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A METHCD FOR PREDICTING THE DRYIRG TIMES FOR
DOUGLAS FIR HEABRTWOOD

INTRODUCTION

The need for some method by which the drying times
of lumber under varying sets of conditions een bs‘p¥e~
determined has long been felt by dry kiln operators. A
great handicap would be taken from their aheuid@rb ir
there were some means by which they could tell with a
fair degree of acouracy the time it would take to dry
lwsber under various conditions and just how much $ime
could be saved by varying thaae'éoaditimns;

Drying of lumber asrtificially is not new, in its
broad sense, but as to reaching = state of perfeotion
there are vast improvements necessitating many experie
mente and careful study rhich must come into astuality
before it can be considered on a soientifiec basis. Hueh
experimentation and planning has been done in regard teo
the mechanical aspects until these have reached a re-
latively high state of perfection and efficienuy.

The shortcoming lies in the drying itself. uiven
an efficient kiln, how can it be operated so as to give
the best results? Here is the field of experimentation
and researoh. |

In working out a method by which ﬁhi drying rates

exn be rredicted, tie experinenter is confronted with



many perplexing and intricate problems. In the first
‘place he is working with something whiech is veriable. o
two pieces of lumber are identicsl and consaquently drye
ing for the two will not be the same. Just how does
lurber dry? 7The most accepted belief today is that it
is a process of transfusion end diffusions The moisture
in a green board is gquite uniformly distributed through
the piece. However, after drying starts thie is no
longer true. The outer portion baaemes‘dryar and the
moisture tends to diffuse {from the wetter interior to the
drier exterior and then to the surface where it is ewapor-
aled. le this drying rate constant throughout the drye
ing process or does the rate of dryimg change? 'xa;tksr;
any means, mathematical, gravhical, or otherwise b& which
this ¢an be represented so it will be of practical value?

Pertinent experimentation in this field has been
limited, The use of the Fourier heat-conduction equa-
tions in the analysis ef wood drying was suggesisd in
1926 by Tuttle (7). He carried on experiments drying
slabe of Sitke spruce. Later Sherweoed (4) performed
similar experiments with poplar slabs snd found hies re-
sulte to compare ¢losely with Tuttle's data on spruce.
Newman (3) further elaborsted on vherwood's mathematicse
but published no results of experiments,

Sherwood (4,5) derived two principal equations,



whieh were used in carrying out the work herein dess
eribed. in their present state they are too complicated
to be of value to the ordinary 9perétar‘ ;
In this problem the writer had as his objective the
wexkia& out of some method by which the ﬁp&ratar’wéulﬁ be
able to tell eypr%immly the conditions under which he
should operate the kiln to dry the stock within s ecertain
period of time, Two important factors must be true of
such a method; first, it must be simple eadugh %0 the ,
ordinary operator can understand it, and second, it must
‘give resultes of practical acoursgy. From the axperimaﬁta
performed on the basis of Sherwood's results, the writer

hags attempted to devise & method of such aharaatar;



¥ODTRN ¥HTHODS OF KILF DRYIRCG

Artifieial lumber seasoning is today being carried
on under conditions over which the operator has direct
contrel. This makes possible, not only more rapid and
effioient drying, but aleo a better final yrnﬁu&t.‘

Drying conditions are varied according to the
average moisture content of the stock in order tnvgrta
vent casehardening, checking, warping, end other similar
defects resulting troﬁ :m@fapew drying. in genersl, the
drying period starts with a low samperhtura and hign~’
humidity. As drying progresses the temperature is raised
and the humidity lowered. In each mtage of drying the
temperature and humidity remain conetant. However, for
¢ertain purpeses both may be kept constant throughout the
entire drying period, as in the &xyiag of common Bosrds
and dimension. | |

Humidities are chosen on the basls of equilibrium
moisture contents, since moat drying defects are due to
too steep moleture gradientsi In other words, the
moisture gradient must be controlled.

eiraulatibn‘ia the modefn kiln is produced by mnotoy
driven fans which are a great improvement over the old
natural draught kiin. Here sgain the operator has cone
trol over the cirsulation rate. 1Ihe fans may be of



variable speed and reversible so the air can be eir-
- oculated in either direstion at variocus rates. The ten-
dency is toward a faster circulation rate in order to ve«
duce the temperature drop across the losd. The faster :
the circulation rate the shorter will be the time neces
sary for the leavingﬂéir side of the load to reach the
same temperature as the entering-air side. Consequently,
the sherter ihia period, the morve even will be~ﬁhe'ary*
ing. | |

For effieient dry kiln operation, it is baaamiag &
common practice to segregate heertwood and eapwood
pleces, and also Tlat and vertical grained hesrtwood
rather than sending the ktxaight~mili run through the
kiln. The reason for thia‘is that the drying retes are
not the same. A4lso, aﬁn&itﬁama which will a#tihﬁa&tarixy
dry one kind would damage another.

THE PHOBLEK

The problem for solution was the devising of some
method by which the minimum drying times for onewinch,
rough Douglas fir could be predicted for various drying
conditions commonly met in the lumber industyry. The
minimum times'#sra selected beesuse of the great variae
tions in equipment snd methods found in commercial use.

These minumum times could be used to messure the efe



6
ficienoy of individual installations and could answer the
perpetual queestion, "How fast gan the lumber be drdedt®

HOW THE DRYING wAS CARRIED ON

Drying for this work was carried on under practicale
ly the same conditions as those found in s medern oome
mercial kilm with poseibly two exceptions. The work was
on & emaller ecale snd conditions wers s0 fixed that the
theoretical maximum drying rate wae closely epproached.

Since the drying of lumber depends on temperature,
humidity and circulation, it was necessary that these be
kprOpemLy controlled at all times if drying was to be
successful. 1o secure satisfaciory drying, circulation
must alvays be active, end the drying rate must be con
trolled and regulsted by tempersture and humidity. The
average ciroulation rate was 550 feet per minute at a
temperature of 140 degrees and 3B per cent relative
humidity. This rate was kept constant and in one direc~»
tion for all runs. 7The ideal aimed at was 0 get a cire
culation rate high enough so that there would be as small
a temperature loss from the air as possible as it.traveled‘-
‘through the load. The purpose of this was to have a unie
form drying rate in all parts of the load.

