for wood moisture contents ranging from total saturation to nearly
0%, and it does so for any desired wood thickness and specific gravity. Only
minimal mathematical effort is necessary for its use. A knowledge of computer
programming, while always helpful, is not required. In fact, to encourage the
widest possible use of the program, every effort has been made to provide for
data input that permits a maximum versatility in the application of the program
without the necessity for internal alterations that require programming knowl-
edge.

! Paper No. 6307 of the Journal Series of the North Carolina Agricultural Research Service, Raleigh,
North Carolina. Partial financial support was provided by the Southeastern Forest Experiment Sta-
tion, Asheville, North Carolina.
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The potential benefits to be gained from the use of SIMSOR are substantial.
The user will be able to estimate the effect upon drying time of a variety of
interrelated factors such as air velocity, dry and wet bulb temperatures, kiln
schedule alterations and interruptions, lumber thickness, and both the average
level and the shape of the initial moisture profile. The simulation will greatly aid
in the search for the combinations of controllable variables that result in the least
cost and the least consumption of energy. The fact that SIMSOR provides a
precise moisture profile from the wood surface to the center should make it
feasible to assess the stress levels and the associated degrade risks that will result
from proposed drying schedules. And in view of the short computer time required
by the program, SIMSOR may even find a place in the day-to-day control of
industrial dry kilns. But the greatest value of SIMSOR may come from the im-
proved depth and breadth of understanding that it should provide for the drying
specialist both in research and in production.

BASIC DESIGN

SIMSOR simulates the behavior of a single wood specimen (a slab), that is, a
single moisture profile from the surface to the center of the wood, when the wood
is exposed to one or more specified sets of environmental conditions, such as a
dry kiln schedule. Subsequent publications will cover expansion of the simulation
to encompass as many locations (profiles) as desired across an entire stack of
lumber, as well as the use of continuously changing schedules and also the use
of weather data input for air drying simulation. Since all of these applications
require internal programming alterations, it is necessary to employ separate pro-
grams for them. SIMSOR is the basic program from which all of these applications
can be readily developed.

SIMSOR is a finite difference solution of the wood moisture profile across the
board thickness during sorption, but coupled to the heat and vapor transfer be-
tween the wood surface and the air. The rate of vapor transfer at the surface is
directly proportional to the difference in vapor pressure between the air and the
wood surface. The rate of heat transfer between the air and the wood surface is
directly proportional to the temperature difference between them. The tempera-
ture of the wood is assumed to be uniform from the surface to the center. The
surface to center moisture profile across the wood is divided into a specified
number (N) of equal-sized cells (cells has no connection whatsoever with wood
cells in the anatomical sense). The rate of moisture diffusion between adjacent
cells is directly proportional to their moisture content difference and to the dif-
fusion coefficient (Siau 1971), adjusted to the saturated vapor pressure of water
at the temperature of the wood (Stamm 1964). The dependence upon the saturated
vapor pressure to reflect the effect of changing wood temperatures is built into
the program but may be canceled above a freely specified moisture level (TDL)
if desired. The diffusion coefficient across the moisture profile may be varied (by
the user of the program) with the moisture content of each cell as desired.

Other investigators, such as Moschler and Martin (1968), Peck and Kauh (1968),
Kawai et al. (1978), Bramhall (1979), and Ashworth (1978), have applied simu-
lations to the drying of wood. All of these dealt with softwoods (except Peck
and Kauh dealt with balsa) and all, including SIMSOR, differ from one another
in some fundamental respects although all share many similarities.
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TABLE 1. A duplication of the input data print-out for the computer simulation plotted in Fig 1.
Each row beneath the variable names represents a data inpui card.

Column » 3 ~ - @ I 3 Iy
ID| DESCR(I)
JJIDUPLICATION OF FPL KILN DRYING SCHEDULE - MANUAL FIG. 101 DAY
5G| A N TH| TWDLT TDL|
.58 1.3 30 110. « 5. 500.
DST T$D BWDM| CBWDM| RBWDM
. 53D-01 104. 1.8 22. 44.
FWL FWDBL FUDM CFWDM| RFWDM
500. 1.8 n.5 55. 10.
RUSH EMCSH RHSL EMCSL TSEMC B
.80 15.8 .40 7.4 80. 14.43
IWRT WRT FINIS JJ NCLM(I)
1 1. 0.0 80000 1 2 4 7101418222630

TDBS(I) TWBS(I) NSD(I) TEST (I)||QRATES(I) T$0S(I)

110. 106. -1 51.0 .7854D-02] 106.

110. 105. -1 41.3

110. 102. -1 34.5

110. 96. -1 31.0

120. 90. -1 26.0

130. 80. -1 19.3

140. 90. -1 11.5

180. 130. -1 7.0

180. 145. -1 6.0

180. 172. 2 1.0

(blankljcard)
Cc(J3) c(J) c(J) Cc(J) c(J) cQJ) c(J)
81.

(blankflcard)

blank card or ID card for the next data set

APPLICATION EXAMPLE

Figure 1 illustrates the application of SIMSOR to the data for a red oak kiln
run as depicted in Figure 101 of the FPL’s Dry Kiln Operator’s Manual, using
schedule T4, D2 (Rasmussen 1961). It shows the fit of the simulation curve to the
actual data points at the end of each kiln step. All differences between them were
less than 1% MC. Less than one minute of computer time (CPU = 0:38.8 on an
Amdahl Model V7, executed in 50 kilobytes of core memory, using IBM Fortran
IV) was required for the completion of this entire simulation.

Table 1 shows the input data variables for Fig. 1 as punched by the user. Above
each is the name of the variable as provided by the computer print-out. The
definitions of these variables are given in the following list.
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FiG. 1. A moisture content versus time plot showing the fit of the simulated curve to the red oak

experimental data points at the end of each kiln step (experimental data taken from Fig. 101 of the
FPL Kiln Drying Manual (Rasmussen 1961)).

Input Variables

Card 1

ID Identification number

DESCR(D) Description

Card 2

SG Specific gravity (dimensionless) (o.d. wt./green volume recom-
mended)

A Specimen half-thickness (cm) (same volume basis as SG)

N Number of cells in the moisture profile (105 maximum)

T™W Temperature of the wood (°F), initial value

TWDLT Maximum permissible wood temperature change per loop (°F)

TDL Temperature-dependent-limit (% MC)
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Card 3
D$T

T$D
BWDM
CBWDM
RBWDM

Card 4
FWL
FWDBL
FWDM
CFWDM
RFWDM

Card 5

RVPSH
EMCSH
RVP$L
EMCSL
T$EMC

B

Card 6
IWRT

WRT
FINIS
1]

NCLM(])

Card 7A . . .

TDBS(I)
TWBS(I)
NSD(I)

TEST(I)
QRATES()

T$QS(I)

WOOD AND FIBER, JANUARY 1981, V. 13(1)

Diffusion coefficient (cm?/time)

Temperature at which D$T is defined (°F)
Bound water diffusion multiplier (dimensionless)
Center bound water diffusion multiplier (% MC)
Range bound water diffusion multiplier (% MC)

Free water limit (% MC)

Free water diffusion base line (dimensionless)
Free water diffusion multiplier (dimensionless)
Center free water diffusion multiplier (% MC)
Range free water diffusion multiplier (% MC)

Relative vapor pressure high value (dimensionless)

Equilibrium moisture content high value (%)

Relative vapor pressure low value (dimensionless)

Equilibrium moisture content low value (%)

Temperature at which the two RVP-EMC points are defined
(°F)

Barometric pressure (psi)

Code defining the dimensions of WRT (1 = % MC, 2 = time)
Write interval for print-out (% MC or TIME UNIT)

Difference between average profile MC and EMC which termi-
nates the run (% MC)

Maximum number of main or outer loops (iterations) for termi-
nating the run

The ten cells of the profile which are to be printed out

Temperature dry bulb step (°F) for the ambient air
Temperature wet bulb step (°F) for the ambient air

Code defining the dimensions and functions of TEST(I)

—1: TEST() is a % MC limit and a lower test (desorption)

0: TEST(D) is a TIME INTERVAL and no sorption occurs

1: TEST(l) is a % MC limit and an upper test (adsorption)

2: TEST(]) is a TIME INTERVAL (adsorption or desorption)
Test level which initiates transfer to the next step (% MC or
TIME)

Surface transfer coefficient (g cm~? time™' °F~') (A given value
will be duplicated in subsequent steps if undefined there.)
Temperature at which QRATES(I) is defined (°F) (also dupli-
cates)
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Card 8A . ..

