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The Author

Peter Koch is one of America’s most eminent scientists in wood tech-
nology.

After gaining early experience in the design and manufacture of heavy-
duty planers and matchers, he spent a year studying the effects of chip
formation on cutterhead horsepower and quality of surfaces generated in
peripheral milling. His Ph.D. thesis, accepted by the University of Wash-
ington in 1954, contained high-speed photos of chips forming under the
action of knives and was basic to later work on the chipping headrig.

After 2 years of teaching and research at Michigan State University and
5 years of managing a New England lumber company, he wrote the book
Wood Machining Processes.

For the past 9 years, he has been in charge of the Southern Forest
Experiment Station’s timber utilization laboratory at Pineville, in central
Louisiana. Here, in 1963, he cooperated with two manufacturers of wood-
working machines to construct three experimental versions of chipping
headrigs. These headrigs square a log by converting the round sides into
pulp chips without creating slabs or wasting material as sawdust. They
are now in wide industrial use throughout North America and comprise
one of the major wood-machining advances of the 20th century.

During 1964, when manufacture of southern pine plywood was in early
stages of development, he provided data that were instrumental in the
formulation of gluing practices for the industry. Next, he invented a system
of gluing up single-species wooden beams by placing the most limber
laminae in the center and the stiffest in the outer, most highly stressed
regions. Beams thus assembled are stronger, stiffer, and more uniform than
those made by conventional methods.

For these three developments Koch was awarded, in 1968, the Superior
Service medal of the U.S. Department of Agriculture. He has received
patents on the method of beam construction and on a system of making
straight studs from southern pine veneer cores and boltwood. Patent appli-
cation has been made on a process for drying southern pine studs in 24
hours under restraints that prevent warping.




Acknowledgments

In preparing a work of this scope, characterizing an important and vari-
able resource in relation to its industrial use, an author receives essential
assistance and services of many kinds. Especially significant contributions
were made by the researchers who wrote the papers referred to in foot-
notes of many of the chapters. Most of these were prepared for the sym-
posium “Utilization of the southern pines,” presented by the Southern
Forest Experiment Station and the Forest Products Research Society at
Alexandria, La., November 6-8, 1968. Cooperating were the Louisiana
Forestry Association, Southern Pine Association (now the Southern Forest
Products Association), American Plywood Association, American Pulp-
wood Association, and American Wood Preservers’ Association.

Special acknowledgment is due the more than 100 scientists who metic-
ulously studied and criticized various chapters and sections.

I also wish to express my great appreciation for aid from within the
Department of Agriculture. Indispensable knowledge and guidance were
provided by the Forest Service’s Division of Forest Products and Engineer-
ing Research and by the Forest Products Laboratory at Madison, Wis.
The New Orleans office of the Southern Forest Experiment Station sup-
plied unfailing support and counsel, including the most essential editorial
and library services.

To members of the Forest Products Utilization Research Project at the
Alexandria Forestry Center, Pineville, La., I owe particularly personal
thanks. The scientists accelerated their research to fill many gaps in infor-
mation, the technicians assisted them in ways that often went beyond
the call of duty, and the administrative personnel efficiently handled
infinite details of correspondente and text.

Since the book is a digest of research observations specific to the prop-
erties and utilization of the southern pines, a substantial effort was made
to abstract, or to make reference to, all major work published prior to
1971. Some findings published or in process during 1971 were also in-
cluded. Inevitably some worthwhile work has been overlooked; for such
omissions, I apologize.

Peter Koch
Pineville, La.
January 1972







CONTENTS

VOLUME I1I—PROCESSING

Page
Part V-PROCESSES ______ 735
18 STORING 737
19 MACHINING ____ 755
20 DRYING __ ____ 949
21 BENDING __ 1037
22 TREATING _ 1061
23 GLUING AND BONDING _ 1151
24 MECHANICAL FASTENING 1221
25 FINISHING - 1325
26 BURNING _______ 1367
27 PULPING _____ - 1411
28 CHEMICAL PROCESSING 1475
29 MEASURES AND YIELDS OF PRODUCTS
AND RESIDUES _ 1511
INDEX ___ — 1619




PART V—PROCESSES

~ Chapter Title

18 STORING

19 MACHINING

20 DRYING

21 BENDING

22 TREATING

23 GLUING AND BONDING
24 MECHANICAL FASTENING

25 FINISHING
26 BURNING
27 PULPING

28 CHEMICAL PROCESSING
29 MEASURES AND YIELDS OF PRODUCTS AND RESIDUES







18-1

18-2

18-3

184

18-5

18-6

18-7

18-8

Separate No. FS-238

18

[ d

Storing

CONTENTS
Page
LOGS AND VENEER BOLTS ___________ ____________ 738
PULPWOOD S— LT
PULP CHIPS - — 742
POLES, PILING, POSTS, AND TIMBERS ____________ 745
LUMBER AND MILLWORK ____________ ____ 746
OPEN SHEDS _________ — 746
UNHEATED CLOSED SHEDS ___________________ 747
HEATED SHEDS _ . 748

PROTECTION OF LUMBER FOR SHIPMENT

AND EXTERIOR STORAGE ___________________ 748
Wrappings _____________ — ——————— 748
Dip treatments __________ —— 749

737




18
Storing

18-1 LOGS AND VENEER BOLTS

Prior to World War II, southern pine logs were commonly protected
against stain and decay by storing them in ponds. While in the water, only
the exposed portion of each log—that part floating above the surface—
suffered fungal infection. Safe storage time in the pond could be extended
by periodically revolving each log to hold its light side immersed. The
difficulty in keeping logs wet throughout, and the expenses of pond mainte-
nance, recovery of sunken logs, and withdrawal of logs from storage caused
discontinuance of this method of storage.

In the South today virtually all pine saw logs and veneer bolts are
stored in 10- to 18-foot-high decks. Where such decks are held more than
a week or 2 in summer or 1 to 3 months in winter, water spraying or
sprinkling is desirable to control stain and decay (see secs. 16-1, 16-2,
and 16-4). In addition to controlling plant organisms, water retards
or prevents the development of checks in the ends of logs. A water spray
applies water continuously (fig. 18-1) ; a sprinkler may rotate or oscillate
so that water application is periodic but frequent. Evidence suggests that
intermittent spraying or sprinkling will give good protection if the wetting
is sufficiently frequent to keep log surfaces from getting noticeably dry.
Sprays and sprinklers are commonly operated 365 days per year with shut-
downs only when there is danger of system damage from freezing tem-
peratures. Preferably, logs are put under sprays or sprinklers as soon as
possible after felling and withdrawn on a “first in, first out” basis.

Logs may be sprayed or sprinkled from the top only, but water applica-
tion from both top and sides is preferable. Top sprinkling wets more log
surface and produces better water penetration into the interior of the deck
than does end sprinkling. Sprinkling or spraying from the sides wets the
log ends effectively to retard checking and growth of fungi (Lowery
1959).

Provision for recovery and recyling of the spray water is common. In
the Midsouth, addition of 10 to 15 percent makeup water is commonly
needed to replace water loss from evaporation during each circulation
cycle. A concrete slab under the deck permits forklift access and reduces
water seepage. Vick (1964) observed that effective sprays or sprinklers
are a compromise between heads that produce low volume and a fine
mist (subject to wind drift) and heads that produce large drops and high
volume (requiring large pump capacity).
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Figure 18—1.—Water spraying equipment used to protect southern pine logs in storage. The

spray nozzle, attached to plastic water supply pipe, is secured to the log pile with a
sharpened pin. (Drawing after Scheffer 1969.)

Most sprinkler systems used on logs are the “impact” type, with heads
that rotate in a pulsating manner; designs are available for a wide range
of wetting areas and delivery rates. For example, sprinkler coverage may
range from 60 to 400 feet in diameter with output per nozzle of 0.60 to
450 gallons per minute at water pressure from 20 to 80 pounds per sq. ft.
Spray heads have lesser coverage—usually 20 to 45 feet in diameter—
with outputs of about 0.05 to 3.5 gallons per minute at water pressures
of 15 to 30 pounds per sq. ft. Water sprays used at one Louisiana mill
are elevated on short pipes and conveniently attached along the top of
the log deck by a steel pin (fig. 18-1). These “self-cleaning” nozzles are
reported to spray a 24-foot circle at a delivery rate of 2.5 gallons per minute
with a nozzle pressure of 15 pounds per sq. in. A plastic pipe connecting
the nozzles extends down over one end of the deck and ends in a valve
within reach of the ground; this valve is opened from time to time to
flush out accumulated dirt (Scheffer 1969).