Constant dry buldb temperatures of 190, 170, 150, aund
130 degrees Faohrenheit were used. The humidity was kept
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constant for each drying stsge. At the desired time it
was lowered by dropping the wet bulb temperature.

All the runs were based on thc'aquilzbrinm moisture
content principle. Badger and MeCabe (1) explain this
as follows:

in general, & given msterisml, if brought

into contact with air of definite temperature

and humidity, will reach a definite moisture

content that will be unchanged by further ex.

posure to this same air. This is known ag the
equilibrium moisture content of the material
under the specified conditioms. If the material
contains more moisture than the equilibrium

value it will dry until ite moisture content

reaches the sguilibrium value. On the other

hend, if the material) ie dryer than the egquilils

brium value and is brought into contact with

air of the stated temperature and humidity, it

will abeord water until it reaches thisz same

equilidbrium point."

Conditions were 50 regulated that most of the loads
were subjected to three equilibrium moisture gontents
(10.8%, 7%, and 4.1%) as the dx&ina~»regréabad‘ The
times when these changes were made were determined by
the molsture content of the lumber. Hamples were taken
at the beginning to determine the moisture gontent of the
stoock. zhia gave a Tairly close figure for the average
moigture content of the load and was used for estimsting
when the changes should be made.

Bach load was started at an equilibrium moisture
content of 10.8% with a wet buld depression of 12 degress.

When the lumber reached a moisture content of approxie



mately R25%, the wet bulb was lowered to a depression of‘
23 degrees giving an equilibrifim moisture content of Th.
Likewise, when dmyi#s'ha& progressed to s moisture cone
tent of approximately 18%, the weit bulb was again lowered
to a depression of 40 dcg%&a# giving an squilibriuwe
moisture eontent of.4,1%. The lumber wes then k&ﬁ%‘nnder
‘these conditions until the kiln was shut down.

Since the dry bulb temperature was held econstant,
lowering of the @quilibrium moisture eontent was brought
about by the 1Qworing'a£ th@yralatmva hﬂm&dity« 'ththér
the dry bulb temperature be 190 degxeea or &5ﬁ}é§gt¢és“
the wot bulb will, in both aa&aa, be lowered the same |
amount to aeeura the d#airaﬁ equilibriue moisture cone
tent within the range of temperatures used. This is
quite significant amdkaimmaifien matters Tor thefppéra~
tor, since it means that the equilibrium moisture content
is governed by the wet bulb depression, i.e. the differ
ence between the wet iﬁd dry buld resdinge. Torgesen {6)
nas shown thie in his discussion in regard to drying
schedules which are ecuivalent in the sense that they
produce the same moisture gredientes in the drym& lumber,
even though the temperatures and relativa,humiditieﬁ vary

over quite a range.



EQUIPHENT

A great deal of criticiem is many times direated at
experimental work, the basie for such criticism being the
fact that it is not applicable to practics) situations.
True, in a lsrge portion of experimental work the equipe
ment used is of 2 miniature nature or le Qm,zame}manaer '
gquite different from that used in autnml‘ikactiaa;' The
writer considers himself fortunate that he had standard
dry kiln equipment at uis disposal. '%hia; au@p;amantwé
\thh other needed instruments, made it an uxp&rimﬁat&lf'
as well #s & practical piece of work. R

The kiln used in this work is of the internal fen,
reversible, crosswcirculation type. It is full mize in
every detail with the exception of the length. The ary«
ing chauber has en inside dimension of 11 hy 12 by 22
feets This i ei@lust#a of the lower part wﬁiah"hnuﬁen
the heating coils, spray line and fans. This lower part
has a depth of about six feet. The drying chamber is of
tile and concrete conmstruciion and is covered onm the ime
aide with a’maistara and beat resisting psint; The open
end of the kiin is closed by patented fire-proof double
hinged doors.

The operating room is adjacent to ths ¢losed end of
the kiln and contains the instruments and apparatus

necessary o ecarry on the work. This apparatus includes
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the recording and controlling thermometers, alr come
pressér, boiler, fen ﬂrivs; scale dial and eteam valves.
Additional equipment for making moisture content determina~
tions consist of e triple beam balance, an elwaﬁrka~even*
and & small electrie band saw.

Temperature and humidity are automstically con-
trolled by means #f & Séxbnra aanﬁxcilar@réaaraer;‘ Itﬁ
operation depends on two hﬁlha, one whiéhrmeaéaxaa ten=
perature while the bther is éample%ﬁxy aavered‘vith‘u
wick which is kept wet by being ausyeﬁde& in a water box
receiving @ater Trom the éperating room by ﬁeana‘af 8
emall copper tube. These two bulbe are located on the
wall in the drying chamber equidistent from either end.
By nat;ng the aiffcrenaé between the temperatures of
these two themmometers, the relative humidity may be de-
termined. V |

This instrument oan be set for any'&esireﬁ temperas
ture and hunidity and it is 80 conetructed that ite
mechaniﬁm causep compressed air to aperahe aiaphr&am
valves on the steam and spray lines. Air entering these
valves causes them to open, and when the conditions reach
the desired point they are closed by means of springs as
the sir pressure is released.

Another thermometer known as a Bristol recording

thermometer was used to reecord the temperature drop across
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the load at the beginning of the run. The buld of this
instrument was placed on the side of the load opposite .
the sontroller bulbs. 7The loss in tem@eratﬁia of the Atw
after it had traveled across the load was thus Yecorded.

Loss in weight, as the lumber progressed in drying,
was read from the secale dial in the operating room.. The
loaded kiln trucke were run onto a aaalewplatfsrm;wkiéb
hung freely in the drying chamber by means of four iron
rods. Through a syetem of levers on the roof of the kiln
the pointer on the scale disl in the aperating room gave
the load teight. The dial wae graduated in 2b»pound
divisions up to 37,000 pounds. The weight of the kiln
trucks, baffles, and stickers rere offset on the adjuste
ing ecale beanm in the aperﬁting room, 80 that the scale
dizal indiented the weight of the lumber only.