Cc Initial moisture contents of the profile cells from the surface,
C(1), to the center, C(N). One to N values may be specified
since a zero or blank value will result in the preceding value
being duplicated to define the remainder of the N values.
(CA) = % MC = 100% x water weight/oven-dry wood weight.)

Beneath each row of variable names in Table 1 is a row of input data repre-
senting a punched card (all are numerical data except the description, DESCR).
For simplicity, ten spaces or columns (one blank and nine used spaces) were
allocated for each of the variables on each card with the first ten spaces of each
card left unused, except for the ID number on the first card. The only other
exceptions to the spacing are with DESCR, which occupies the last 69 spaces of
its card, and with NCLM, where two spaces per cell are used to define the ten
cells to be printed. Decimal numbers may be located anywhere in their allotted
nine spaces, but the exponents, if present (D$T and QRATES), must be right
justified, as must the nondecimal (integer) variables (ID, N, IWRT, JJ, NCLM,
NSD).

Card . The ID must be integer numbers only. It cannot be blank or zero since
this signifies that no data set follows. The description, DESCR, should include
the unit of TIME to be employed in the data. Any desired unit may be used (days,
hours, minutes, etc.) but must be consistently used for all time-defined input data
(i.e. D$T, WRT if IWRT = 2, TEST if NSD = 0 or 2, and QRATES). The output
data will be in this time unit.

Card 2. Both SG and A remain constant (no attempt has been made to account
for shrinkage) so green dimension (and oven-dry weight) values would be pref-
erable, at least in the USA. While space for N = 105 is provided, N = 30 is
recommended for the number of profile cells for excellent accuracy at reasonable
cost. However, for preliminary trials, N = 10 gave values almost within 19 MC
of the N = 30 values and required only about half the CPU time (0:17.5 vs.
0:38.8). The initial value of TW, the wood temperature, is important in its effect
on the initial sorption rate. If it is below the dew point of the ambient air, con-
densation on the wood will be simulated as the wood heats up regardless of how
wet or dry the wood is. TWDLT limits the magnitude of change in TW that is
permitted in a single loop or iteration. A value of 5 F is recommended. Some
restriction on the wood temperature change per loop is necessary to prevent
inaccurately large changes after sudden changes in ambient air temperature (e.g.
putting a very cold charge of lumber into a hot kiln). TDL, the last value on the
second card, is the moisture content above which the rate of diffusion is not
dependent upon the saturated vapor pressure at the wood temperature. This
permits the free water to be treated differently from the bound water, if desired.
However, in the examples herein, TDL was set to a high value to insure that all
water was treated the same.

Card 3. This card and card 4 are for data which the user must supply to permit
defining of the diffusion coefficient at any temperature and any moisture content
encountered during the simulation. The user of SIMSOR must specify the base
diffusion coefficient, D$T, and the temperature, T$D, at which it is defined. The
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FiG. 2. The multiplier, F, used for changing the diffusion coefficient with moisture content to
obtain the simulated curve in Fig 1. The dashed curve was not used.

computer will automatically adjust this coefficient to any other temperature en-
countered (in proportion to the saturated vapor pressure of water). However, the
diffusion coefficient also changes with moisture content. Since no universally
applicable function for the moisture effect is known, the program user must either
use the supplied procedure or define his own function. This equation must define
a value, F(I), for each and every cell moisture content, C(I), so that in the com-
puter, the base diffusion coefficient, D$T, can be multiplied by F(I) to correct it
to the desired value for each cell moisture content encountered. Initial estimates
of D$T and of its change with moisture content may be arbitrarily selected on a
trial and error basis or may be obtained from evaluation of experimental data or
from the literature. Stamm (1964) has calculated theoretical values that can be
tested for use in the bound water range. His model also shows the effect of
specific gravity. His diffusion coefficients are very nearly inversely proportional
to specific gravity raised to the 2.25 power so this provides a useful estimate of
the specific gravity effect. SIMSOR does not change the diffusion coefficient with
changes in specific gravity so this must be done by the user.

A purely arbitrary but flexible procedure for defining an equation to calculate
F has been included in the program. It is simply a technique to provide the user
with substantial flexibility in making his choice of values, but he can do so without
internal program alterations. (Those who do not mind altering the program can
insert any other functions they wish.) Figure 2 illustrates the curve that gave the
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computer curve fit to the data shown in Fig. 1. It is an S-shaped transition (a sine
curve) from one constant level of F, unity, at low moisture content to a second
constant level, BWDM, at a higher moisture content. The curve is centered at
moisture content CBWDM and reaches CBWDM + RBWDM/2 as the upper and
lower moisture content limits of the S-curve. Below the lower limit the multiplier
is unity and above the upper limit it is BWDM. These data for F(I) are printed
out by the computer for ease of plotting, if desired. For the data in Table 1, the
F multiplier for D$T increases from unity at 0% MC to 1.4 at 229% MC (1.4 =
(1 + 1.8)/2) and to 1.8 at 44% MC. It remains at 1.8 above 44%. In general, it
may prove desirable to keep the range, RBWDM, equal to twice the center value,
CBWDM, when possible since this results in one less variable to manipulate in
trying to fit specified experimental data. However, any desired values can be
used, and BWDM can be less than unity, thus decreasing D$T with increasing
moisture if desired. Although unlikely for bound water, a reduction of D$T for
the free water of impermeable woods may prove desirable.

Card 4. To permit such flexibility, a second S-shaped curve is defined on this
card. It is similar to the previous curve in that FWDM is the level of F(I) at the
higher moisture content end, with the curve centered at CFWDM and reaching
CFWDM + RFWDM/2. But FWL defines the moisture content above which this
curve will be utilized (i.e. the switchover point from the bound water curve to
the free water curve) and, while unity is the base line for the bound water curve,
FWDBL defines any desired value as the base line for the free water curve. Thus
if the entire S-curve is above FWL (it need not be), then F(I) varies from FWDBL
at the lower moisture content end to FWDM at the higher moisture content level.
Suppose, for example, that in Fig. 2 it is desired to reduce F(I) from its 1.8 value
to a value of 0.5 as the moisture content, C(I), increases from 50% to 60%. Then
FWL = 44.0 (any value from 44 to 50 would suffice), FWDBL = 1.8, FWDM =
0.5, CFWDM = (50 + 60)/2 = 55, RFWDM = 60 — 50 = 10. This curve, which
is shown in Fig. 2, was actually ignored by SIMSOR since FWL = 500.0 was
used rather than 44.0, so the transfer point is beyond the initial moisture content
of the wood. The use of these sine curves is more cumbersome to describe than
to actually apply. They do offer a systematic way to achieve flexibility in defining
the change in diffusion coefficient with changing moisture content, and any values
whatsoever may be employed to obtain the desired values of F.

Card 5. This card defines the two parameter RVP-EMC isotherm employed in
the program (Hart 1977). The two pairs of values, plus TSEMC, are sufficient to
define the isotherm for all temperatures between (but not including) 0 F and 250
F (the program will run only within these temperature limits). Values may be
obtained from a standard reference (e.g., Forest Products Laboratory 1974; Smith
1963) or, for experimental data in which the EMC was determined, the experi-
mental data can be used. This permits the simulation to approach the actual
observed specimen EMC rather than a standard published value. If only one
experimental value is available, then a good procedure is to calculate a second
value that has the same ratio to the standard value as does the observed value.
The barometric pressure completes the psychrometric data since it is a part of
the psychrometric equation. There is no need for it to reflect daily fluctuations.
Most published tables simply use the standard sea level value (14.69 psi), but it
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should be corrected for altitude. The value in Table 1 is for the standard value
corrected to an altitude of 500 feet (Weast 1973).

Card 6. The values on this card serve to control the print-out of the computed
data and may control the length of the run. WRT tells the computer how often
to print out its progress and IWRT tells it whether to do so on an elapsed moisture
content or an elapsed time basis. If WRT = 0.0, every main loop will be printed
since the elapsed moisture content or time will exceed zero. FINIS tells it how
close the average MC can get to the EMC (equilibrium moisture content) before
the run will be terminated. Just as in actual drying, it becomes quite expensive
to run too close to EMC since sorption becomes so slow. In the Table 1 example,
however, the cut-off was in the control of the step schedule so 0.0 was permissible
for FINIS. JJ, the maximum permissible number of repetitions of the main or
outer loop (J loop), may also be used to terminate the run and is especially useful
for preliminary trials. In Table 1, the very large value insured that it would not
be used for terminating the run. NCLM is used to select ten cells across the
profile for print-out. The first and last cells will probably always be desired but
intervening selections depend upon the individual need. For example, if surface
stresses are of interest, then the moisture contents of the cells close to the surface
may be of primary interest. Remember to change NCLM if N is changed.