Thoroughly wetted logs can be safely stored for at least a year. There
is some evidence that abnormally long storage of pine logs under water
sprays may have side effects in addition to the increased permeability de-
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scribed in section 16-1. Lumber cut from such logs may be more subject
to staining. Veneer cut from the logs sometimes turns a deep yellow when
dried. Data from DeGroot and Scheld (1971) of the USDA Forest Serv-
ice, Southern Forest Experimentation Station, Gulfport, Miss., indicate
that lumber cut from southern pine logs stored under water sprinkling
systems will be no more susceptible to decay than will lumber cut from
freshly felled trees.

18-2 PULPWOOD

To control decay of pulpwood, storage conditions should keep the wood
either wetter or drier than optimum for growth of decay organisms (see
sec. 16-5). For peeled wood, open piles designed to afford maximum
ventilation help minimize decay by fast reduction of moisture content.
Rough (i.e., unpeeled) wood, on the other hand, is best stored in large,
compact piles, affording minimum aeration. Decay is retarded by the high
moisture levels and cooler temperatures maintained within such piles. In
piles of unpeeled wood, long bolts of large diameter deteriorate more slowly
than short bolts of small diameter. At best, however, considerable damage
may be expected in warm weather, especially on the exterior of the pile
(Lindgren 1953).

Water sprays that keep pulpwood wet during warm seasons of the year
are highly effective in reducing damage and are widely used by pulp com-
panies to safely store southern pine (Mason et al. 1963; Djerf and Volk-
man 1969). Volkman (1966) has described successful storage of 3,000
cords of southern pine pulpwood under water sprays at a kraft mill near
Camden, Ark. The layout is shown in figure 18-2; storage began in July
1964. Moisture content of the roundwood remained at about 55 percent
(of total weight) during the 12 months in spray storage. Mill and labo-
ratory evaluations at intervals showed no appreciable loss in wood density,
pulp yield, byproducts yield or pulp strength from wood stored under
sprays for periods up to 12 months. The conclusion that water spraying
of roundwood controls losses in wood density, pulp quality, and byproducts
was further confirmed by Djerf and Volkman (1969), who also sug-
gested spraying with pulpmill efluent to retard growth of slime.

Djerf and Volkman (1969) estimate that storage of pulpwood under
water spray can eliminate 80 percent of the wood deterioration and han-
dling costs involved in maintaining and rotating dry-stored pulpwood.
Though less troublesome with pine than with hardwoods, the system is not
without problems. Sprinkler heads are often plugged with fines, and grit
or corrosion cause malfunction of oscillators. Maintaining the in-line filters
needed to keep pipes from plugging is expensive. During pile breakdown,
bark sloughing makes it difficult to get full grapple loads. Where wood is
floated to barking drums, some spray-stored bolts may sink, while loose

bark and grit may reduce production by plugging circulation pumps and
drag-chain gratings.
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© ROTATING OR CIRCULAR SPRAY
o OSCILLATING SPRAY

BOUNDARY OF PILE

Figure 18-2.—(Top) Plan of 26 sprinkler locations on and around a 3,000-cord pile of
southern pine pulpwood. The pile was approximately 240 feet long, 90 feet wide, and 30
feet high. Whole circles represent sprinklers mounted on top of the pile, and half circles
designate sprayers covering the sides of the pile. (Bottom) Sprayed pulpwood showing
placement of sprinklers on and around the pile. (Drawing and pheto from Voll
1966.)

As an alternative to the water-spray system, southern pine pulpwood
may be successfully stored under water in large concrete ponds. Altman
(1965) has described construction details and operating procedures for a
10,000-cord pond at Bastrop, La., which is 700 feet long, 150 feet wide,
and 35 feet deep. The sides slope in so that the bottom measures 625 by
80 feet. Cranes equipped with orange-peel grapples move debarked wood
into and out of the pond.
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18-3 PULP CHIPS

Outside storage of wood in chip form has been practiced on the West
Coast since about 1950 (Schmidt 1969). Increasingly in the South, wood
is stored outside in chip piles rather than in roundwood form (Djerf and
Volkman 1969). Advantages include better chip measurement, lower
handling costs, reduced space requirements, and smoother operation in
the woodyard and woodroom. In addition, chip piles solve storage prob-
lems arising from establishment of chip mills at the wood source. Finally,
they simplify procedures for handling mixed species and sawmill residues.

Rothrock et al. (1961) took data on a pile of slash pine chips estab-
lished May 28 and 29, 1959 at Fargo, Ga. The area under the pile had
been graded, covered with 6 inches of lime rock, and topped with 1%,
inches of asphalt. Chips from freshly cut trees were built into the pile
and compacted with a crawler tractor. The top of the pile measured
21 feet wide by 42 feet long with sides sloped to a base width of 42 feet
and length of 72 feet. Depth of the pile varied from 7 to 10 feet.

Chip deterioration was mostly in the outer shell of the pile (sec. 16-6).
Loss of wood substance amounted to 1 to 114 percent per month of stor-
age. There was no loss in percentage of yield based on tonnage of wood
charged to a kraft process digester. Loss of tear strength of pulp amounted
to about 5 percent per month of storage. Permanganate number (a
measure of bleach requirement) of pulps was not influenced by tempera-
ture and moisture fluctuations in the pile. The proportion of screen re-
jects was less from stored chips than from stored roundwood. Chips in
piles are vulnerable to airborne contamination by dirt and fly ash.

Temperature inside a chip storage pile may increase as much as 60° F.
in the first few weeks. Elevated temperature persists through 5 months’
storage except in the outer shell. Successive waves of increasing tempera-
ture are characteristic, and the temperature in the pile bears no relation-
ship to surrounding ambient temperature, ie., the heat is generated in
the pile (Rothrock et al. 1961). Springer and Hajny (1970) found that
this initial release of heat to the pile results from respiration of the living
ray parenchyma cells of the wood chips.

Moisture is driven out of the high-temperature zone in the center of the
pile in the first weeks (fig. 18-3) and appears to condense in the cooler
outer zones. When the initial high temperature subsides, rainfall seeps into
the pile from the top, and the entire pile reaches a uniform moisture level
higher than the original condition.

Schmidt’s (1969) studies of redwood (Sequoia sempervirens (D. Don)
Endl) and Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) suggest
that heat from biological activity in chip piles can trigger chemical reac-.
tions leading toward ultimate ignition. Pockets of chips, especially in fan-
shaped areas high in the pile, in front of pneumatic delivery lines, reached
temperatures of 150° to 180° F. He suggests positive plans for pile rota-
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Figure 18—3.—Moisture in chips stored in a compacted pile 42 feet wide and 7 to 10 feet
deep, expressed as percent of wet weight. (Drawing after Rothrock et al. 1961.)

tion, watering, and limiting pile height to 50 feet as means for maintain-
ing quality and avoiding excessive temperatures.

Since chip storage in unsprayed piles results in quality of pulp and yields
of byproducts about equal to those from dry roundwood storage, its chief
advantage is efficiency in material handling. Djerf and Volkman (1969)
tested water spraying as a means of improving quality of chips stored in
piles. Their 1,200-cord pile of loblolly and shortleaf pine chips at Camden,
Ark. measured 90 by 170 feet, was completed to a height of 25 feet in 3
weeks, and was then sprayed continuously for 12 months. Six sprinklers
applied evaporator hot-well water (100 to 120° F., pH 9.0) at 270 gallons
per minute. Samples from the pile were evaluated at 2-month intervals.

The moisture content of the spray-stored chips increased from 53 to 63
percent over the first 2 months of storage and then gradually increased to
66 percent of total weight at 12 months’ storage. After 2 months in the
pile, the chips began to turn dark brown and were covered by a thin layer
of slime; after 12 months’ storage, the chips were almost black. The
change in color was believed attributable to generation of organic acids
by micro-organisms other than decay-causing fungi.