Cireulation was maintained in the kiln by mesns of
three 38-inch, twelveebladed, dise fans having variable
speed control and a reversible motor making possible
ciroulation in either direction. The fan speed céu&d be
varied from 326 to 606 revolutions per minute.

Steam for the heating coils was supplied by the
college heating plant during the day and by the boiler
at the kiln during the night. The heating coile were of
the return bend header type and were in two banke, one on

each side of the kilm just below the level of the track,
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The vapor line, located underneath one set of steam
coils, consisted of s single pipe with steam jets dise
tributed evenly throughout its length.

CHECKING THE INSTRUMERTS

A® an assurance that the instruments were in proper
adjustment they were calibrated twice during the year on
a’risiag temperature. For this calibration a thermometer
having a United States Bureau of Standards certificate
was used. In addition to this, the conditions inside the
drying chawbey were ehecked at lesst once during each rum
with & hygrometer (en instrument consisting of a wet and
a dry bulb thermameter) to see if the existing conditions
under which the lumber was drying were as indicested by

the controllersrecorder in the Opersting room.
RECORDING THE DATA

A complete record was kept of each kiln charge. A
regular form was made, One of which was used for each
run. All data which hed any bearing whatsoever on the
work were recorded thereon, Drying times, weights and
corresponding moisture econtents, temperatures, humide
ities, equilibrium moisture contents, kind of material,
and conditions of the lumber after drying were some of

the more importent recordings.
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BATERIAL

Lumber for this work was secured from the Corvallie
Immhér Company. Douglas fir (Pseudotsuga tarifolia (la-
Marok) Britton) heartwood only was used, sapﬁ&ﬂd not
being attainable., It was uﬁgrad#&, ¢lesr, one 1neh in
 thickness and ranged from three to six inches in width.
Host of the material was either four Or six inches wide.
The material wae sorted into vertical and flat grained
loads at the mill. Sueh a segregation was necessary
since the drying ratee for vertiesl and flat grain lunber
were thought to be &iffersnt. Care was also tdkan o

get lumber green fyom the saw.
VREFARATION OF LOADS

The lumber was piled horizontally on the kiln
trucks, edge to edge with no space in between. Dife
ficulty wae experienced due to random lengths, but an(
attempt was mede 10 "splice" the ends together so the
load would be as nearly 20 feet in length throughout as
poseible with no open spaces within the load. In order
to secure an even distribution of air, a full 20«foot
face was maintained on the enteringesir side of the load.

" The loads were four feet wide or only one-half the

width capacity. %his reduced width lessened the temperss
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ture drop across the loads at the beginning of the runs.
Also, this width was advantageous sinee it reduced the
quantity of lumber required.

Eseh load was built nine layers or “courses® high
and contained approximetely 660 to 750 board feet.
Between each layer, five stickers surfaced to one and
enc»zﬂird inches square and four feet 1aag_waré plaged
at intervals of four feet soross the losd at right engles
to the length. Care was taken ia Place the stiekers
directly over the steel bunks of the kiln trﬁa&n_aaﬁ
each auaaeaéina aticker directly over the preceding one.
This prevented wurpin¢ and twieting of tha~ate¢k‘dﬁriﬁg
seasoning. |
| Since such emall loads were dried it was necessary
ﬁq‘emyléy the use of temporary bafflas. rhuaafeum#;stea
of piecces of sheet iron, one about three feet wide and 20
feet long supplemented hykﬂwa smaller pieces about five
feet long. These shorter pieces were used at the ends.
These baffles were supported by stickers laid on tep of
the 10ad and extending to the wall of the kiln. Since
eirculation was in this direction this baffling effect
compelled all the air to go through the load. When the
baffles were in place znd the thermometer bulbs located
ag desired the doors were tightly shut and the load
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stated this weight is that of the lumber alone, the
weight of the trucks, stickers and baffles being offset
before loading.

OPERATING THE KILN

The operation of the dry kiln during the werk om the
problem, with theiexneptiun,6f‘reearﬁiﬁg data, was very
similar to that of an ordinary commercial axaerati@.
Greater care and ittentien were, no doubt, exercised than
would be the case in the regular operation.

After the 19Qd was in place in the drying chamber
and'the doores tightly closed, the kiln was ready to be

started. Before starting, s complete oiling of all the
necessary parts wak made. The load weight was zlsc read
and recorded. 'Thé charts were placed on the regordinge
controlling and recording instruments and the pens set
for the desired te#@erature and humidity. ©The fans were
then etarted and Qteam turned into the heating coils and
spray lines. Aftér the desired drying conditions were
reached, they warejautematically maintained at thie point
by the recordingeconmtroliing thermometer until further
changes were made. Both wet and dry buld temperatures
were graphically ﬁeearded on the charts throughout the
entire run. During the first hour or hour and a halfl the

load welghts vere read at fiftcen minute intervale in
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order that the behavior of the lumber im the sarliest
stages of drying might be observed. | ‘

| By noting the chart on page 17, it will bt»#ean that
the load increases in weight at the beg&nn&ng of the run.
This "pick up® is due to the cold air in the kiln and the
cold lumber condensing the steam used for humidifying the
alr, the condeneate thu# collecting aﬁ the lumber and ine
cressing the welight. It usually requires sbout one hour
from the time the kiln is atarted'until the load teaehat
its original weight and removal of %ater from the wood
actually sterts. From this time until the kiln was shut
down, the load weights were taken at three or fourshour
intervels except during the night when the last reading
wag token at midenight.