Card 7A . . . Up to 99 step cards (more if the program is altered) can be used
to define any sequence of environmental conditions to which the wood is to be
exposed. The listing of the ambient dry bulb temperature (TDBS), the wet bulb
temperature (TWBS), and the moisture content (TEST) at which the ambient
conditions will be changed to the next step differs slightly from a conventional
kiln schedule listing. TEST is the moisture content at which control is transferred
out of the step rather than into the step as with conventional listings. The last
step card must be blank or zero in the TDBS space to indicate the end of the
step cards. QRATES and T$QS need be indicated only on the first card since
they will be automatically adopted for subsequent steps unless a new value is
indicated.

For a given air velocity, the surface transfer coefficient, QRATES, is simply
the maximum possible sustained drying rate, the wet bulb rate, divided by the
wet bulb depression. Thus QRATES is a property of the air stream rather than
of the wood itself. Fast drying species such as yellow poplar and southern pine
sapwood often dry at a constant rate early in the drying run (see Fig. 2 of Hart
and Darwin 1971). During this period they are drying like a wet bulb and at the
wet bulb temperature (thus TW = TWB). The observed drying rate (g cm™2
time™') divided by the known wet bulb depression then gives QRATES (g cm ™2
time ' °F~!) at T$QS (°F), which is equal to the wet bulb temperature. This
surface transfer coefficient is slightly temperature-dependent, hence, the neces-
sity for T$QS. When dealing with slow drying species which may never exhibit
a constant rate period, it is well to include fast drying specimens for the sole
purpose of obtaining data for the determination of QRATES. (These specimens
may require prior soaking in water to insure adequate wetness.) If necessary,
QRATES may also be obtained from published data, After conversion to the
dimensions employed herein (g cm ™ days~! °F 1), the results of Stevens et al.
(1956) result in the equation
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QRATES = 0.0218 + 0.000092V at 1224 F (D
while those of McNamara (1969) gave
QRATES = 0.0119 + 0.000138V at 94.8 F 2)

where V = air velocity in feet/minute. But since, for use of these equations, the
air speed must be measured and the effectiveness may be strongly controlled by
the degree of laminar versus turbulent air flow, drying rate data taken from rapidly
drying permeable wood exposed to the actual drying conditions are probably the
safest source. Figure 3 shows the drying curves of ¥2-inch-thick yellow poplar
and white oak (from Hart and Darwin 1971) dried under identical conditions, with
the QRATES (0.0466 g cm~2 days~' °F') (at 94.8 F) obtained from the constant
rate portion of the poplar data. The simulation was fitted to these diverse spec-
imens with less than 1% moisture content difference between simulated and ex-
perimental data points. Below 30% MC, the differences were less than 0.59% MC.

For the sake of illustration, it was assumed that the oak in Fig. 1 dried like a
wet bulb from the initial moisture content to 519% MC, the end of the first step.
Actually, this was certainly not the case but in effect we are treating an entire
kiln charge as a single sample (and a single moisture profile) so any drop in dry
bulb temperature across the charge during the early stages of drying will result
in lower drying rates than would result from a small specimen. But this does
serve to illustrate both the strengths and the limits of the single profile program.

For the data in Fig. 1 (and using arbitrarily assumed density and half-thickness
values),

QRATES = (AMC %)( density x half—thickness)

ATime 100% x W.B. dep.

:(&%w‘ﬂ%)< 58¢ x 1.3 cm )

_ 08X 1OCM ) _ 7854 x 1028
7.2 days 100% X ¢cm?® X 4 F

cmiday°F

If the first listed step of the kiln schedule does not accommodate the input data
(e.g., suppose the initial MC were 41%), then the steps will be skipped in sequence
until the correct starting step is reached (step #3 for a 41% initial MC). If, through
some error in defining the data, all steps are skipped, then the error message
““SORPTION SCHEDULE DOES NOT ACCOMMODATE THE INPUT
DATA" will be printed to identify the cause of the failure. The computer traverses
the steps sequentially so once a step is passed, it cannot be recalled. Thus if an
initial MC of 41% and initial temperature, TW, of only 30 F were used, step #2
would be bypassed (41.3% > 41.0%) and the run would start in step #3. But
condensation (adsorption) on the cold wood will soon raise its moisture content
above 41.3%. Nevertheless, the program will stay in step #3 until the wood dries
to below 34.5%.

The NSD(I) = 0 code results in complete blockage of vapor transfer at the air-
wood interface, although interface heat transfer, as well as moisture diffusion in
the wood profile, continues. If continued long enough, the wood temperature, TW,
will virtually reach the ambient air temperature, TDB, and the moisture profile
will level out (even if above fiber saturation, which is probably undesirable). In
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FiG. 3. Simulated curves fitted to both yellow poplar and white oak experimental data from the
same drying conditions.

effect, for a very tight kiln, this simulates closing the vents and turning off the
steam spray but keeping the fans on and the heating coils operating. However,
it does not simulate board to board exchanges since only a single profile is in-
cluded.

SIMSOR is programmed to print out not only at the intervals specified by WRT
but also at the start of drying and just before each step change. Thus if WRT is
in % MC (IWRT = 1) and is sufficiently large (larger than the moisture content
change that occurs during the step), print-out would not occur during a step but
only at the change to the next step. The print-out data would then summarize the
results for the entire step. Additional step cards which duplicate the existing step
cards except for different TEST values may be inserted to obtain print-out at
specifically desired moisture contents or at desired time intervals, thus giving
print-outs to closely match experimental data levels if desired.

Card 8A . .. The final data cards define the initial moisture content profile.
Seven values may be put on each card, but if a uniform (flat) profile is desired,
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then only the first value on the first card need be entered since it will be duplicated
for all N cells. However, any shape of initial profile can be obtained by listing
the desired moisture content of each cell. If the total number listed is less than
the number of cells, N, as defined in card #2, then the last value before the zero
or blank will be replicated to obtain N values. This moisture content listing must
end with a blank card to notify the computer to stop reading.

The card following this blank moisture content card is read as the ID of the
next data set. A blank card here signifies that no data set follows. Any number
of data sets can be entered but the last one must be followed by a blank card for
the next ID card (in addition to the blank card for terminating the moisture content
reading).

Print Output. The print-out from SIMSOR first lists the input data just as shown
in Table 1. It then lists the average moisture content, CBARP, and F(I) for 0.0
to 210% MC at MC intervals of 2.5%. This completes the input data page.

The output data begins with the ID and DESCR(I) on line #1, then on line #3
the labels for the step data in the order of NSD, TEST, QRATES, T$Q, RDB
(relative vapor pressure of the air), NS (the step number), EMC, TDB, TWB,
and, to the far right, J (the total number of main loops) and NPL (the number of
profile loops in the last main loop). These labels are printed only once but the
variables will be printed at the start of each step.

Line #5 consists of the following labels.

% CBARP C-BAR-PROFILE, the current average moisture content of the
profile

TIME Current time

% CBARAV  C-BAR-AVERAGE, average MC for the print-out interval

AVRATE %/T Average rate of drying for the print-out interval (% MC/time)

™ Current wood temperature (°F)

RW Current relative vapor pressure of the wood surface (C(1))
K Total number of print-out intervals plus one

DELTEF DELT efficiency, a measure of the operating efficiency.

The ten % MC values for the cells specified by NCLM(I) complete the output.
With the input data listed in Table 1, SIMSOR will print out all of the data listed
in line #5 for every 1% MC change (since WRT = 1). It will end with 8.84% MC
in 22.94 days for % CBARP and TIME. The program listing in the appendix is
complete except for the data cards in Table 1 and the necessary job control cards.

This completes the basic information required for the use of SIMSOR. While
the input data are somewhat lengthy, it does permit substantial flexibility in the
application of the program. Except for defining D$T and its variation with mois-
ture content, none of the other parameters should pose any problem. And the
only problem with the diffusion coefficient arises when one is trying to fit the
simulation to experimental data.