Chip density was unaffected during the first 4 months of water-spray
storage (fig. 18-4E). After 6 months, chip density was reduced by about
6 percent; it decreased uniformly thereafter to a total loss of 10 percent
at 12 months. Kraft pulp yield declined in proportion to density loss.
By comparison, dry-stored chips began to lose density very soon after
being stored (Rothrock et al. 1961; Rhyne and Brinkley 1961), and the




744 UTILIZATION OF THE SOUTHERN PINES-——KOCH AH 420

4ra 50 5 ]
0
N WET - £
& ¥ ROUNDWOOD N B
5 © 40 LXK
3 M y L = LRRRRL
g °r y U P
SN SN
= LR 30 DRY CHIPS 43058555855
12 V)E
Y e gy
~ QQ:
S Eg: 20
x WET <=
sk CHIPS a
S 10
~
~
5
[N 0 ] | 1 i | 0
6 2z 4 6 8 10 12 §Q
Y 3800
g.l00rF 1 N&orp =
55 | wer I [ <1 & _
N — e
gy | CHIPS —— 89 .| DRY CHIPS,
6o - N 60|
E E // N v
B 5 |
23 _~CDRY CHIPS 23 G WET CHIPS
~N20F-/ -~ <SR 20
g ©» /
B yd
[NEN o 1 1 | | | ° J | ] | ]
~ 0 2 4 6 8 10 2 ~% =2 4 6 8 10 12
EGO
g F
>~ -
~ 2= 5
s | 40
=_ W DRY CHIPS
Wk L @ -
Q8 0%
XQ |- DRY CHIPS - & 20t :
Y ,
3 ~ & :

g w L WET
R[4 7 N CHIPS
] g s WET CHIPS <3 0 i B ¢
S 0 1 L | | §E 10

o 2 4 6 8 0 12 S 2 4 6 8 10 12

TIME IN STORAGE (MONTHS)

Figure 18-4.—Changes with storage time in wet-stored roundwood and in chips stored in
piles with (wet) and without (dry) water spray. (A) Extractives content in water-
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Shaded areas show range of reported valves. (C) Loss of turpentine yield from chips
stored wet and dry. (D) Loss in yield of black liquor soap from chips stored wet and dry.
(E) Loss in density of chips stored wet and dry. (F) Loss of tear strength in kraft pulp
(500 ml. Canadian Standard Freeness) made from chips stored wet and dry. Shaded
areas show range of reported values. (Drawings after Dierf and Volkman 1969; curves
also reflect findings of Rothrock et al. 1961, Rhyne and Brinkley 1961, Saucier and Miller
1961, Somsen 1962, and Thornberg 1963.)

former found no loss in wood density of water-sprayed roundwood after
12 months’ storage.

In contrast to water-sprayed roundwood, which produced pulp of un-
diminished strength after 12 months’ storage, strength properties of pulp
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from water-sprayed chips declined with storage time (Djerf and Volkman
1969). Deterioration was less rapid than for dry-stored chips, however,
as evaluated by burst strength data (fig. 18-4B) from Rhyne and Brinkley
(1961) and by tear strength data (fig. 18-4F) from these authors, Roth-
rock et al. (1961) and Saucier and Miller (1961).

Water-spray chip storage accelerated the serious decline in byproduct
yield which accompanies dry storage of chips; in both cases the large sur-
face area probably exposes resinous materials to oxidation. Turpentine
yields (fig. 18-4C) decreased by 50 percent after 2 months in storage, and
after 4 months in storage virtually no turpentine was recovered. Turpen-
tine losses with dry chip storage average about 10 percent per month in
most cases (Rhyne and Brinkley 1961; Somsen 1962), and as high as 30
percent in extreme cases (Thornberg 1963). In contrast, roundwood
stored for 12 months under water sprays shows little loss in turpentine yield
(Volkman 1966).

After 6 months of chip storage, virtually no black liquor soap is recovered
from either wet or dry stored chips (fig. 18-4D) ; roundwood stored under
water sprays, however, has very little loss in soap yield over 12 months’
storage.

Djerf and Volkman (1969) conclude that water spraying of chips during
long-term storage offers no advantage over dry chip storage. Spray stor-
age of chips for a month or less, however, may offer some economic bene-
fits by decreasing loss of wood density and black liquor soap (fig. 184E,
D).

Shields (1967) noted that compaction of southern pine chips in the
storage pile reduces wood losses; blowing chips onto a pile reportedly pro-
duces greater compaction than piling and packing by tractor. Chip de-
terioration is also reduced if wood is removed from the pile on a “first in,
first out” basis; systems for accomplishing such rotations have been de-
scribed (e.g., Glassy 1969).

Various chemicals have been evaluated for their effectiveness in pre-
venting wood loss from fungal action and spontaneous combustion.
Springer et al. (1969, 1970, 1971) found that dipping of fresh pulp chips
in a laboratory-prepared green liquor effectively prevented loss of wood
substance from fungal action and prevented temperature rise in simulators
of chip piles. Green liquor is derived from the smelt of spent kraft black
liquor burned in chemical recovery furnaces; it is composed primarily of
sodium carbonate and sodium sulfide. Smith and Hatton (1971) evalu-
ated the economic feasibility of protecting chips by application of green
liquor. King et al. (1971) noted that in small scale tests, application of
SO; inhibited fungal growth on pulp chips for 3 months.

18—4 POLES, PILING, POSTS, AND TIMBERS

Bark-free green roundwood and sawn timbers are particularly vulnerable
to stain and decay because they require long periods for air-drying. For
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outdoor storage, roundwood and timber should be in piles conforming as
nearly as possible to the arrangements for air-drying recommended in
chapter 20. Pile foundations should keep timber clear of the ground to
avoid dampness from groundwater. Piles should be roofed to reduce wet-
ting, warping, checking, and staining. Protection from rain is more essen-
tial for solid than for stickered piles, because water which enters solid piles
is very slow to evaporate. Outdoor storage in solid piles is always hazardous.

Chemical protection from fungi and end coatings for prevention of
seasoning checks are described in sections 16-7 and 20-1.

18-5 LUMBER AND MILLWORK

Exclusive of economic and materials handling aspects, the primary ob-
jectives of storage are to keep the lumber clean, undamaged, and to main-
tain it at a moisture content approximating that which it will reach in use.
Solid-piled wood changes moisture content slowly if protected from the
elements. Protection afforded commonly ranges from a simple roof to an
enclosed and heated warehouse. Fluctuation of moisture content under
various storage situations was measured in a few studies conducted a num-
ber of years ago; the data are still highly applicable.

OPEN SHEDS

In a limited study at Chicago, Ill, J. S. Mathewson and O. W. Tor-
geson' compared moisture changes in southern pine shiplap stored in
covered yard piles and in an open-end shed with those in a closed shed
heated an average of 514° F. above outdoor temperature. The lumber
was solid piled, well elevated above the ground, and its moisture content
was 7 percent when storage started in May 1930. Normal equilibrium
moisture content under prevailing outdoor conditions was 13 to 14 percent.
Average moisture contents, plotted in figure 18-5, reached 111, and 10
percent, respectively, in the roofed yard piles and the open-end sheds by
August 1931. At that time the lumber in the heated shed contained a little
less than 9V4-percent moisture content.

A similar test was made in Chicago by J. S. Mathewson® with solid-piled
1- by 6-inch car lining and 1- by 4-inch, kiln-dried southern pine flooring.
The test extended 21, months, from April 1930 to January 1932. Tem-
perature in the unheated open shed averaged 2.7° F. above ambient and
in the heated shed, 8° F. The lumber in covered yard storage changed
from a moisture content of 10.2 percent to 13.5 percent. In the unheated
shed the change was from 9.9 to 11.0 percent. In the heated shed, be-
ginning moisture content was 10.3, and final was 10.6 percent.

Obviously the equilibrium moisture content of lumber stored in open
sheds will vary according to the outside ambient temperature and relative

1 Peck, E. C. Abstracts of numerous experiments on the change in moisture con-

tent of lumber in storage and in transit. Unpublished report, USDA Forest Serv.,
Forest Prod. Lab., Madison, Wis. (1961).
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humidity. Loughborough and Torgeson (1929) found that climatic con-
ditions in the southeastern States during November and December of
1928 would cause lumber (protected but exposed to exterior air) to reach
a moisture content of about 13 percent.