Once each day & complete oiling and inapaaﬁion of

the mechanical rarte were made to in;ureprayer'ayeran

tion and the avoidence of seriocus bregk downs.
HOISTURE COUTENT DETHREINATION

In cutting samples for the determination affmoiaturt
econtent certain thinge had to be observed if correct
resultes were to be obtained. The samples were cut at
least two Teet from the ende of the boards. Samylsh
taken gt tﬁa very ends would not give asccurate results

because they would ususlly be dryer than the bulk of the
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lunber since evaporation is faster from the ends.
Sample cuts were not made through any sbnormalities in
which the moisture content would not be typicél;' By the
use of the small band saw, cross~section wafers sbout
one«half ineh thick were cut. These samples were selected
from ev¢r§ other layer on both sides of the lead and
their positicns reccrded. Inm eddition to a sample for
the moisture content of the whole piece, a2 second aamﬁle
wae 80 sawed as 10 have the shell of the sample and the
¢ore separate in order t9 nmte the uniformity of drying
in the Tinal product. |

Immediately after cutting, the u&mplba were weighed
on the small sc¢ale and the weights recorded to the near-
est hundredth of a gram. The weight of each sample was
thus obﬁainad and recorded a2 original weight. After all
the samples had been cut snd weighed in this manner, they
were placed in the electric drying odoven at a temperature
of 212 degrees Fahrenheit and allowed to remain until
they reached a constant weight, A%t this point the
pamples were aguin weighed and this weight recorded as
oven dry weight. Hoisture contents wérs thus ealculated
on the basis of oven dry weight by the formule

- 3} 100 ® moisture .

content in per cent.
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The average moisture content es indicated by these
samples taken at the end ¢f the run, was used as & basie
Tor ealculating the everage original moisture content of
the load and the intermediate moisture contents during
the drying pér&ea.



RUN 1

FLAT GRAIN HEARTWOODwwewDRY BULB
WET BULB TUMPERATURES-~-1187, 1077,

SMPERATURE 1830°

Tesa Time in kiin Moisture sontent
Yeight. in hours ~in per gent
2000 0 29.6%
2020 «286 30.96
2040 « 50 32.26
2030 +75 31.61
2020 1.00 50.96
2000 2.00 20.67
1986 3400 28.70
1950 5.00 26.43
"1915 7.7% 24.16
1890 9. 50 52,64
1875 11.50 21.86
1860 12.76 20, 69
18056 20.80 17.02
1796 21,76 16.38
1790 24.76 16.06
"1785 28.75 15.73
17170 31.76 14,78
1765 55.00 14.43
17486 36,75 135.13
1725 44.75 11.84
1726 49 .50 11.84
1716 56.00 11.19

% Schedule ohange.

Average original moisture contente-«29.67%

Average final moisture contentwewwwell,l9

Average final moisture gradienteewees 6.14/

Drying tmemobuu*auon»wmmnmununnnuﬁ&ﬁﬁ ‘QO hﬂ‘ra

caa&hﬁrﬁ {jningwbquuhuuqu v e i RONS

Checkingmuuuoﬂno - 2 o o e e o mdn TRONG

"p\?aminsw&»uodnu‘ﬁaqnncn—oaqmu*auu-wﬁ none

20
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KUR 2

FLAT GRAIN HEART!0ODew-~DiY BULB g&ﬁrnﬂgfumﬁ 160°
LET BULB T/NMPERATURES-~-1389, 1279, 110

““Load T Pime in kiim 'naiatate content

deight, ek LBOUES . in Der.cent
2410 0 40,26

2426 « 25 £1.13

2426 .50 41,13

2410 76 40.26

2395 1.00 39.38

2320 3,00 36,02

2290 4,00 33,29

nS260 6450 30,94

2236 7,00 30.07

2080 16.26 21.06

22070 16.00 20,47

2050 18,50 19 .30

2030 20.76 : 18,14

1990 26,00 15.81

1985 29,50 16,62

1970 30,50 14.65

1930 39,00 12.32

1820 41.00 12.03

" 3chedule change. |

Average original moiature contenteessil 28%
Average final moisture contentemeseswl2, 03%
Aversge final moisture gradienteecesw= 7,57%
Drying txme”*‘****~*~0**~0~nmw~~——~wp4l.ﬂﬁ hours
Casshardeningeuenessanancncssncnunanns JONE

GhGCk imﬁﬂ'* P U A o A o o e DI TR

Warping » . . s o w0 W om s o o e o e e I OOI@



RUN 3

?Lk? GRAIN HEARTWOUDewwwDRY Euﬁﬁ

JEMPERATURE 170°

22

WET BULB TiWFERATUHES-»158°, 1477, 130,
“Toad “Fime in kiin Holsture Content
~deight An hours in _pex cent
2310 0 42.72
3325 .25 43&&4
2330 <50 43,95
2320 .75 43,33
2810 1.00 42,72
2300 1.28 42.10
2235 3.00 38.08
2210 4,00 36.54
2166 5.00 33.76
2128 7.00 31.29
2075 9.50 28,20
2060 31.00 27.87
*2060 12.00 26,68
1990 15.00 22.9b
1940 19.25 19.86
19186 24.00 18431
1890 26.25 16,77
"18656 27.75 16.22
1840 30,75 13.68
1835 31.50 13.37
1820 34,28 12.44
1810 35,50 11,83
1805 36,26 11.62
1800 38450 11.23
1770 47.00 9.36
1766 50.00 9.06
1766 54.26 B.43
1750 56,50 8.12

f Schedule ghange.
Average originsl moisture auntaatounnéz.vsp
Average finsl mofsture contentmmeewee 8.12%
Average Tinal moisture gradientecwees 3.63%
Dryiﬁg timénﬂnwnwmmunw»wmﬁmu~»manw«nﬂ56 50 houra
G&géharﬂﬁniﬁguﬁ&ﬁﬂnnwﬂnnwwﬁum»~¢~nmnwnlight
Chﬂﬁkingwwa»»bﬁmnummnnu»»uuﬂuﬁu*uwhbm none
%ﬁrﬁingnnw*»mnnﬁqm«muuymuqnnnwuunnuaﬁ npone




RUN 4

FLAT GRALE HEARTWOOD s wwwDRY

23

]
GB lﬁq;&@Pﬁﬁgﬂvﬁﬁ 190

WAT BULB TiEPERATURESw»««1787,
Toad ~¥ime in kiin  Holsture ‘&oman?"
2025 o 42.40
2060 2B 44,16
20556 50 44.61
2040 T8 45.46
2030 1.00 42,98
19980 1.50 39.94
19386 3400 36.07
192b 5.50 36.37
1886 5.26 32.66
1846 7.00 29.74
1820 B.50 27.97
71780 10.60 26.88
1770 11.26 24,47
1745 12.80 22,71
1720 16.26 20,95
1690 18.50 18.84
1665 24.00 17.09
" 1640 27,00 15,33
1600 30.00 12.562
- 1685 33425 11.46
1680 54,50 11.13
1870 56.00 10,41
16606 27.00 10.08
1660 39.25 #.70
1636 48,00 7.94
16286 05400 T.24
1620 54,26 6.89

* Schedule chenge.