INPUT DATA LIMITATIONS

There are some limitations on the input data for SIMSOR. As already indicated,
the wood temperature, TW, must be less than 250 F and greater than 0 F to
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satisfy the present requirements of the isotherm. But since neither boiling nor
freezing are dealt with in the program, SIMSOR is technically applicable within
32 to 212 F only. The wet bulb temperature must be less than the dry bulb
temperature but a 0.01 F difference (probably even less) is acceptable. In cal-
culating a relative vapor pressure to match the surface MC of the wood, the
computed value, which must be less than unity, will not exceed 1.0 — 1.0 x 1075
nor fall below a 0.01 value. The surface MC will not fall below 0.019% MC.

All combinations of parameters do not run with equal efficiency. High levels
of QRATES coupled to low levels of D$T (after temperature adjustment) increase
the required computer time, as do low levels of QRATES coupled with high levels
of DST. Thus QRATES levels should not be extended too far beyond realistic
values (see Eq. 1). Except for the D$T vs. QRATES interactions, SIMSOR func-
tions with equal efficiency with either uniformly high or low D$T levels since the
elapsed simulated time per loop is inversely proportional to the temperature ad-
justed D$T. However, D$T constant with moisture content is more efficient than
is a variable relationship since the highest level controls the time per loop.

COMPROMISES

In a computer simulation of unsteady state moisture diffusion, conditions are
held constant all across the profile while the flux rates between all adjacent cells
are calculated. These are actually steady-state rates. Then the cells are adjusted
to their new values and the process is repeated. There are inherent mathematical
limitations on the elapsed simulated time for these steady-state steps. If this
elapsed time exceeds a critical level, oscillations or gyrations will set in and the
program will mathematically self-destruct when the oscillations result in numbers
exceeding the capacity of the computer. But the smaller the time per loop or
iteration, the greater the number of loops required, and the greater the cost of
running the program.

One compromise that was necessary to obtain a reasonable balance between
realism and cost was that a uniform temperature across the wood be adopted. It
seems highly probable that this is a necessary compromise. The maximum per-
missible elapsed time (simulated) per loop is inversely proportional to the diffu-
sion coefficient. Since the diffusion coefficient for heat in wood is hundreds of
times larger than typical moisture values, then a variable heat profile should
increase the cost by the same order of magnitude. It may be possible to use far
fewer cells for a temperature profile (compared with a separate moisture profile
in the same program) and use many loops across the temperature profile for each
loop across the moisture profile, but it doesn’t look too promising. Even in SIM-
SOR, with its uniform temperature profile, the cost of the temperature transfer
limitation is not minimal. It was necessary to provide a mechanism for reducing
the moisture-dependent maximum permissible loop time (DELT) to the temper-
ature-dependent maximum permissible time (DELTP) whenever required. The
recognition of and the solution of this problem was by far the major obstacle
encountered in the development of this simulation.

A second compromise proved necessary in equating the diffusion transfer to
the vapor transfer at the surface. The approach adopted herein was to calculate
the magnitude of the surface transfer (SORATE), based upon the vapor pressure
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FiG. 4. The optimum treatment of the profile surface is shown in (A), but the compromise treat-
ment that proved necessary for the dummy variable, CS, and the first profile cell, C(1), is shown in
(B).

difference between the wood and the air, and then to require an equal rate of
diffusion between the first cell, C(1), and CS, a dummy variable. Since CS is a
dummy variable, it is not included as part of the actual profile so any transfer to
it changes the amount of moisture in the wood. Thus, it is only necessary to set
CS to whatever value will cause this diffusion transfer to exactly equal the vapor
transfer.

The ideal solution, as shown in Fig. 4A, is to have CS be the wood surface
moisture content, even though it is still a dummy variable and thus excluded
when the cells are averaged to determine the average moisture content. In this
case,

(1) vapor transfer is proportional to the vapor pressure difference between the
air and CS, and
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(2) diffusion transfer is proportional to the moisture content difference between
CS and C(1) (with due account taken for the diffusion coefficient), which
are separated by a distance of 0.5 (A/N) cm.

This required seeking a value for CS that would make the vapor transfer in (1)
equal the diffusion transfer in (2). Not only did this require an iterative solution,
but also it did not prove workable under all of the conditions desired for a widely
applicable program. Thus it proved necessary to alter (1) by setting the vapor
transfer proportional to the vapor pressure difference between the air and C(1),
rather than CS. The required value of CS to satisfy (2) is thus readily determinable
without iteration. However, this resulted in the initial sorption rates being ex-
cessively rapid. This inaccuracy was largely corrected by considering the mois-
ture in C(1) to be located at the cell surface (Fig. 4B) rather than at the cell
center, as is the case with all other cells. This is accomplished very simply by
introducing the term SC (= 2/3) into the profile calculations. Its magnitude results
from the fact that the C(1) moisture is now 50% further from the C(2) moisture
than is the distance (A/N) between the centers of all of the remaining cells. The
slope of the moisture profile at the surface is then quite correct, but the moisture
content of the C(1) cell is inaccurate. However, with thirty cells, this inaccuracy
is of very minor importance except when the surface slope is extremely steep.
But to some extent, this steepness accompanies any change in environment. For
improved accuracy in the first few loops, N can also be increased, but the com-
puting cost will rise, .

If desired, Fickian diffusion at constant temperature and surface moisture con-
tent can be very precisely simulated with three internal program alterations,
namely, by setting SC = I, TW = TDB and CS = EMC. This output can then
be compared with the normal program employing a high QRATE value relative
to DST (temperature adjusted), which should then closely approximate Fickian
diffusion since the surface will quickly approach EMC. For any fraction of total
drying, the normal program time will be within 1% of the Fickian time except
during the very early loops when the surface profile is first being established.

The two parameter relative vapor pressure vs. equilibrium moisture content
isotherm employed in SIMSOR is a compromise in the sense that it is asymptotic
to RVP = 1. This simplifies the unified treatment of free and bound water. The
ambient EMC actually plays no role in the SIMSOR program other than as a
reference point for terminating the run. Thus if the EMC were 40% and the wood
moisture content were 30%, virtually no sorption would occur because of the
very small difference in vapor pressure, which is what controls the surface trans-
fer. This makes it possible for the program to deal effectively and realistically
with humidities approaching 1009, which is essential for duplication of air drying.
Another attribute of the isotherm is the ease of defining it with only two exper-
imental pairs of RVP-EMC data points. Also, for future development, the iso-
therm differential can be employed as a multiplier in the profile to convert from
moisture content difference to vapor pressure difference as the basis for moisture
transfer, as employed by Bramhall (1979). If coupled with a temperature profile,
this may permit a realistic simulation of hydrodynamic flow in high temperature
drying, but would seem to offer little advantage for temperatures below the boiling
point.
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The last compromise is in the treatment of the free water. In this program, the
free water is treated exactly the same as the bound water, that is, as a diffusion
phenomenon dependent upon the moisture difference between cells, the diffusion
coefficient and the saturated vapor pressure. However, free water flow is a cap-
illary flow phenomenon rather than a diffusion phenomenon and presumably
should not be as vapor pressure dependent as bound water diffusion is, so a
change in drying temperature should affect the free water flow rate much less
than it affects the bound water rate. Thus, by adjusting their relative diffusion
coefficients to their 80 F values (an arbitrary level), the vapor pressure adjustment
can be canceled for all cells whose moisture contents exceed TDL. However, it
is possible that free water flow is almost totally a function of the particular ana-
tomical arrangement of the inter-connecting capillaries coupled with the below
fiber saturation rate of transport. Thus the relative shapes of the bound water
versus free water portions of the moisture profile could be quite independent of
the temperature at which the wood is dried. If this proves true, then TDL should
be set beyond the maximum moisture content so that the free water will be treated
just as is the bound water. This was done in the examples given herein. In sum-
mary, free water is treated as bound water in this program but its temperature
dependence may be canceled, if desired. Whether or not this will provide ade-
quately for the free water flow remains to be determined, but it does provide for
flexibility in the early applications of this program.

PROGRAMMING CONSIDERATIONS

From QRATES, the surface transfer coefficient, two related coefficients are
derived in the program. The first is the vapor transfer coefficient, QRATSP (g
cm * time ! psi—!), which is obtained from division of QRATES by (B*APT$Q),
the product of the barometric pressure, B (psi), and the psychrometric constant,
AP, at temperature T$Q, hence, APT$Q (1/°F). The second is the heat transfer
coefficient (cal. cm=2 time ' °F~'), which is obtained from multiplication of
QRATES by (APTW/APT$Q)*(HTILAT) (the psychrometric constant ratio times
the latent heat) but which does not have an assigned variable name for the sake
of computing efficiency. Both of these surface transfer coefficients, vapor and
heat, are temperature-independent so vapor transfer is always proportional to the
vapor pressure difference while heat transfer is proportional to the temperature
difference, regardless of the levels of temperature involved. The temperature-
dependent psychrometric constant is from the Smithsonian Tables (see Bindon
1963). The latent heat is also temperature-dependent (Weast 1973). Their product
is constant with temperature (variable latent heat is the reason for the temperature
dependency of the psychrometric constant—hence, the constant product of the
two). Both the vapor and the heat transfer coefficients are assumed to hold con-
stant throughout the sorption run, unless the air velocity is altered.