UNHEATED CLOSED SHEDS

Closed sheds should be located on well-drained sites and be floored
with planking, concrete, or asphalt. Ventilation should be provided by
adjustable openings in the roof and walls.

If a closed shed is unheated, the temperature inside will be somewhat
higher than outdoors because of heat from the sun. With proper ventila-
tion, the mean relative humidity within the shed will be somewhat lower
than that of the outdoor air. In theory an unheated closed shed full of
thoroughly kiln-dried lumber should not be ventilated if there is no source
of moisture within the shed except that contained within the lumber. As
a practical matter, however, moisture is frequently introduced through the
shed floor; in this situation ventilation is required. A vapor barrier in-
stalled as a soil cover will reduce ingress of moisture through the floor.

Kiln-dried lumber stored in an unheated shed will ordinarily absorb
some moisture (fig. 18-5). An increase in moisture content from 7 per-
cent to approximately 10 percent over a period of a year and a half in
storage is common. Exposed ends, edges, and faces quickly attain a mois-
ture content in balance with temperature and humidity in the shed. Mois-
ture diffusion is most rapid along the grain inward from the ends. If there
are spaces within the pile, created by milled patterns on lumber, the mois-
ture pickup will proceed more rapidly to the interior of the pile.

Although average moisture content of kiln-dried lumber may increase
during storage, moisture distribution within the pile may become more
uniform. Longborough and Torgeson (1929) observed this effect in kiln-
dried southern pine stored for 90 days in an unheated shed. Average
moisture content increased from 7.1 to 9.4 percent, but moisture in the
wettest boards decreased from 16.2 to 14.0 percent.
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Figure 18-5.—Increase in moisture content of solid-piled, kiln-dried southern pine shiplap in
Chicago, Ili. (Drawing after Peck 1961.)
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HEATED SHEDS

The efficiency of a closed shed in maintaining a low moisture content
can be considerably enhanced if it is heated as weather conditions require.
Table 8-2 indicates combinations of temperature and humidity which will
maintain specific equilibrium moisture contents.

Closed storage sheds may be heated with steam coils, radiators, or unit
heaters. Open, unvented gas heaters should not be used, as combustion
creates large amounts of water. The heating system need not have a large
capacity. A shed temperature 10 to 20° above outdoor temperature is
usually sufficient. Temperatures must be maintained above 32° F. to
prevent freezing in traps and return lines if a steam or water system is
used. Fans placed at strategic points will help keep conditions uniform.

PROTECTION OF LUMBER FOR SHIPMENT AND EXTERIOR STORAGE

Under some circumstances, particularly at building sites, it is impractical
to store lumber in sheds. Two approaches to the problem are in frequent
use, i.e., wrapping and dipping. While framing lumber may get extended
exterior exposure during rail shipment, exposure at the building site is nor-
mally short. Preferably, kiln-dry finish and millwork should never be
subjected to exterior exposure, but should be delivered only after a tight
roof is in place.

Wrappings.—Protection of dry lumber by wrappings is common practice,
but no data have been published on moisture changes in southern pine
when so protected. Hickman [n.d.] wrapped solid-piled, 4-foot lengths of
4/4 kiln-dried (7.4-percent moisture content) ponderosa pine (Pinus pon-
derosa Laws.) in packages 4 feet square and about 3 feet high. These
packages were stored outdoors in the vicinity of Portland, Ore. for 1 year.
Four packages were wrapped—each in a different manner.

1. Covered on top, bottom, and all sides with a sheet of laminated, rein-

forced, wet-strength kraft paper consisting of two layers of 30-pound
kraft paper with a 113-pound inner laminate of asphalt per 3,000
sq. ft.

2. Covered on top, sides and ends with a sheet of black, 4-mil (0.004-
inch), polyethylene film.

3. Covered on top, sides, and ends with a prefabricated cover made of
the same material used on package number -, except that the kraft
paper was of standard quality.

4. Covered on top, sides and ends with a prefabricated cover made
of material similar to that used on package number 1.

Moisture content of the top five courses varied considerably during the
test, due mostly to leakage (fig. 18-6). Moisture in the main part of the
packages increased about 2 percentage points, remaining well within limits
required for satisfactory storage.

In a replicated test with kiln-dried soft maple (Acer rubrum L.) in
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Figure 18-6.—Moisture content of 4-foot lengths of 4/4 ponderosa pine exposed in solid
protected by wrappings. Test site was Portland, Ore. (Drawing after Hickman

[n.d.].;

North Carolina (Applefield 1966), neither kraft paper, polyethylene film,
nor metal pile roofs afforded acceptable protection. Wet spots, stain, and
even incipient decay developed, especially in the upper courses. Leakage
through breaks in the covering appeared to be responsible.

Obviously, the durability of the wrapping material affected these results.
Multilayered, wet-strength, kraft paper is now available with interior
laminae of glass-reinforced, waterproof material. These new wrapping
materials have reinforced edges and can be expected to give good results
when carefully applied.

In 1965, William H. Rae, Jr. reported (unpublished) on the effect of
wind on lumber wrapped in paper for shipment on open cars and trucks.
The wind—up to 115 miles per hour—was obtained by placing the lumber
12 feet behind a World War II P-51 fighter plane. He found that of three
wrapping methods tested, that shown in figure 18-7 was best. The staple
strap should be semirigid and nonstretchable. A flexible laminate is neces-
sary to prevent damage to protective covers from wind whip during tem-
peratures below 30° F.

Dip treatments.—Most lumber dips are primarily fungicides (see chs. 16

and 22). Some, however, are designed to help maintain moisture stability
in storage and during construction. (End coatings are discussed in sec.
18-3.)
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SIDES AND TOP TIGHT

SQUARE -HEAD

NAILS STAPLED STEEL

STRAPS ON ENDS

Figure 18-7.—Lumber wrapping system for shipment on open cars. Staples spaced 10 i
apart and driven through steel strap or cord embedded in the paper.

An evaluation was made of seven coatings (Koch 1966) to determine
their effectiveness in excluding moisture pickup when lumber is exposed
to exterior conditions. Several widely used commercial formulations were
included. Studs cut from southern pine veneer cores were dried to 9-percent
moisture content and treated as follows:

A. Control—no treatment.

B. 10-second dip in PAR 2, a clear, glossless, nonfungicidal, penetrating, water-
repellent finish.

10-second dip in Woodlife?, a clear, penetrating, water-repellent preserv-
ative.

10-second dip in Lumbrella2, (9:1 ratio of water to concentrate).
10-second dip in Convoy2, (6:1 ratio of water to concentrate).

10-second dip in experimental Millbrite2, (9:1 ratio of water to concen-
trate).

Two brush coats of shellac (including ends of studs).

. Two brush coats of aluminum paint (including ends of studs).

#E0 0

m 0

The dilutions in treatments D, E, and F are the manufacturer’s recom-
mendation. These three treatments are generically described as unpig-
mented, emulsified, semipenetrating, fungicidal water repellents in aqueous
solution. The coating of treatment H is described as: aluminum pigment
powder for paint Fed. Spec. TTA468, Type II, Class B; mixed with var-
nish (for mixing with aluminum paint) Fed. Spec. TTV-81D, Type L

Studs were suspended in one of the following three atmospheres:

Exterior exposure under continuous water spray

90-percent relative humidity and 80° F.
42-percent relative humidity and 81° F.

After 8 weeks’ exposure, average moisture contents were:

Under continuous water spray 22 percent
At 90-percent relative humidity 13 percent
At 42-percent relative humidity 9 percent

2 These proprietary products are mentioned for information only; other water-
repellent preparations are commercially available.
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All humidity and treatment conditions considered, the most rapid change
in moisture content occurred during the first 2 weeks (4.8 percent com-
pared to an average of 2.0 percent for each of the following 2-week
periods).

Figure 18-8 shows that none of the coatings tested was very effective in
providing protection against moisture change over the 8-week period. Two
brush coats of aluminum paint gave best protection under the water shower
and at 90-percent humidity. Shellac was second best at 90-percent humidity
but inferior to three other coatings under the shower. Some of the other
treatments have value for very short-term protection from rainwetting dur-
ing storage at a building site and during construction.

While this test was conducted with studs, the advisability of treating
studs with a coating which blocks moisture movement may be questioned.
If ends are trimmed during construction and become wetted in the com-
pleted structure, drying may be slowed enough to start decay.