Average original moisture contentee~«-42.40%
Average Tinal moisture contenteesessen 6.88%
Average finasl moisture gradientwsseecs 3,226
Bxying timﬁnwnﬁnmu»unnnuwnmnuu»mmm»ﬂﬁ#ﬁ& Qﬁ hgur'
G&s&hard&ﬁiﬂ&*nhw*ﬂﬁmwnam“ﬁpﬁmﬂhﬂ*»%w#”li“ﬂt
Chaﬁkingﬁuﬁuwma&wo-uqnmnnnnm»nw»uo»a*ﬁwﬁﬂﬁnﬂ
warpingn~”mmunmwﬁnmmm—umuu¢mum¢*mmﬁﬁw» none
Lumber steamed at end of run at 100% humidity
for oneehelf hour to remove casehardening.



RUH §

VERTICAL GRAIN HEARTVOODwww»=DRY BULB TEMPERATURE 130°
WET BULB TE%PEBA&SRE&an@*un»ll& , 107°.

Toad ~Fime in Eiin “Folature dontent
ﬁﬁmﬂiﬁéiu —tBLBOUTS LAnper geng
1876 0 20.04
1896 .25 31.42
1880 . 50 30.38
1875 .76 30.04
18686 1.00 20.54
185656 1.786 28.65
18286 4.00 26,57
1800 6.25 24.83
1788 7.28 23»?’
1770 9.98 22,75
1760 11,00 22.086
1750 15,00 21,39
17290 22.00 ' 19.29
1716 24.00 15.94
1700 27.76 17.90
1690 29.75 17.20
1685 31.76 16.86
1850 34.75 16,5
1670 46,50 15,82
1670 48,00 15.82
1665 50.00 15.4%
*1660 64,00 15.12
1840 58.50 13.74
1630 80.50 15.04
1620 T76.00 12,34

1605 76 .50 ' 11.31°

® Behedule change.

Average original moisture contente-««30.04%5
Average final moisture conteat-—~»-~~11.5lw
Average final mpisture gradiente~eese 4.96%
}Dry’inéa tingwenmecnmmnunmnsausanesanwenTh, 5@ hours
Ga@ﬁhﬂrd@niﬂgbwmqhwnumm¢¢0bhn»&wawﬂﬁﬂ'nﬂﬁﬁ
(.h.eakingwan«uwwmoummu-—naumuﬂnnn~0u-»nu» none
ﬂamlnﬁ‘*ﬁwu»‘hubonﬂmn—*wﬁwmbﬁuﬁbﬂw#” none

This was the only zun in which the schedule was
changed but once.
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RUN 6

VERTICAL GRAIN HEART!00D=~--DRY BULB TEMPERATURE 160°
QET £ULB ?ﬁﬁpﬁﬁﬁrﬁﬁgnm#maunilaa'

Toad “¥ime im kiin  Holsture content
_eight in hours i per cent

1855 0 52.20

18756 .25 53.63

1880 +«50 33.98
‘1575 “75 ‘35Q65

1865 1.00 32.92

1860 1.256 ‘ 32,06

18568 1.50 32.80°

1826 2. 60 30,06

1785 4,50 27.23 -
1760 6}00 25-»‘3

1740 8,50 24.01

1*25 9.75 23(94

1700 13.26 21.16

1666 21.00 18.66

16865 23.76 17.96

1648 26,50 , 17.24

1620 29 .50 15,46

1610 36.50 ‘ 14,74

1590 45,76 15.32

1585 49.25 12,96

16856 53,76 12.96

Average original moisture contente-~-32,204
Average finsl moisture contenteesw-wsl2.96j
Average final moisture gradientwe-ee= 4.46y
ﬁrying tinguennnsnnvnvnnsnnensnesnsnnDd 76 hours
Casehardeningeemccneannamsnssnnsassen NONE
Checkingeesnsecemmmennanenensenweness 1008
ﬁarPinQ*““***~**w~~~*~~~«ﬁ~»-~ww~wcbw faone

Thie was the only run in which the schedule was

net changed.
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RUH 7

VERTICAL GHAIN HAARTWOODw---DRY BULB TSHPERATURE 1ve°
WET BULB TEMPERATUHEBwwws~-«1858%, 147%, 1307,

Yoad  ¥ime in kiin “Hoisture content
iedlght in_hours in_per cent
21286 Q 36,68
2160 .26 38,23
ek % ‘ « 50 8.5
2145 .75 , 37.90
218% 1.00 37.26
2126 1.88 $6.,82
231156 1.50 35.98
2090 2.26 34,37
“QRb 4.75 ‘ 30.19
1976 8,00 26.98%
1030 11.50 24.08
919256 12,60 25.76
1860 16. 50 10.58
1825 19.20 17.33
1796 23.76 156.40
17896 27.50 14,76
#1985 28,50 14.76
1746 33.00 12.19
1736 564015 11.54
1726  38.50 10.90
1696 4%7.50 8,97
1690 51.00 8.66
1686 856.256 8,33
1686 56,75 833

* Sehedule change.