Most of the variables in SIMSOR are dependent on either the wood temperature
or moisture. Those that are neither are computed either before the main loop (JJ
loop) or in the Sorption Schedule Step Selection routine at the beginning of the
main loop. As previously indicated, there is a moisture-dependent maximum
elapsed time, DELT, and a separate heat controlled value, DELTP. The smaller
of the two is used for the profile loop, that is, for the loop in which the cell-to-
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cell changes in the profile are calculated. DELT is used in the outer loop, and
the inner or profile loop is repeated as many times as necessary to insure that the
time per profile loop does not exceed DELTP. Thus, for each passage through
the outer loop, this iteration of the profile may vary from one to several hundred
loops, depending on the input data. The less sensitive temperature- or moisture-
dependent variables are computed prior to the profile loop. Only the most critical
variables are always computed for each passage across the profile loop. The less
sensitive variables include the isotherm variables (BCS and QCS), the diffusion
coefficient’s moisture content dependency (F(I)), latent heat (HTLAT), relative
differential heat (DIFHT), heat capacity (CD), psychrometric constant (APTW),
heat transfer coefficient (from QRATES), and a REDFAC routine which, if nec-
essary, will reduce the time interval (DELT) to a value that insures that the
subsequent change in the wood temperature (TW) will not exceed the value
TWDLT specified by the input data. Next comes the Profile routine, which is the
heart of the simulation.

The Profile routine handles all changes in the wood moisture contents, relative
vapor pressure, actual vapor pressure and temperature. The rationale and order
of computation are as follows. Given the surface moisture content (C(1)), RFI
(i.e., 1 — relative vapor pressure) is calculated from the moisture content vs.
relative humidity isotherm. The relative humidity times the saturated vapor pres-
sure (PWP) at the wood temperature (TW) gives the vapor pressure of the wood
surface. With this vapor pressure, the partial vapor pressure of the air, and the
vapor transfer coefficient (QRATS$P, previously calculated in the Sorption Sched-
ule Step Selection routine), the vapor transfer rate (SORATE) between the air
and the wood is obtained. Next the value of the dummy variable (CS), necessary
to make the diffusion transfer equal the vapor transfer, is determined. The profile
is then traversed, after which the new values for C(I) are adopted. Finally, the
new wood temperature (TW) and saturated vapor pressure (PWP) are calculated.
The wood temperature results from three sources: the heat exchanged between
the air and the wood, the latent heat plus differential heat involved in the change
in state between water and vapor, and the sensible heat involved in any change
in the wood temperature.

In all of these Profile routine calculations, unnecessary repetitions are avoided
by putting all possible portions of each calculation above the profile loop. The
most intricate example of this is probably in the moisture flux calculations. The
moisture content of each profile cell changes according to the balance between
the inflow and outflow from and to the adjacent cells. Taking just one of these
flux terms,

L VEEDMCO - D - Cyy L)

the fundamental character can be determined by tracing the path of V back up
through the program and substituting the indicated variables into the flux
expression.

DELT*(D$T*(PWP/PTSD)*F(D)*(C(I — 1) — C(D)/(A/N)**2

will be obtained from these substitutions. This is the steady-state flux in % MC
that results from the products of time (DELT), unsteady-state diffusion coefficient
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(D$T), corrected for temperature by the saturated vapor pressure ratio (PWP/
PT$D) and for moisture content by F(I), with the final term being the slope or
moisture gradient, which is the moisture difference (C(I — 1) — C(I)) divided by
the distance between the cells (A/N). The between cell distance is equal to the
cell thickness, which is also involved for the conversions between steady and
unsteady-state diffusion coefficients and in obtaining the flux in % MC rather than
in weight of water, so (A/N) appears as a squared term. In this manner, the
multiplier V*F(1) is kept as close to the critical value of 0.5 as deemed advisable
and DELT is varied directly with the square of the cell thickness and inversely
with the temperature corrected diffusion coefficient.

While the critical level for stability, 0.5, for the moisture profile multiplier can
be mathematically demonstrated, the rationale for the manner in which heat trans-
fer controls the maximum permissible time interval, DELTP$, was not precisely
defined. The DELTP$ equation at the start of the Profile routine is an empirical
equation based upon trial and error. The critical level of DELTP$ was clearly a
function of SG, A, QRATE and PW (the rest were judgment values), but the
level varied with different combinations of wood moisture and drying conditions
in a manner that could not be precisely defined. The constant of 60 was very
extensively tested and is believed to be safe for all conditions between 0 and 250
F, but a lower value would be more economical and many typical trials worked
perfectly with a value of 20. As a precautionary measure, the print-out variable,
DELTEF (DELT efficiency), is included to indicate when the time (DELT) per
main loop has been reduced, either by the REDFAC routine or near the end of
the Profile routine, to prevent the change in TW from exceeding TWDLT. This
occurs naturally when environmental conditions are changed but under stable
conditions, DELTEF should remain at 100. If oscillations do occur, it should be
apparent.

VERIFICATION

SIMSOR has been tested sufficiently to make it virtually certain that it will
properly function in the mathematical sense with any realistic combination of
input variables that might be employed. It now must be tested against the widest
possible range of experimental data. It will readily simulate small specimens
exposed to a single drying atmosphere, as illustrated in Fig. 3. It has also accu-
rately duplicated similar specimens exposed to a 24-hour sinusoidal temperature
and has even duplicated with excellent accuracy the drying behavior of red oak
sandwiched between plywood panels to protect the wood from excessively rapid
drying (Schultz 1978). Figure 1 shows that it can satisfactorily simulate a kiln
schedule. But in all of these applications, the diffusion coefficient could be varied
to suit the particular sample. What is now needed are data from carefully matched
specimens, with adequate replication, exposed to a variety of environmental con-
ditions. This can be most quickly accomplished by a variety of investigators who
have need for a simulation and have data to be evaluated. Of particular need are
data on matched green specimens dried at different temperature levels to assess
the effect of temperature on the relative behavior of free water versus bound
water. And this is needed for a variety of species, both softwood and hardwood,
so the task is sizable.
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Even at the present level of verification, SIMSOR can provide very useful
estimates. Only long-term verification will determine the final accuracy. In any
event, it will be a valuable tool for drying research. Since it is based upon clearly
defined and specified principles, it can serve as a reference standard against which
the observed behavior of actual data can be judged and interpreted.
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APPENDIX

T - — SIMSOR: A COMPUTER SIMULARTIOMN OF WATER SORPTION IM WOOD <IN
C — ~ FORTRAN I¥> BY £. RARTHUR HfRTs SCHOOL OF FOREST RESOURCESy
€ — — NORTH CAROLINA STATE UNIVERSITY, RALEIGHs N.C. 27650

IMPLICIT REAL®B(A-H>T-2>

DIMENSION C(112>sCAC1103»CBC1I10) sF (110> »CMP (110D

DIMEMSION DESCR(70> sNCLM (10> »CWRITECI D>

DIMEMSION TDBS (99 » TWBS (99> » TEST (99> » NS (39> »QRATES (39) » TSRS (3P
ABS (4> =DRABS (X

EXP (X> =DEXP (X>

ALOG <X =BLOG (K>

SINCK =DSTN(X>

CALL ERRSET (208+256»—151» 050>

(N w]

~ — D=DIFFUSION COEFFICIEMTs, Re=HRLF THICKMESS, N=NO. OF CELLS IN THE
C - - PROFILEy DELT = ELAPSED TIME PER PROFILE LOOP. DELT MUST BE LESS
C = — THAN (0.Se(R N> ee) /D & SHOULD NOT EXCEED 0.44<R/N>ee2-D. THIS
C - - BIVES ¥ = 0.4 WHERE ¥ = (DELT & DO~ ((R/M)ee
[»4
c