18-6 PLYWOOD, PARTICLEBOARD, AND HARDBOARD

Because these panel products are hot-press formed, they come out of the
manufacturing process at a moisture content well below 10 percent. When
they are stacked in storage packages, the prevailing atmosphere has very
limited access to the center of the pile; therefore, the moisture content in
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20

90 PERCENT RELATIVE HUMIDITY

g
]

d

o

MOISTURE CONTENT (PERCENT)

n
o

I
42 PERCENT RELATIVE HUMIDITY

IOro-—o—a_- O —O O Vo—o—o—l‘.
ol I .| TN N N S TN VA S N TR T S A S I

L1
0 2 4 68 o]
EXPOSURE TIME (WEEKS)

~r-
ok
ok
@®

Figure 18-8.—Moisture t of ted and ted studs exposed to water spray,
90-percent humidity, and 40-percent humidity. Each curve represents average for 10 studs.
(Drawing after Koch 1966.)
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these stacked products changes slowly in response to changes in tempera-
ture and humidity of the surrounding air.

Because the top and bottom panels in each storage package are so com-
pletely exposed on one side, however, it is highly desirable to store these
products in a heated shed where conditions can be manipulated to keep
the material at an equilibrium moisture content near the anticipated mois-
ture content in use. It should be recognized that the equilibrium moisture
content of these panel products—which incorporate varying percentages of
resins and waxes—may differ significantly from the equilibrium moisture
content of ordinary solid wood products exposed to the same atmospheric
conditions. (See sec. 8-3, under heading EQUILIBRIUM MOISTURE
CONTENT OF RECONSTITUTED WOOD.)

18-7 PAPER

Environmental deterioration of paper involves interactions of heat, light,
moisture, and gases. Since papers are made by numerous processes and
many contain a variety of additives, it is difficult to make generalized
statements about optimum storage conditions.

Luner (1969) has reviewed factors affecting paper permanence and ob-
served that presence of moisture accelerates the aging of paper, as does
exposure to light or high temperature. It is concluded, therefore, that
deterioration of many southern pine papers can be controlled by storing
them in a regulated dry atmosphere (50-percent relative humidity or
lower), in comparative darkness, and at a temperature of 72° F. or lower.
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19
Machining

Since information on machining southern pine is available in forms
requiring some understanding of basic woodworking processes, essential
explanations are provided. Broader coverage of wood machining processes
is available in Koch (1964b). In addition, a number of comprehensive
literature reviews have been made (Forest Products Research Society 1959,
1960, 1961 ; Koch and McMillin 1966; Koch 1968b; McMillin 1970 ; Koll-
mann and Cété 1968, pp. 475-541) . Historical reviews of the development
of wood machining technology are also available (Mansfield 1952; Koch
1964b, pp. 3-6; Koch 1967b; Prokes 1966; Simons 1966; Thunell 1967;
Wilkins 1966; Goodman 1964).

19-1 HISTORICAL BACKGROUND

Earliest southern pine sawmills applied waterpower to straight recipro-
cating saws only slightly modified from the primitive hand-operated pit
saw. After their introduction in the early 1800’s, large circular saws in-
creased in popularity and by 1860 were in wide use as headsaws, cutting
logs into boards and timbers. Smaller, specialized circular saws were devel-
oped as edgers to remove bark and wane from lumber, as trimmers to
square up ends, and as slashers to cut waste pieces into short lengths.

While double circular saws, cutting from above and below, were devel-
oped as headrigs for very large logs, these began to be supplanted by band-
saws in the decades after 1870. By 1900 band headrigs, served by steam
shotgun carriages, and supplemented by resaws to cut lumber from slabbed
cants, and by edgers, trimmers, and fast lumber handling equipment, were
featured in mills cutting up to 150 M b.f. per day.

Toward the end of the century demand for planed lumber stimulated
development of practical planing machines. By 1907 most sawmills were
equipped with single or double surfacers, planing one or both sides of a
board simultaneously, and matchers to cut matching patterns in board
edges, or combinations handling both functions. More specialized plants
might also have jointers to plane precisely squared pieces for edge-gluing,
or moulders which cut patterns in edges or surfaces of lumber. Versatility
and efficiency of these machines improved in the early 1900’s with the
introduction of ball bearings, electric motors, and thin, high-speed steel
knives in round, instead of square cutterheads.

758
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The chainsaw, first introduced to North America in about 1915, was
much improved in the late 1930’s and has since gained almost complete
acceptance for felling and bucking trees. It is probable that hydraulic
shears, which have been in limited operation in the woods since 1960, will
find increasing use—and to some extent—will perform harvesting work
presently done with chainsaws.

Increasing consumption of pulp and paper, and hence increased need for
bark-free wood, brought important developments in bark removal equip-
ment during the 20 years from 1935 to 1955. Drum barkers developed for
cordwood were not applicable to saw logs, so hydraulic and mechanical
machines were invented to strip bark from sawmill slabs and whole logs.

The rotating-ring mechanical barker was invented in about 1950. It has
proven to be a wood machining innovation of primary importance because
it has vastly increased the supply (in the form of sawmill slabs and veneer
mill clippings) of bark-free chippable wood available to the pulp industry.

By 1963, techniques for peeling and gluing southern pine veneer had
been established, and the manufacture of southern pine plywood has since
become a major industry.

The multiple-wide-belt sander that appeared in the United States after
1955 is now widely used to size and smooth southern pine particleboard
and plywood.

The years from 1963 to 1966 have seen the invention of chipping head-
rigs for small logs. These new headrigs convert a log into a cant without
forming either sawdust or slabs. In 1966 a tape-controlled routing and
shaping machine was introduced, a development signalling the imminent
application of computers to control various wood machining processes.

Prior to 1945 most advances in wood machining were the result of indus-
trial trial and error; however, reviews of wood machining research pub-
lished in recent years reflect results gained from formal laboratory research.
It is expected that this new approach will accelerate change in the tech-
niques of wood machining.

19-2 ORTHOGONAL CUTTING*

Wood is machined by removing chips that range in size from sanderdust
to pulp chips or larger. There are two basic machining processes. In the
first, known as orthogonal cutting, the cutting edge is perpendicular to the
direction of the relative motion of tool and workpiece; the surface gen-
erated is a plane parallel to the original work surface. A carpenter’s hand
plane cuts orthogonally, as does a bandsaw. Rotary peeling of veneer ap-
proximates orthogonal cutting.

The second is a rotary-cutting process (peripheral milling) in which

tIn sec. 19~2, the illustrations and cutting-force data specific to southern pine
are all taken from Woodson and Koch (1970).
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single chips are formed and removed by the intermittent engagement of
knives carried on the periphery of a rotating cutterhead or saw. A rotary
planer machines wood by the peripheral milling process.

To separate a chip from the workpiece during any wood machining
process, it is first necessary to cause a structural failure at the juncture of
chip and workpiece. Since the strength of wood varies with grain direc-
tion, chip configuration, cutting power, and surface quality are all strongly
affected by the direction of cut (fig. 19-1), as well as the knife geometry.

A two-number notation used by McKenzie (1961) is useful in describ-
ing the orthogonal machining situation. With this system the first figure
given is the angle the cutting edge makes with the grain of the wood; the
second figure is the angle between direction of tool motion and grain
(fig. 19-1).

DEFINITIONS

Figure 19-2 illustrates standard nomenclature of wood machining terms
applicable to orthogonal cutting.

EFFECTS OF CUTTING VELOCITY

In the experimental data that follow in this chapter, cutting velocity is
always stated because the effect of cutting velocity on cutting forces is not
well established. Endersby (1965), when cutting in a near-orthogonal
mode, found that in the range from 1,000 to 9,000 feet per minute (f.p.m.),
cutting velocity had little effect on cutting forces; however, when velocity
was reduced from 1,000 to 7 f.p.m., cutting force increased about 25 times.

90- 90
——

Figure 19-1.—Designation of the three major machining directions. The first number is the
angle the cutting edge makes with the grain; the second is the angle between cutter
movement and grain.
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TOOL FACE

g WORKPIECE 2

Figure 19-2.—Nomenclature in orthogonal cutting.

« Rake angle: angle between the tool face and a plane perpendicular to the direction
of tool travel.