Average original moisture contentee36.62;
Average final moisture contenteseewss 8.353%
Average final moisture gradicntee-eee B,39%
Drying tinesecwcncnsveonnornoensenen=b6, 75 hours
ﬂa3ehardeniﬁgn-»~~»aw—~~~»~m¢*~—;w~ﬁ— none
Checkingeeswansnannwnmannncannwensnen BONE

%arpingbmman»‘wumuuuqu»uﬁm»wnp i BOLG
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HUN @

VERTICAL GREIHVﬁﬁARTwGOﬁ~~~¢BK¥d@gLB,gﬁﬁ?ﬁﬁﬁiﬂﬁﬁ 190°
“ET BULB TEMPERATURESwwweswel78", 167", 1507,

Tosd  Time in kKiin T Hpisture content
delght _  inmhours . in pexr gent

1900 0 36.20
1926 .26 37.99
1930 » 50 38.36
1920 .75 37.63
19086 1.00 36,56
1870 2.00 34.08
1765 6.25 26,52

#1745 8.50 | 26,09
1675 12,00 20,07
16256 16.00 18.49
#1600 19.75 14,69
1690 23.50 12,64
16565 26450 11,47
1636 28.560 10,04
15630 32.60 9.68
1620 36.00 8.96
1515 38.00 8.60
1496 49.50 749
1490 48,75 6.81
1490 50,50 6,81

" Schedule ehange.

Average original moisture contente~e36.20m
Average final moisture contenteewees 6.81@
_Average Tinal nmoisture gradienteswes 3.07;
Bryine; tinewmmemammn s newnannnwenredl 50 hours
Casehardeningmesmeecncrcesecennessandlight
Cﬁ&ﬁkin{{hb»mmwn*oiwv-pwwu«*mmu;wnu*&% mme
az'arping~u4»~~-~--.--—.;-—;u--.-—--;-.-mmy-m none

lLunber steamed at end of run at 1004 humidity

ior one-half hour to remove g¢asechardening.



THEOKY OF DRYING

The work carried on for tiis paper was based on the
theory that the rate of drying is dependent on the rate
of diffurion of water in the wood. A the lunber is
dried, the outer portions of the pleces become drier
thsn the interior, and, since wat#x has the natural tene
denoy of going from a wetter to a drier regian;ythia
moisture iﬁ the interior will pass outward to the drier
portion. The faster tuhis process of 4iffusion can be
made to ocour, the faster will be the drying rate.

Temperature influences this rzte since heat lowers
the viscosity of water. Consequently, diffusion will be
more rarid. Helative humidity has the effect of hastene
ing the drying to the extent that the lower the relative
humidity, the lower will be the equilibrium moisture
content, and hence the greater will be the difference in
concentrations of water at the center and at the #urfaae
of the stock. 1in general, the greater the difference in
coneentrations of water, the faster will be the drying.
Koehler (2) states that the humidity may be so low as to
glow up the drying by having the shell of the wood 80
dyy that capillarity is cut off. The moisture gradient
cannot be too steep, bowever, for serious drying defects

may develop.



EQUATIONS AND CALCULATICHS

The rate of diffusion of moisture from the center
of a piece of materisl to the outside appesre 10 be
governed by the same mathematical laws as is the transfer
of heat. HNence, it was the Fourier heat condustion equa=
tions that Sherweood (4) used as a basis for his drying

- equations. | ,

Two of Sherwood's equatione were used as the vasis
for this work. ZEquation 1 applies to uniformly wet
material and equation 11 to partially dried material
where the surface is in equilibrium with the drying cone
‘ditions. Practically all drying falls within the limits

of these two equastions.

Equation 1 |
E=%‘z[e‘(£2[) R? +'§e 2) RZ ‘1"'2136 (2) I
E.qua‘iionﬂ.

o [ L R, ]
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Bomenclature:

, $ is the ratio of the evaporsble water content at
any time to the initinl evaporable water content.

E' 19 the ratio of the evaporable water eontent at
any time to the evarorable water content after a moisture
gradient is set up and the surface of the stock is in
ecuilibrium with the drying conditions prevailing.

K is the diffusion constant.

R is one~half the thickness in inches.

@ ie the time in hours.

e is the natural base of logarithme (2,718).

In spite of their complicated appearance, thase

- formulas are slmply relations between ¥ and Kt/ﬁziaud av

and X8/i%. 1In other words, they show the relation bee

tween the amount of evaporable water to the rate Qf dif«

fusion. 7The following table shows values faw'E~aﬂﬁ.E* at

various values of KO0/R<. The values were cale¢ulsied by
Sherwood (5) by substituting various vslues of XK8/R° in

| the equations and then esolving for £ and B'.
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TABLE I

VALUES OF & AND 3' CALOULATED FROM EQUATICNS I AND Il
FOR CORRESPONDING VALUHS OF Ke/R2

0.02 0.840 0.981
0.10 0.643 0.775
0,18 0.563 0.684
0.20 0.496 0.608
0.30 : 0.387 0.473
Q.50 0.256 0.290

1.00 : 04069 0.086

A ehart showing the relations of & and E' th‘EQ/RE
plotted from this table is shown on page 32. For this
work 1t was negessary 1o use ﬁaaaﬁiﬂgkriﬁhmic paper in
order that the relation be a atxaight line. These curves
eliminate the algebraic solutions ufﬁaquatieas\z and 11
and from them the values for & and E' ean be read for any
‘value of X6/R% or vice versa. |

By observing these twe curves it will be noticed
‘that the curve for equation I is not a straight line at
the beginning but drops rapidly from the origin. This is
due t6 the rapid loss of moisture from green material at
the beginning of the drying period, 1In order to compare
experimental dats with the theoretical scurve, a special
Plotting paper was constructed using a uniform sbascissa

seale but so changing the ordinate scale as to force the
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theoretical relation into a straight line. W¥ith this
special paper, since the abscissa scale is uniform, data
following tha thaératieal relation will fall on a
straight line when plotted as X versus time. By noting
the time taken to reach a ¥alue of ¥ for which K8/R% is
known the K value gan be determined. <the chart on page
52 ean be referred to to find X6/R2 for eny value of B
or E'.

For each of the eight runs from which the data for
this work wére,taken,4éiffuaion;ebnntanté were oalculated.
The constants may be caleculated as followe: |

1. Determine the moisture contents éf the lumber at

the various recorded times in the drying period,

2. Calculate & for each of these molsture contents

by using the eguation

iy - % o £,
o = '

where gy ie the average moisture content at the
beginning, H¢ the aversge moisture content at any
tine, and Mg the equilibrium moisture content,
A8 an example let us say that the sverage moisture
content at the beginning is 30.04x. At a later
time, the averasge moisture content is 28.65% and

' tne drying conditions produsge an equilibrium

moisture content of 10.8%.
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‘Substituting in the equation,

£

ing . 28‘5 - :mj« :
8 % Sowohi - 10.8% - ‘9%

ine value of i for eaahkmaistura content was se
determined. | ; »
Elot these E values and times on semiwlogerithmic
paper on which the specisl scale has been con-
structed. v

Draw a straight line through these points.