S RERD (115> IDs (DESCR(IDsI=1:6%9)
15 FORMAT <I10s1Xsy65R13
IF (10> 385,3385+25
25 CONTINUE
READ (1,35> SHE»A»N>TWs TWDLTTDL
35 FORMAT (10Xr2C(1X2F3. 3> r8Xs I2r3(1KXsFI3. 30D
RERAD (1s45> D$T»TSD»BwDM» CBWDMsRBWDM
45 FORMAT (11X:EF.4+5(1XsFI.3D)
READ (1s535> FWL,FWDBLsFWDMsCFWDM» RFWIM
55 FORMAT <10X»7(1X>F3.3>>
RERD (1565> RYPSHyEMCSHyRYPSLEMCSL > TSEMCsB
55 FORMAT (10X»6(1%:F3. 43>
READ (1+75) IWRT»WRTsFINISsJJy (NCLMCID »I=1510)
73 FORMAT (19%s 11215 F2. D s 1X>1910Xr1012>
WRITE (3,85
35 FORMAT <(1iH1)
WRITE (3,35
35 FORMAT (1HO»B8X» ID s 10Xs “DESCRCI> 7>
WRITE (3,105 IDr (DESCR(ID»1=1569
105 FORMAT <(1H »I110s1Xs6971)>
WRITE (35115
115 FORMAT (1HO0»T20s"SG" s T31» A »T41> "N s TF0s " TW »TS57y "TWDLT "+ T6&3+ “TDL
179
WRITE (35125> SGsRA*NsTWs TWDLT»TDL
125 FORMAT (1H »10Xs2(1XeF3.5) +B8Xs 12,3 (1XsF3. 5>
WRITE ¢3513%
135 FORMAT (1HOsT19» DT+ 7295 TSD s T38s “BWDM- » T47» "CBWIM~ +» T57s 'RBWDM~
1
WRITE (3,145> DSTs»TSD»> BWDMyCEWDM:RBWDM
145 FORMAT (1M »11XyES.4»5(1XyF3.3D)
WRITE (31355
155 FORMAT (1HO»T19s ‘FWL s T27y “FWDBL  » T38s ‘FWDM’ ¢ T47» "CFWDM » T57» “RFWD
M7
WRITE (3+165) FWLsFWDBLs»FWDMy CFWDMs RFHDM
155 FORMAT (1H »10Xs7IX»F3.500
WRITE (3-175>
175 FORMAT (1MD«T17s» "RYPSH s T27T "EMCEH s T37r "RYPSL »T47, "EMCEL » 7357 "' T
ISEMC »T715 "B’
WRITE (3+1835) RYPSHyEMCSH> RYPsL sEMCSLy TSEMC,B
135 FORMAT <1H »10X+sH{1XsFI. 510
WRITE ¢35195)

65

GWNT AR W -
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195 FORMAT <1M0sT18y  IWRT > T3y WRT T37s "FINIS »T50s " JJ7»TES» "NCLM(I>
1>
WRITE (352057 IWRTsWRT+FINISsJJs (NCLMC(ID »I=1>10>
205 FORMAT (1H 519Xy 1152(1XsFI.50 51Xy 19» 10X 1012
WRITE ¢3,215>
215 FORMRT <(1MHO0»T15s TDBSKID " s T25s " TWBS C(I> “»T36+ "NSDC(I) " »T4S, " TESTKI) ~
1> T33» "ORATES (I “» T65 " TGS (1D 7D
GR=0.10
TR=0.19
DO 245 I=1+99
READ <1.225> TOBSA1) « TWBS<D sNSTCD s TEST (D) sARATES (1D »THAS (1>
FORMAT (10Xr2C1XsF3. 4> s3X%s [2r1XsFI 45 1XsEF. 451 X>F3. 4>
IF CQRATES(ID .E&. 0. 0> ARATES (1> =HR
IF (T$QRS(I>.EQ. 0. TGS =TQ
QR=GRATES (D>
TR=TIRFS (1>
WRITE <3+235) TDBSCI>»yTWBSID »MSDCID> + TEST (12 yQRATES (1) » TSRS (DD
235 FORMAT «(1H »10KXs2(1XsF3.45 y8Xs 12y 1XsFI 42 1XvEF. 41X, FI. B
IF (TDBS<I>»> 255,255,245
245 MIMX=1
255 COMTINUE
WRITE <3,265>
265 FORMAT (1M 10X, 7 (6Xe "CCI) D2
DO 275 I=1-}
275 Colr=0.0
Mi=1
M2=7
DO 305 I=1»16k
READ (1,285 (C{I»J=M1sN2>
235 FORMAT (10Xs7C1XsF3.4>)
IF fCdMi>.LE.D.0» 50 7O 315
WRITE (352950 (CC(J>»J=MisND
295 FORMAT (1M »1D0X.7 (1X+FS,. 45D
M1=MN1+7
305 Ne=M2+7
215 ZUMC=C (1)
D0 325 I=2sN
DDLLE.D. LI =CI~10
< =SUMC+C (IO
CBRRP2=3UMC/ N
CBRRP=CBARP2
WRITE ¢2,235
WRITE (3+345
WRITE (3s355» CBRRP2
335 FORMAT <(1HDs 10X, THE FOLLOWING ARE CARLCULRTED DRTAR >
345 FORMAT (1HOsT1ts "CBARP’ )
355 FORMAT (IH »T10sF6.2>

Y
[5V]
4]

C - - SITART CALCULRTION OF DIFFUSION COEFFICIENT S MC DEPENDENCY.

BWLC=CBWDM-REWDM. 2.

BWUC=CRBWDH+RBWIM 2.

FWLC=CFbuDM-RFWIM 2.

FWUC=CFWDM+RFWDM 2.

CHM=—2.5

DO 385 1=1.385

CM=CM+2.5

CMP (1> =CM

IF «CMP1>.GT.FWLY 60 TO 365

Fily=1.

IF CCMPCIY BT .BWLC.AND.CHPCID LT .BWUC)F (1) =1.+ BWIM—1.) «},. Se(1.+3]

1M 3. 144-(CMP (1> ~CBWDMY ~RBWDM)

IF CMP<I>.5E. BWUCHF (1) =BWDM

50 7O 37S
365 FiI)=FWDBL

iF PiI) . GT.FRLC.AND, CMP (I LLT.FWUCIF (1) =FWDBL+ (FWDM—FWDBL) &, Se

191, Mi3. 14 CHP (15 —~CF DM ZRFWIMY D

IF CCMP (D) JBELFWUCHF (1) =FiWDM
375 CONTIMUE
235 CONTINLUE

1o=
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Hart—COMPUTER MODEL FOR WATER IN WOOD

IE=17
DO 435 IL=1s53
WRITE (3,395
335 FORMAT (1H0s3Xs " %MC=")
WRITE (3,405 (CMP(I>»I=IS,IE>
405 FORMAT (1H+s7X» 17 (2XsF5.1>>
WRITE €3»415)
4135 FORMAT C(1H s2Xs "F(I>=")
WRITE (3»425) (F(I)»I=IS,IE>
425 FORMAT (i1H+»7Xs 17 (1XsFH.3ID
IS=13+17
435 1E=IE+17
- — END CALCULATION OF DIFFUS1OM COEFFICIENT’S MC DEPEMDENCY.

WRITE (3r443) IDs (BESCRC(ID>»I=1-69
445 FORMAT (1H1»7Xs11054Xs69R1)>
WRITE (3,455
455 FORMAT (1HDsT6» NS’ »T16y "TEST s T33» "GRATES  » T435 " TSR’ »T49» "RDB”»T
1549 M3 s TE7+ "%EMC s T7S5: “TDB > T2 " TWB s T12635 7 J s T131»"NPL"D
WRITE (3,465
455 FORMAT (T1y 0" >T3» %CBARP  +T16» " TIME’ »T21,» "“CBRARAY s T29» "AYRATE %~
1T7 s Tdds "Tid” » TS0y "RMW- s+ T55» ‘K’ » TS5S8» "DELTEF " »T65s “S7>
WRITE (35475 (NCLMCD »I=1,10
475 FORMAT (T1r '+ »T64s10(2%s " %MC s 120D
WRITE (3,435
485 FORMAT (Tis” 7>