B Sharpness angle: angle between the tool face and back.

v Clearance angle: angle between the back of the tool and the work surface behind the
tool.

t Thickness of chip before removal from the workpiece.

w  Width of undeformed chip.

Fn Normal tool force: force

p t acting perpendicular to parallel tool force and
perpendicular to the surface generated.

F, Parallel tool force: force component acting parallel to tool motion relative to work-
piece, i.e., parallel to cut surface.
Resultant tool force: the resultant of normal and parallel tool force components.

p Angle of tool force resultant: the angle whose tangent is equal to the normal tool
force divided by the parallel tool force.

Factors that may alter the cutting resistance of wood as cutting velocity
is increased include the following:

® More force is required to accelerate the chip at high cutting velocity
than at low.

® Strength of wood increases with increasing rate of deformation.

® Strength of wood decreases as temperature increases; there may be
localized changes in workpiece temperature near the juncture of
chip and workpiece.

® The coefficient of friction between tool and chip may change as
cutting velocity is varied.

® When cutting wet wood, hydraulic action of water in proximity to
the knife may alter cutting forces as velocity is changed.

It may be that in most situations these several factors are mutually coun-
teracting so that the net effect of changing cutting velocity is minor.

As a final comment, high cutting velocity may sometimes assist in accom-
plishing clean severance of fibers because of chip inertia. This effect can
be observed when cutting grass with a scythe or rotary power motor.

PARALLEL TO GRAIN: 90-0 DIRECTION

General discussions of orthogonal cutting parallel to the grain are avail-
able (Franz 1958; Koch 1964b, pp. 35-87). This text will be restricted to
data specific to southern pine. Because the earlywood and latewood of
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southern pine are so different, the information presented here is organized
to show cutting forces and chip types separately for earlywood and late-
wood.

Chip formation.—As described by Koch (1955, p. 261; 1956, p. 397)
and enumerated by Franz (1958), three basic chip types (figs. 19-3, 19-5,
and 19-6) may result when southern pine is machined parallel to the grain
in the 90-0 mode. Type I chips are broken splinters formed by cleavage
along the grain; Type II chips fail in shear and tend to form continuous
spirals; Type III chips are severely compressed paralle] to the grain and are
more or less formless. Type II chips leave the best surface.

Type I chips are formed when cutting conditions are such that the wood
splits ahead of the tool by cleavage until it fails in bending as a cantilever
beam, as illustrated by dry wood in figure 19-3A. Type I chips from satu-
rated specimens of both earlywood and latewood sometimes peel off in
segmented spirals without breaking abruptly (fig. 19-3B). Factors leading
to formation of Type I chips are:

® Low resistance in cleavage combined with high stiffness and
strength in bending.

® Deep cuts (Type I chips can form with any depth of cut, depending
on the other factors).

® Large rake angles (25° and more).

® Low coefficient of friction between chip and tool face.

® Low moisture content in the wood.

The Type I chip leaves a surface that exhibits chipped grain, i.e., the
split ahead of the cutting edge frequently runs below the plane generated
by the path of the cutting edge. The amount of roughness depends upon
the depth to which the cleavage runs into the wood. Power consumed by
a knife forming Type I chips is low because wood fails relatively easily in
tension perpendicular to the grain, and the knife severs few fibers. Because
it is seldom cutting, the knife edge dulls slowly.

Rake angles of 25 and 35° tend to cause Type I chips because the normal
cutting force (F,) is negative at all depths of cut for all moisture contents
(fig. 19-4).

Type II chips occur under certain limited conditions which induce con-
tinuous wood failures extending from the cutting edge to the work surface
ahead of the tool (fig. 19-5). The movement of the tool strains the wood
ahead of the tool in compression parallel to the grain and causes diagonal
shearing stresses; as the wood fails it forms a continuous, smooth spiral
chip. The radius of the spiral increases as chip thickness increases. Quite
frequently latewood chips display laminae or layers. The resultant surface

>

F-520976
Figure 19-3.—Franz Type | chips from 0.045-inch cuts in 90-0 direction, 25° rake angle. (A)

In loblolly pine earlywood at 7-percent moisture content. (B) In saturated loblolly pine
latewood. Type I chips form less frequently in saturated than in dry wood. (Photos from
Woodson and Koch 1970.)
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Figure 19-4.—Effect of depth of cut, rake angle, and moisture content on average cutting
forces for earlywood and latewood of southern pine; 90-0 mode, orthogonal, 15°
clearance angle, 2 inches per minute cutting velocity, wood at room temperature.
(Drawing after Woedson and Koch 1970.)

is excellent. Thin chips, intermediate to high moisture content, and 5 to
10° rake angles favor formation of the Type II chip in excised earlywood
or latewood. The cutting edge is in intimate contact with the wood at all
times, and dulling may be rapid. Power demand is intermediate between
that for Type I and Type III chips.

Type I1I chips tend to form in cycles. Wood ahead of the tool is stressed
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F-520977
Figure 19-5.—Franz Type Il chip from an 0.045-inch cut (900 direction) in loblolly pine

latewood at 7-percent moisture content; 5° rake angle. (Photo from Woodson and Koch
1970.)

in compression parallel to the grain and ruptures in shear parallel to the
grain and compression parallel to the grain. The chip does not escape
freely up the tool, and the deformed wood is compacted against the tool
face (fig. 19-6). Stresses are then transferred to undeformed areas that
fail in turn. When the accumulation of compressed material becomes criti-
cal, the chip buckles and escapes upward, and the cycle begins again. Fac-
tors favorable to the formation of Type III chips include:

® Small or negative rake angles.

® Dull cutting edges (the rounded edge presents a negative rake angle
at tool edge extremity).

® High coefficient of friction between chip and tool face.

Wood failures ahead of the tool establish the surface, frequently extending
below the plane of the cut or leaving incompletely severed wood elements
prominent on the surface. This machining defect is termed fuzzy grain.
Power consumption is high, and dulling may be rapid.

Occurrence of the three chip types during orthogonal cutting of loblolly
pine earlywood and latewood is summarized in table 19-1.

Effects of knife angles.—The angle between the tool face and a plane
perpendicular to the direction of tool travel (rake angle) strongly affects
tool forces as well as chip type and smoothness of cut; forces are negatively
correlated with rake angle (fig. 19-7A and tables 19-2 through 19-6).
Figure 19—4 shows the effect of rake angle of three moisture contents.
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F-520978

Figure 19-6.—Franz type Ml chip from an 0.045-inch cut (90-0 direction) in loblolly pine
earlywood at 7-percent moisture content; 5° rake angle. (Photo from Woodson and Koch
1970.)

TABLE 19-1.—Chip types when loblolly pine wood is cut
in the parallel-to-grain (90—-0) mode (Woodson and
Koch 1970)!

Moisture content and Chip type?
rake angle (degrees)
In earlywood In latewood
Saturated
S . II(III) 1I
e II(III) I(II)
25 I(II) I
35 1 I
15.5 percent
L T ITI(II) II(III)
15 . II(III) II
25 . I(11) I(11)
35 . I I
7.0 percent
S .. ITI(T) IK(I)
15 I(111) I
25 .. I I
35 . 1 I

! Depths of cut ranged from 0.015 to 0.060 inch; cutting
velocity was 2 inches per minute; clearance angle 15°,

? The first number in each entry is major chip type as classified
by Franz (1958); a second number in parentheses indicates that
a combination of chip types was observed.
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TABLE 19-2.—Average tool forces per 0.1 inch of knife
when loblolly pine wood is cut in the parallel-to-grain
(90-0) mode (Woodson and Koch 1970)

Factor! Parallel Normal
force force?
—————— Pounds - - - - — -
Cell type
Earlywood ____________ 6.5 0.3
Latewood .. .. ________ 12.5 .5
Moisture content, percent
7percent____________ 8.3 4
15.5 percent___.______ 12.9 .8
Saturated__.__________ 7.3 .0
Depth of cut, inch
0.015_______________. 5.2 .5
030 _______________ 8.3 4
045 10.8 4
060 . 13.7 4
Rake angle, degrees
S . 18.0 2.6
15 .. 10.9 .5
25 . 5.4 —.6
K 3.7 —-.7

! Clearance angle constant at 15°,

* A negative normal force means that the knife tended to lift
the workpiece; force was positive when the knife tended to push
the workpiece away.