If the line does not go through the point where
E equals one and time zero, draw a parailél line
that does. (ZThere are only two cases when this
line will go thruugh‘the origin. These are when
the lumber is uniformly wet and dries according
to equation 1 or when the material is partially
dried to the point where the surface is in equie-
librium with the drying conditions and drying
follows equation iI.) Hun number five plotted
in this way is shown on page 35.

Un this straight line choose any E value fop
which K8/R® is known. The known value of XKo/R2
may either be taken from the table on page 31 or
direct from the chart, page 35, Substitute the
value of time in hours at this X value and the
thickness of the materiaml in inches. Then solve
for K.
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Using run pusber five as sn exsmrls, from the table
on rage 31, KO/RZ is .20 when I i8 430, ¥From the ochart
of run nusber five, page 3B, it will be noted that the
tize i ZU.75 hours =t tuis ¥ walues  The thickncsme is
one inchs Therefore 30 solve for K the eyuation besonmes,
K9/i% » (26 when £ im 440
Kx20,76/{$)° = .20
4KXZ0TE = B
K 8 ,25/4420.70
‘ E % 0030 | |
This means tiat the diffusion constant ie 0030 s uare
inches rver hour, |
A table zicwing the K values for the eliht rune ie
shown below. IV in the general belief 2hat flat grain
lunbey driee facter than vertical grain stock, but the
ragults of ¢thiz @arkka&aw very 1ittle difference in the
K volues for the twe kinde of meterial used (mainly 1 = 4

and 1 x & inch etripels

Taldds GHALE




8ince K values at only four temperatures were deters
mined due to insufficient time, tﬁaaavtaluaa were platt&dg
and from the resulting curve, velues for other tempera-
tures were taken to make the following tablet
TABLE 11X
'DRY BULB TEMPERATURES FOR VARIOUS K VALUES

200° 0058
195 . L0057
190 . .00BB
188 L0083
180 » 0062
175 0050
176 0048
166 L0046
160 0044
185 ,0042
150 L0040
146 0038
140 0036
135 0033
130 L0031
126 0029

120 -0026

To put this material in a form.éa it will be of
practical use, two calculating charte, one for each equ#*
tion, were devised. (Pages 38 and 39)., They were con-
structed by determining the timee at various E values and
one value of K using the saue method as in solving for K
except in this case time was the unknown guantity. an
arc was drawn by using the point £ ® 1, and time » 0, as

if it were the center of a circle. The K vsiuaa weyre
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iocated on this are by drawing straight 1inee through B
equsls 1 at sero time and the times computed Tor various
values of K. The rolints on the are eut by these lines
weyre then labelled with the prepsr valuss Tor the dife
fusion constents. In wddition, %o elnplify uee of the
gharte, the temperatures corrseponding to the diffusion
congtants ~ere sisd pluced on the sre. Oince there were
no significant differences between the diffusion cone
stants for flat grain snd verticel grain strive, only

one set of temperstures is siown 0B the charte,
HO% TO uox giin CHANYS

io use the eharts for csloulating drying times for
any eonditions of relstive hunidity, molsture eontent,
or temperature within the ranze of the ﬁhﬁtﬁ:, the Tole
lowing rules are given for tour cases of Srying,

Yhere the stock iw unilormly green nnd the

AL &

drying s cerrisd on under e constant temrernture and

constant humidity echedule throughout:

1. Use Chart 4.

‘@e the aVﬁrﬁga original moisture content of the
lwsber must be knouwn.

3+ The eguilibrium moisture tontent oorresponding
tc the yerticulay relative humidityetemperature

combinstion nuet be known.
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4e TO find the time reguired to dry lumber from one
moisture content to another the frsetion of evapo-
rable water, #, thet is left % the time the
lover woleture content is resghed must be cale
culated.

B« “hen £ has beon found by ster 4, a string oy
straight edue shnould be placed on the chart B0
that it etrikes off e streight Line from X equals
one st zerc time, and extends through the proper
K valu¢ on the sre (or through the tempersture
veedj. , 4

6. hers tiis Jine intersects the 5 value found in
ster 4, read on the horizonts) scsle the time ree
gulred for drying from the first ta.%hﬁ gosond

acisture gountents

Ciii Ale Wnere tie soheduls involves more than One
stage of conetant temperature snd constunt husidity cvene
ditione:
1. For uniformly green material use Uhart 4.
2« ror the firet etage of drying follow the proe
cedurs in Cese 1.
5. For tue second stage, a new £ wvelue will have
to be esloulated based urcn tioe originel molsture

gontent of the stook snd the woisture content of
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‘the stock at fhﬂ end of the fi&w% atage of drye
inge Thie new L will nave to be determined with
 the new equilibrius molsture content.

4e Likevive, the & wvalue which will exist for the
moisture content of the stock st the rad of the
second stage must be celoulsted,

e Strike off & streipght line sgein through ¥ ecuals
one st x&?s tize and the arpropriate E walue or
tenperstures used.

6+ To find the tine reguired, note t&w-%iﬁﬂ on the
horisontal sesle oorvesponding to the iast 3
value ealoulated snd from this time subtragt the
time indicsted by the new I va&u@~aalwﬁlat@ﬁ for
the moisture content nt the beginning of the
recond stage of drying. -

Te If thres stages uxia;, pypceed ae previously
outliined for stage z%a»

%hen the material is pertielly dried and the

surfsee 1s st eyudlibriue with the drying conditione
{lurber which :us been stored Tor only & few deys mraite
ing kiln dryingjs
l. Use Coart 5.
Zs Treceed as for Usee 1 or 1I, depending on the
nunber of drying stages invelved.
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2455 1Y, When lwnber hae been air sesgoned, #n ape
prozimetion of the drying tinze may bs determined ae
followes

i¢ Use Cinrt 4.