RYRATE=0.0
CBRRAV=CBARP2
DELT83=9.0
K=1

LL=N-1
NPL=1

M3=0
REDFAC=1.
SC=2.-3.
TIMEK=0.0
TIMET=0.
TZ7=0.0
WTCHNG=0. D

EOEE S S i S T S H SR S S S S T SR S S R SR R R SRR S S S
T1=T$D
NOSTAR=3
50 TO S0S
435 PT$D=P2
DAE=DST~ (A M) e
50 TO 515
505 T2=273.+<T1-32.>-1.8
P2=EXP (14, 3795309-3736.763-T2—(431.7725/T2) wed)
- = P2 ¢ IN PSI > IS THE SRATURRTED VAPOR PRESSURE OF WATER AT TEMFP T2.
GO TO (615,625:495,675) »NIOSTA
515 CONTINUE

TGOO0

- ~ CALCULRTE THE EMC—RH [SOTHERM PARAMETERS.
TOF=ALOG (EMCIH) —FLOG CEMCBL>
BOT=A 06 (—ALOGC1 ., ~RYPSHD > —PALOG(-RALOGC1. ~RYPSL) >
Q3CS=TOP-BOT
BSCS=EMCEL~ (—ALOG (1. ~RYPSL) > »sGSCS

BBAS=12.25-6.2489e(1 . —EXP (~(TSEMC/170.) «+2,3033>)>
- - THEMC .57. 0. BUT SHOULD BE WITHIN 32 TO 212 FOR BBR3
GBAZ=0.61+0.1073e—RLOG (1. -TBEMC/250.> ) #oi{. 3457

C - — 0. .LT. TSEMC .LT. 250. BUT SHOULD BE WITHIM 32 TO 212 FOR 2BRS

67

121
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
143
150
151
152
153
154
135
156
157
1538
159
160
1561
162
153
164

166
167
168
153
170
171
172
173
174
175

139
138
191

132
123
134
195

1937

o e

[-~RS RNy
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[

[

C -+ - i i R o
DO 345 J=2+JJ

C - — THIZ IS THE MAIN, OUTER, J OR JJ LOOP.

C—+ T r—t—b—b— + + > TS — b

C

C — — START OF SORPTION SCHEDULE STEP SELECTIOMN — -~ - — = = — — = = - —
IF (NS.NE.O® GO TO 5695

£~ — MS=0) ROUTINE TO SELECT THE PROPER FIRST SORPTIONM SCHEDULE STEP.,

525 N3=MNS+1

IF (NS.LE.NSMX> 50 TO 545

[

y

[wha)

535 FORMAT (T1i,70-»T2» SORPTIOM SCHEDULE DOES NIT ACCOMODRTE THE INPUT

545

555

565

WRITE ¢3+535>

IF
NI

1 DRTAR. >

50 7O 855

CONTINUE

IF (NSD(MNS> .EQ.2.0R.NSD(NS> .EG. 0> GO TO 605

IF (NSD«N3>.EQ.1> 0 TO 555

IF (CBARP.LT.TEST(MS))> 60 TO %25

50 70 505

IF (CBRARP.GT.TEST(NS)»)> G0 7O 525

50 TO 605

END OF NS=0 ROUTINE - - — - — — = = — = = = = = = = = = — = — = =
CONTINUE

IF (NZDIMS) (E@.1> 6O TO 575

IF ‘NSD(NS» .EQ.2.0R.NSDNS) .EQ. 0> 50 TO 9895

IF {CBARP.LT.TEST(NS)> GO TO S95

50 TO 55

IF (CBRRP.GT.TEST(NS>)> GO TO 595

B0 TO 6695

IF (TIMET.GE.TESTINS»> GO TO 595

50 TO 663

D e i i e e R T T T T S S T S S e ik S S S S S S

‘TIMET.NE.TIMEK> GO TO 305

=NS+1

CONTINUE

IF
IF

(NSDVNS) L ER.2.0R.NSD (NS> LE@l. 02 TEST (NS> =TEST (NS> +TIMET
(NS.GT.MEMX) GO TO 855

TDB=TDBS (NS)
TWB=TWBS (N33
DRATES=GRATES (NS)
TBE=THQS (NS>

515

T1=TDB
NOSTAR=1

50

T4 505

PIB=P2

Tt
[n}s]
50

=TWB
STA=2

T4 5095

PRB=P2

PDP=PWB—0. 005374« (TDB—TWB> IF B=14.43(PSI} % RPTSQ=3.724E-—4(1/F>
APTSA=¢.367E—30 &<1.+(T$Q-32.5 /1571.0

RPTEQ (1 /FAHR) =PSYCHROMETRIC CONSTANT AT TEMPERATURE T3$Q

AFTWB= (. 367E—3) (1. +(TWB-32.>-1571.7

Pg

YCHROMETRIC EQUATION IS MNEXT. PDP=PRESSURE DEW POINT (PSI>.

PDP=PWB—B+APTWB* (TDB-TWB>

PDB=FDP- PDB

QDRATSP=ARATES - (B+RRTSA>

GRATEP (IM 13-3Q@ CM«TIME.PSI) =YAPOR TRANSFER COEFFICIENT

ME

EM

XT ZET THE 1SOTHERM TO THE DRY BULB TEMP, TIB.

=(BBCE-BBA3Y ¢(12.25-6.249+(1 . ~EXP(~(TDB-170.) ee2_3038>>>
S(IBLE/QBAS) &N . 61+0. 1072« —ALOG 1. —TDB-250.1)> ++0,8467)
C=BCZe{—H O5(1.-RDB)> ee5CS

201

aoa

203

204
2035
206
207
208
209
210
211

ata
213
214
215
216
217
218
219
2290
2e1

ze2
223
224
223
226
227
2c9

229
230
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Hart—COMPUTER MODEL FOR WATER IN WOOD

WRITE (35635> NSD(NS>» TEST(NS) y ARATES» TSA> RDIByNSsEMCy TOB» TWB» J»NPL
635 FORMAT (1HO»I7»1XsF10.2s9XKsE10.491XsF6.251XsF5.351X»13,8X»3(1XsF6.

123 » 35X [V r2Xs IS/

IF <J.NE.2> 60 TO 665

DO 645 1=1+10
LE=NCLM (1>
545 CWRITEC(I)=C (LD

WRITE (3r6535) CBARP2sy TIMEK:CBRARAY > AYRATE» TWs (CWRITE(ID » I=1+10>
655 FORMAT (1K »1XsF6.221%X2E10.491X»F7.321XsE10.491XsF6.2518X» 10(1XsF6&
1.2
- - END OF SORPTION SCHEDULE STEP SELECTION — - - = — = — = — — = = -
565 CONTINUE

TWB=TW

T — - MEXT SET ISOTHERM TO WOOD TEMPERTURE, TW.

BCS=(BSCS/BBAS) ¢(12.25-6.249+ (1. —EXP(~(TW-/170.) ++2.3038> >

Co———Th .GT. 0. BUT IT SHOULD BE WITHIN 32 TO 212 FOR BCS
ACS=(RFCS/ABAS) (0. 61+).1073e(—HRLOG1.-TW-250.)) ++0.34567)
C———0, .LT. TW .LT. 250. BUT SHOULD BE WITHIN 32 TO 212 FOR GCS
Ti=TW

NOSTAR=4
50 7O S05
675 PW=P2

(e Nw)

]

e

- — START CALCULATION OF DIFFUSION COEFFICTENT S MC DEPEMDENCY.
FMAX=0.0
DO 705 1=1»N
IF «C(I>,.GT.FWL> GO TO 485
FeId=1.
IF (C(I).GT.BWLC.AND.CC(I) .LT.BWUCOF(I>=1.+(BWDM-1.> 0.5 (1 . +SIN(3.
1144 (C<I>-CBWDF> ~RBWDM >
IF (C<I>.,5E.BWUC) F(I>=BWlN
30 7O /95
585 F<I>=FWDBL
IF (CA(DD ,GT.FWLE.AND.C (I> . LT.FWUC) F (1> =FRDBL+<(FWDM-FWIBL) 0. Se(1.+
1SINC3. 144<C (1> —CFWDM> ~RFWDM >
IF ¢C{I).GE.FWUC)F (I)=FWwDM
535 CONTINUE
IF C<XD.BT.TDLFID =F (1> «H.50633/Pw
- - PW=0,50683 WHEN TwW=850. SO FOR MC-”S ABOVE TDLs THE DIFF. COEFF.
— — —- 1S CORRECTED 7O IT’S 30 DEGREE YRLUE.
IF FMAM.LT.F <ID)FMAR=F (1)
705 CONTINUE
~ — EMD CRALCULATIOM OF DIFFUSION COEFFICIENT S MC DEPENDENCY.