The angle between the tool face and back (sharpness angle) strongly
affects the rate at which the cutting edge dulls. Minute fracturing of a
freshly sharpened and honed knife edge occurs as the very first few chips
are cut and continues until equilibrium is reached between the cutting
edge—which grows thicker and more rigid as dulling proceeds—and the
cutting forces; from this time, wear proceeds at a slower rate. Effective
rake angle is decreased as wear proceeds (fig. 19-8) ; cutting forces rise,
and chip formation is altered.

In one of the few studies of cutting-edge sharpness specific to southern
pine, Bridges (1971) found that rate of dulling was positively correlated
with specific gravity, resin content, and silica (grit) content in southern
pine particleboard.

The angle between the back of the tool and the work surface behind the
tool, i.e., clearance angle, does not have a critical effect on cutting force
or chip formation; 15° is usual. As it is reduced below 15°, tool forces rise
moderately. Dulling of the tool reduces the effective clearance angle, which
may in fact become negative; a negative clearance angle increases the cut-
ting forces exerted by the knife and usually adversely affects surface quality
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TABLE 19-3.— Parallel tool forces per 0.1 inch of knife when loblolly pine latewood
is cut in the parallel-to-grain (90-0) mode (Woodson and Koch 1970)!?

Depth of cut and Rake angle, degrees
moisture content
(percent) 5 15 25 35
———————————— Pounds — — - — - ———————
0.015 inch

T e 14.4(26.6) 7.6(22.5) 3.0(16.7) 3.3(11.3)
155 . ______ 13.0(17.1) 11.1(15.7) 6.3(11.0) 4.0( 6.4)
Saturated__________ 7.4(11.1) 5.0( 7.8) 3.0( 5.3) 2.4(3.7)

0.030 inch :

T e 23.9(49.2) 7.1(39.9) 4.1(22.3) 4.4(15.7)
15.5_ .. 25.0(32.7) 17.5(28.7) 9.9(16.9) 6.4(10.3)
Saturated. ... ______ 14.8(19.2) 9.6(13.9) 5.0( 8.1) 3.5( 6.5)

0.045 inch

7/ 24 .4(62.4) 8.8(46.0) 4.5(31.6) 4.8(16.6)
15,5 .. 36.1(46.0) 28.8(38.0) 11.8(26.2) 7.1(12.9)
Saturated________.__ 22.3(28.0) 11.5(19.5) 5.9(10.7) 4.2( 7.8)

0.060 inch

7 33.2(87.3) 10.3(52.6) 6.0(31.0). 5.2(21.6)
155 . 44.8(57.6) 35.5(51.8) 16.3(34.9) 9.2(15.3)
Saturated__________ 29.6(35.8) 17.3(27.9) 7.1(14.5) 4.7( 7.9

1 The first number in each entry is the average cutting force; the number in paren-
theses is the average of the maximum forces observed; botb are based on five replications.
2 Clearance angle 15°; cutting velocity 2 inches per minute.

by causing raised grain—a roughened condition in which dense latewood,
after being depressed by the dull knife, swells subsequent to planing so that
it is raised above the less dense (and therefore less swollen) earlywood. At
the other extreme, if the clearance angle is made very large and rake angle
is kept constant, then the cutting edge becomes thin, and resulting rapid
dulling causes increased cutting forces. In the cutting force data presented
in this section (19-2), the clearance angle is 15° unless otherwise stated.

Effects of width and depth of cut.—If the tool is wider than the work-
piece, the cutting forces are directly proportional to width of cut; if width
of cut is doubled, cutting forces are doubled.

In orthogonal cutting, depth of cut is synonymous with thickness of the
undeformed chip. As Lubkin (1957) and others have observed, in a given
cutting situation two types of parallel-force curves may develop with chang-
ing chip thickness. When chips are very thin, the parallel force varies
according to a power curve, and F, becomes zero at zero chip thickness.

F,=Kt™w (19-1)

where:
F, = parallel tool force
K = a constant
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¢t = chip thickness
m=a constant between 1 and 0 (generally observed to be from 0.25
to 0.67)
w = width of chip

Beyond the region of very thin chips it is possible, with suitably chosen
constants A and B, to approximate considerable portions of this curve with
a straight-line function of t:

Fp=(A+Bt)w (19-2)

In some situations the experimentally determined ‘parallel cutting force
defined by equation 19-1 holds for the entire practical range of chip thick-
nesses. In other situations, however, the curve straightens beyond a certain
chip thickness and continues linearly as described by equation 19-2.

If the data on parallel cutting force (tables 19-3 and 19-4) are aver-
aged for both earlywood and latewood over all moisture contents and all
rake angles, the cutting force-chip thickness relationship can be approxi-
mated by straight lines (fig. 19-7B). Figure 19-4 shows in more detail
how cutting forces are related to chip thickness.

TABLE 19-4.— Parallel tool forces per 0.1 inch of knife when loblolly pine earlywood
15 cut in the parallel-to-grain (90-0) mode (Woodson and Koch 1970)!?

Depth of cut and Rake angle, degrees
moisture content
(percent) 5 15 25 35
———————————— Pounds — — - — - — - = — — — -
0.015 inch
7 e 7.3(10.6) 5.8( 9.2) 2.0( 6.2) 1.3(5.2)
15.5 . 5.5( 7.4) 4.9( 6.2) 3.7( 5.3) 2.5(3.5)
Saturated____________ 3.8( 5.2) 2.9( 4.0) 2.0(3.0) 1.6(2.4)
0.030 inch
T e 14.2(18.8) 5.9(16.5) 1.8( 9.8) 1.8(7.3)
15,5 .. 10.0(12.6) 9.3(11.1)  5.7(8.4) 3.5(5.8)
Saturated.___________ 6.6( 8.7) 5.0( 6.3) 2.9( .4.5) 2.2(3.8)
0.045 inch
7 o 18.5(25.8) 3.7(20.6) 2.0(10.9) 2.2(9.1)
15.5 . 14.0(16.9)  13.6(15.7)  6.9(11.9)  3.6(8.5)
Saturated____________ 9.7(11.9) 7.4(9.5) 3.8(5.7) 2.6(4.3)
0.060 inch
T el 23.4(33.9) 5.2(25.7) 2.2(13.4) 1.9(10.9)
5.5 . 18.3(22.7) 17.5(20.2) 8.5(14.5) 3.6(10.7)
Saturated. .__________ 12.4(14.5) 9.3(11.5) 4.3(7.1) 2.9(5.3)

! The first number in each entry is the average cutting force; the number following
in parentheses is the average of the maximum forces observed; both are based on five
replications.

% Clearance angle 15°; cutting velocity 2 inches per minute.
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TasLe 19-5.—Normal tool forces per 0.7 inch of knife when loblolly pine latewood is cut in the parallel-to-grain (90-0) mode <
(Woodson and Koch 1970)t 23
Depth of cut and moisture Rake angle, degrees
content (percent)
15 25 35