Ze Use the aversge moisture content rrevailing in

the region for green materiel (36, to B8y §
this aves} as the originel mmisiﬁga pontents
e ¥yoceed as for Case 1i.
for & alear&x understending of the use of the
cherts, three exemples of vinding g,?gn% times nre ohown

balow.

Appwse orizinal moisture content o be 36,654

baged on oven dry welght and toat the stook ie %0 be
dried under conetant tempersture and Mumidity ovnditions
to 23,78 moisture content, The Lenpersture of 1700 ¥
corvesronds to @ & value of 0048 and the humidity used
csuses & 1lU.5 equilibeiuws moisture sentent.

IR LY -0

Using Chort 4, the time ie cbserved %0 be 1u.b hours,

S Ale Aseume the same duts as in Case 1, but change
the gchedule eo that the velotive bunmidity is lovered %o
reoduce sn eguilibrium woisture content of s at e
moisture content of 20.76k. The stock is to be dried

to 14.76 under these nev conditloms. “hat is the time
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regquired in thuis stageg
1. Use Chiart 4.
Se Galeulate sn U walue based on the eriglinel
noisture content of 36,025 ond 23.765 uring a

1y equilibrive uoisture gontent.

3. Celeoulante an © walue for the molsiure content of

14,7685 ueing the origzinal mo isture content of

JG.62 8w & baeis,

4., Fote time at & ® L2620 to be 1.8 hours.

be Hote time at & 8 616 to be 9.7 hours.

G« Gubtrset time of & from 4 and get 4.1 hours as
required time for tie second stage of drying.

This is & thecretival csse st the rresent

tiﬁm. singe no rund have been m&&é to check experinentale
iye Let us sesume that the etack e sir dried to on
sBVerage muisture ocontent of ld., end thet the kiln cone
ditione are set so thet the etoeck will be dried at o teme
perature of 1700 corresponding to a X walue of 0048 and
an eguilibriun moisturs content of Y.+ The average
moisture content of the etock is 56, ae 1t comes Trom
the saw, and 12 to be dried to 1lwe x‘
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i« The £ wvelue st the sterit of the drying pericd

based on sn originel moisture content of 365 imy

.8 :f' ® é% B LA

Bs Tive obmurved when : 8 138 18 J78 houre.

4, Time obesrved when & # 378 is 10.2 hours,

be Dubtract 4 from 3 snd the time is 20,0 hours.

in each of these oases, %o find the toital daying
time required, the time negessary 0 bhest the kiln snd
lumber st the beginning must be sdded to the time rerd on
the onarts ‘here lunber is dried under more ihsn one set
of gonditions, the sws of the drying tises for each tlage
plus the time to hest the luber will give the total drye-
ing tine.

TAACTICAL VALY ©F CHARIS 4 AND B

As the dry kiln operator becomes scouptomed ite the
use of thess cherte, he will find that they sre of value
in & ounber of ways:

le They ean be used for deteralning necessary drye

ing conditions to dry lumber in a certain
specified time.



2w

S

L

46
Using o spseified set of comditions, the time
required can be Tound.
Since these oharte were based uron oconditione
shieh closely spprosched the theoretical maximum
drying vate, they ven be used 0 BESSULE Jele
formange in an slresdy existing kila. This
knowledge will hélp to detersine shether the exs
renditure of money for new sguipsent is justie
fieds If the lumber on the lesving side of the
ioad, in & precotical operstion, duves not dry as
fast o0 indienmted by the charts, a faster air
circulstion 4o needed,
it makes poseible the determinetion of the most
efficient drying schedulen.
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FROBABLE BOUACHZ OF BRROR

The only souree of error =hich might occour in the |
data from which the ealeulsting charts were msde ie in
reading the oeale welghte, Since the scale w»as gradusted
in 2Bepound divisions, the weipgbis could be estimeted
only %0 the pesyest five pounds. This lsrgely wae come
pensated Tor in drawing avuragg curves through the pointe
rlotted.

AROther poseible mource of ervor in cslculating the
diffusion constants might be found in the equilibrium
moieture guntents wused. While mush work has been done
in determining them, %ot too mush is kvown about thelyr
exsot wvalues, psriicularly st low relstive humidities,
The cuoice of an erroneous equilibriuw molslure content
would have the effeaet of ohanging the value of the Trage
tion of evapcrable water contaired in the lumber. This,
of sourse, would ¢hanse 'trhe slope of the drying ocurve,
lending to the caleulstion of an errcusous diffusion cone
stant, Por the range of Lumidities snd temperstures
used, the Likelihood of serious error in thie conneciion
in amell,
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SUMHARY

piffueion conetants have been calculsted and two
charts were constructed whicih indicate the spprozimate
minimws time required to dry oneeineh, rough Douglas Tiy
ptrips from practicslly any esndition of originsl
woisture content to spy other moloture content within &
range of 130% ¥, to 1909 ¥, and at verious rolative
numidities. The use of times indicated by thess chsris
n&&@eaizaﬁae'&hﬁ following cunditions: {3} constant
teuperature %mé’&@ﬁﬁiﬁﬁt hunidity during the drying |
Btege, (4) drying msinly from two fmees o7 the stock,
and (3) & velooity of mir sufficient to reduce the sure
fzoe of the lumber in sl)l parte of the load to the seme
k&auilibriﬁm moisture content at ﬁhe snmy ar)n&arxy the
gane tinme. These charis slso give a more asoursie
seesure of the effieciency of & pariicular kiln and give
the operator informstion which will sllew him to mnke his
iﬁﬁtallﬁﬂiﬁﬁ:mﬁ?& flexible tuv meet changed produstion
gohedules.

sAffusion constsnts caloulated were rractically the
gsne for flat snd verties) grained msterial. Future work
should be directed to o verificetipn ox revision of theve
constante, snd, in sddition, Jdiffusion constante should

ba determined Tor wide boarde of the hesrtwood olase se




well ae Tor sapwood material.

The results of the wowk used so a basio for thie
psper seenm to eubstantiate the drying equations developed
by Gherwood. :
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