DO 715 I=1sN
713 CR4D=C D

Y=0. 4-FMAX
DX4=DXxBePUH/PTSD

— — DIFFUSION COEFFICIENT IS NOW CORRECTED FOR TEMPERATURE, TW
DELT=v-D%

— — DELT=PERMISSARBLE TIME PER LOOP FOR MOISTURE DIFFUSION
DELTS=DELT
HTLAT=604, 19—).2686+TW-0. D30 159eThesp

— — HTLAT <IN CALORIES-G) =LATENT HEART RT TEMPERATURE TW.
DIFHT=1.40.433EXP (~0. 146 6+LBARP>

~ — DIFHT (DIMENSIONLESS) =RELRTIVE DIFFERENTIRL HERT.
CD=0,266+0. 000644eTHW-32.)

— — CD<IN CALORIES/GYyCELSIUSY = COEFFICIENT OF HERT CAPACITY. TW(FAHR)
APTH= (. 367E-31 (1, +{TW-32.3,1571.)
ARATE=GRATES*APTW. RETSH

- - GRATE(G-/SR LMy TIMEs FRAHMR)=SURFACE TRANSFER COEFFICIENT AT TEMFP TW

69

271
272
273
274
279
276
ar?
278
ar9d
290
281
282
283
284
285
2386
287
288
299
290
291
292
293

295
296
297
293
299
300
301

302
303
304
305
306
307
303
309
310
311

312
313
314
315
316
317
313
319
320
321

382
323
324
325
326
327
323
229
3390
331

332

333

334

335

335

337

A33

33%

340
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C — = QRATESHTLAT <IN CAL-SQ CMs» TIME» F)>=HEAT TRAMSFER COEFFICIENT. IT

C = — IS CONSTANT FUR RLL TW.

[

L+ e -+ + +—t Pt - + e S e A S 1
c

C — — REDFAC ROUTINE TO LIMIT TW CHANGE BY LIMITIMG DELY — - — — = — — —
c

[y}

[yl

RF1=EXP (—(C (1> /BLE) el . /QCS)H D

RF1 (DIMENSIONLESS) =1.-RW WHERE RuW=R.¥Y.P. OF THE WOOD SURFRCE.
IF (RF1.6T.0.933XRF1=0.99

IF (RF1.LT.1.0E-50>RF1=1.0E-50

SORARTE=—GQRATSPe(PR-PIP-RF 1 +PW)

SORATECIN &/SG@ CM»TIME) =SURFRCE YAPOR TRAMSFER RATE.

IF (NSD<NS).E&. 0> SORRTE=0.0
TWUL=DELT®<HTLAT®1, 8/ ( (CD+CBARP/100.) ¢SGR )

TWUL (IN TIMEsFRHR>SQ CM/B)

TWe=TW+ (QRATES<(TDB-TW) +SORRTESDIFHT) «TWUL

TWFK=1.

IF (ABS (TW-TW2> .LE.TWDLT> 6O TO 725
TWFK=ABS (TW-TW2> /TWDLT

CONTINUE

REDFARC=1./TWFK

IF (REDFAC.5T.1.0>REDFAC=1.0
TWR=Th— (TW—-TW2) «REDFRARC

ABS (TW-TwW2> IS NOW .LE. TWDLT
Y=VeREDFRL

DELT=DELTeREIFAC

END OF REDFAC ROUTIME — — — — = — = = — — — = — — — — — — — = = -

L] OOOoOoO0O0

o

START OF M.C. PROFILE ROUTINE — — = = — = = = = — = = — — — — — —

NPL=1+60. . 4P TSDSASGRATESHTLAT/ (SGoN+e2 oIS ToFMAX o1 1 FHT & (CD+CBARPY
DEL TPS=SGeR+D IFHT #<CD+CBRRP-100.) / (RRATESHTLAT #PWe60.
DELTP$=PERMISSABLE TIME-LOOP FOR HEART TRANSFER (EMPIRICAL EQND
MPL=1+DELT-DELTPS

DELTP=DELT-NPL

Y=Y NPL

TWULP=TWUL +DEL TR/DELTS
SCSPW=—GRATSPePWSDEL TP &1 00, oM/ (ReSG+2. oF (10 e¥))

SCSPWCIN %) SETS SURFRACE DIFFUSION TRANSFER = YAPOR TRANSFER.
FIP=PH

Y=Y Pl4

DO, 765 IR=1yNPL

Y=YSePWP

RF1=EXP (—~{(C 1) BCS>ee(1, QCSH>
SORARTE=—QRATSP e PWP—PDP—RF 1 ePWP>

C 1.-RF1—PDP/PHP) SCEPWHC (13

THIZ ZETS THE TRAMNSFER BETWEEM CS % C (i) EQUAL TO SORATE.

IF (NZDCNSY .NE. D> 50 TO 725
SORATE=Y. 0

CE=C01)

COMTINUE

CBCD=C (1) Y2 oF (1) (CT-C (1) —SCeF 2 (T 1) =Cvad
[39 R¥=P] (23 +Y e (ZCHF (2) ¢AC 1) —CiED)~F (D (L2 >3

DO 745 1=3sLL

CBCIY =C (I +Ve(F (I &<C (I=13 =L {100 ~F (I+1D &C I —C{I+1000
CBONY =COND +F (D s e (MN—15 2 (N> >

DO 755 I=1+N

CeI»=CB{I>

TW=TW+ (ARATES{TDB—TW> +SORATESDIFHT) &TWUILP

341
343

=3

[N AR NI SR PO VUV VU PN
R R R R R R R ]
L DNDANLWNN OO DNTAD

pab ottt
i =

403
404
405
405
EYir
403
E 3]
10
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Hart—COMPUTER MODEL FOR WATER IN WOOD

T2=273.+(TW-32.>-1.3

PWP=EXP (14, 375309—3736.763/T2—(431.7725/T2) e+a>
IF (C<{4>,LT.0.01>C<1>=0.01

MIR=IR

IF (ABS(TW3-TW) .GT.TWDLT> 50 TQ 775

CONTINUE

50 TQ 78S

DELT=DELTeNIR/NPL

NPL=MNIR

CINC=0.0

CBRRP=0.0

DO 735 I=1sTt

CINC=CINC+(C(I>)—CARCI>> /N

CBARP=CBARP+C (1D /N

ZORATE=CINCe< (SceR-/108.> /DELT>

THIS SORATECIN 5-/5@ CM»TIMED IS FOR NPL LOOPS
WTCHNG=WTCHNG+SORARTESDELT

THIZ GIYES WEIGHT CHANGEC(IN G-SQ CM> SINCE THE LAST DATA WRITE

TIMET=TIMET+DELY
DELTSS=DELTAS+DELTS

IF <IWRT.EQ.1.AND.ABS (CERRP-CEARPZ .LT.WRT> 5O TO 835
IF (IWRT.EQG.2.AND. (TIMET-TST) .LT.WRT> GO TO 8935

START OF WRITE ROUTINE — — — — = ~ = = — — — = = — — — = — — — — =
TET=TST+WRT

CONTINUE

K=K+1
AYRATE=WTCHNG®1 00. / (3G+fe(TIMET-TIMEK?)
THIS GIVES AYRATE I PERCENT/TIME.
CBARAY=0. S+<CBARP2+CBARP

RW=1.-RF1
DELTEF=100. (T IMET-TIMEK> ~DELTES
CBRARP2=IBRRP

TIMEK=TIMET

D 315 I=1,10
LE=NCLM DD
CWRITECI>=CCLL>

WRITE (3,825 CBARPsTIMET,CBARAVY»AYRATE» TWyRWs K » DELTEF» <cCWRITE (D) »
11=1,100

FORMAT (1H »1XsF6.2»1X%sEL10. 43 1XsF7.32 1X+E10. 45 1X:F6. 251 XsF5.3r1%»1
139 1% F7.325 101X F6.20)

WTCHMG=0,
DELTSS=0.0
EMD OF WRITE ROUTIME — — — = — = = = = — = = — = — — — — — — — — —

CONTINUE

IF <ABSYCBRARP—EMC) .LT.FINIS> GO TO 85%

345 CONTINUE

COMTINUE
WRITE (3+86%>
WRITE 3237350 JsMPL

FORMRT <T1s 07 +T12657J +T131s "NPLD
FORMAT (Tls” “+T120s17+T129:15)

50 T80 S

CONTINLE

CRLL EXIT

EMD

71

411
412
413
414
415
+16
417
413
419
420
421
422
423
424
423

427
423

430
431
432
433
434
435
436
437
438
433
440
441
442
443
44
445

347
43