c
=i
__________________________________________________ o
0.015 inch 5
SRR L 2.8 (0.4t05.6) 0.8 (—0.3t02.5) —0.3(—1.8t0 0.5) —0.5(—2.5t0 0.4) 3
155 - o ceemmmmmmmm === 3.1 (1.6 to 4.5) 1.3 (— .4102.6) — 3(—1.0to .5) — 6(-1.3t0— .1) 2
Saturated_ - -----—--=---~ 1.3 ( .51t02.5) 3(— .4tol.1) — 3(— .8t 4) — 4 (—-1.0tw 2) g
0.030 inch A
B L 2.9 ( 4t06.1) 7(-1.1t2.7) — 4(-3.2¢t .7) — .7(—3.9t0 4) oo
155 - oo 4.6 (2.6107.7) 1.4 (— .2t03.0) - 9(-2.3t .1 —1.2 (—2.2t0 — .2) "
Saturated - - c--—cmm----- 1.6 ( .6t02.9) 0(—1.0to1.1) — 8(-1.7t0 .0) —~1.0 (—2.010 1) g
0.045 inch =
T e 3.0( 6t7.7) 4 (—1.8t02.5) — 6(—4.7Tw .7) — 9 (—4.31 .5) E
155 o ceemmmmmmmmm == 6.7 (4.7109.6) 1.4 (— .7t03.1) —1.3(—3.210 .0) —1.5(~3.1t0 — .3) =
Saturated .. —c—--------=- 1.8 ( .8t03.4) — 4 (—1.8t0 .5) —1.0 (—2.2to0 .0) —1.3 (—2.810 .0) 4
0.060 inch g
T e 3.4 ( .5t09.1) 4 (—2.0102.3) — .8(—5.6t0 6) — 9(—5.9to 4) o
15.5 . o ccmmmmmmm === 7.0 (3.8t 11.1) 1.7 (— .7Tto4.1) —1.8(—4.4t0 .0) —2.4 (—4.1t0 — .6) T
Saturated .- cc-m-------- 2.0 ( .6t03.7) — 4 (—1.7t0 .7 —1.3(—3.2t0 — 1) —1.4(—3.1t0 1) "
2
1 The first number in each entry is the average normal cutting force; the numbers in parentheses are minimum and maximum forces; each number E
is based on five replications. m
2 Clearance angle 15°%; cutting velocity 2 inches per minute. -
3 A negative normal force means that the knife tended to lift the workpiece; force was positive when the knife tended to push the workpiece away. 3
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TABLE 19-6.—Normal tool Sforce per 0.7 inch of knife when loblolly pine earlywood is cut in the parallel-to-grain (90-0) mode g
(Woodson and Koch 1970)! 2 # 2
2
Q
Depth of cut and moisture Rake angle, degrees
content (percent)
5 15 25 35
————————————————————————— Pouna':~—-———————————~———————-——
0.015 inch
e 1.1 (0.4t01.9) 0.3 (—=0.1t00.9) =0.2 (-0.9t00.4) =0.2 (-1.3t0 0.2)
155 . L. 1.7 ( .7t02.7) 6( .l1tol.4) 0 (= 4t0 .3) - .3(— .7t .0)
Saturated._______________ 1.2 ( 5t02.1) 5 ( .1to1.0) = .1 (= 4t .3) — .2(— .5t .2)
0.030 inch
7 . 1.4 ( .31t02.6) 4 (- 6tol.1) = .3(-1.7t0 .4) — .3(—2.3t .2)
155 2.3 (1.1t04.1) 7( .3t01.3) = .3(—-1.0t0 .3) - .6 (—1.5¢t0 .0)
Saturated________________ 1.1 (.7t02.2) 2(— .1t0 .7) - 4 (= .7t0 .0) = .6 (=1l.1to — .1)
0.045 inch
7 . 1.6 ( .4t03.0) 2(-1.2t01.2) = .3(-2.2t0 .4) — 4 (-3.1t .2)
155 2.9 (1.8 to 4.6) 6( .1t01.3) - 6(-1.7t0 .2) - .8(—2.3¢t .1)
Saturated .. _____________ 1.6 (1.0t02.9) 1 (- 3t .6) = 5 (=1.0t0 .1) — 8 (-1.5t0 — .2)
0.060 inch
e 1.6 ( .4t03.5) 4 (—1.6t01.4) = .3(—~2.9t0 .3) - 4 (—-3.6t .3)
155 3.3(1.8t05.1) 6 ( .0tol.5) - .7(—2.410 .2) — .8 (—-2.9¢t .2)
Sawrated________________ 1.5 ( .9t02.2) = 1 (= 5t .7) — 7(=1.5t0 .1) - 9(—2.0t 1)
! The first number in each entry is the average normal cutting force; the numbers in parentheses are minimum and maximum forces; each number
is based on five replications,
? Clearance angle 15°% cutting velocity 2 inches per minute. ~
* A negative normal force means that the knife tended to lift the workpiece; force was positive when the knife tended to push the wood away oy
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Figure 19-7.—Effect of moisture content of southern pine, rake angle, and depth of cut on

average parallel cutting force for three modes of cutting. For these curves, data were

pooled for both earlywood and latewood, at three moisture contents, four depths of cut,
and «a

1970.)

t rake angles relevant to cutting direction. (Drawing after Woodson and Koch

Effects of wood factors.—Specimens were cut on the radial face (fig.
19-1B, 90-0 direction) to develop the data here presented on orthogonal
cutting parallel to the grain. It was observed that most Type I chips failed
in the rays. Had the specimens been machined on the tangential face (fig.
19-1A), fewer Type I failures might have developed at the 25° rake angle.
Orthogonal cutting data for edge-grain compared to flat-grain southern
pine have not been published.

Cutting force is positively correlated with wood specific gravity. Data
from Woodson and Koch (1970)—when averaged over all rake angles, all
depths of cut, and all moisture contents—showed that latewood required
much more cutting force per 0.1 inch of knife than earlywood, which is
less dense.

Specific gravity

Cell type (ovendry volume and weight) Fp Fu
. D — —

— — Pounds — —
Latewood __ .- ————-- 0.85 12.5 0.5
Earlywood__ ... .34 6.5 .3

Woodson and Koch (1970) also found that maximum parallel cutting
force per 0.1 inch of knife was inversely proportional to moisture content
when averaged over all rake angles, all depths of cut, and both cell types.

Moisture content Maximum Fp

Percent Pounds
b B 24.6
155 e 18.8
Saturated 10.5
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VERY DULL\l\ CUTTING DIRECTION
—

SLIGHTLY DULL

Figure 19-8.—Profile of a cutting edge as dulling proceeds. (Drawing after McKenzie and
Cowling 1971.)

At low moisture contents, however, average parallel cutting force in the
90-0 mode is often positively correlated with moisture content (fig. 19-7C,
tables 19-3 and 19-4). When dry wood is cut, the forming chip fails as a
cantilever beam, and there are intervals when no force is required; hence
the average is low even though the maximum force is high.

Kivimaa (1950), working with Finnish birch (Betula spp.), found that
force required for cutting parallel to the grain, as well as for the other
modes, decreases as wood temperature increases (fig. 19-9). It is probable
that workpiece temperature interacts strongly with moisture content, chip
thickness, and rake angle to affect chip formation and cutting forces. Wood
is weakened by heat; steamed wood is softened more than wood subjected
to dry heat. The plasticity of steamed wood is due mainly to softening of
the middle lamella. Even at temperatures somewhat below 100° C., wood
may be somewhat plastic; when wood has cooled completely, however, the
original strong bond between the cell walls is nearly restored (Necesany

1965).

12 T T T T T T T T
$ E sl -
Ix —_
g y ] 90—90\‘
N L
x W
| & L
¢34 -
*
—_— 20-07
0-90-"
0 1 1 I I ] | I 1
-20 o 40 80

TEMPERATURE (DEGREES C.)

Figure 19-9.—Effect of temperature on parallel tool force. See figure 19-1 for explanation of
cutting directions. Species, Finnish birch; chip thickness, 0.1 mm.; moisture content approxi-
mately 80 percent; rake angle, 35°; clearance angle, 10°. (Drawing after Kivimaa 1950.)
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The mechanical properties of the wood being cut strongly influence the
type of chip formed and the cutting forces. For example, Type I chips
tend to form from wood that has low resistance to cleavage and high
strength in bending. Strong southern pine latewood obviously requires
more force to machine than weak earlywood. A summary of quantitative
analyses by Franz (1958) and McKenzie (1961) of the effect of wood
mechanical properties on chip formation can be found in Koch (1964b,
pp- 79, 101).

A high coefficient of friction between workpiece and tool face is con-
ducive to formation of a Type III chip; conversely, a low coefficient tends
to promote Type I chips. Section 9-3 describes the frictional properties of
southern pine wood sliding over a ground steel surface.

Woodson and Koch (1970) summarized the effect of the principal fac-
tors in 90-0 cutting; their earlywood and latewood data were pooled and
multiple regression equations were developed to relate depth of cut (inch),
rake angle (degrees), moisture content (decimal fraction of ovendry
weight), and specific gravity (ovendry volume and weight) to average
parallel (F,) and normal (F,) cutting forces (pounds) per 0.1-inch width
of specimen.

When loblolly pine is cut parallel to the grain (90-0 mode) :

F,= —6.996
(specific gravity)(depth of cut)]
+2,178.193 [ 19-3
Vrake angle ( )

—274.182 (specific gravity)(depth of cut)
—409.777 (moisture content)?
+147.362 (moisture content)

Within the limits of their experiment, equation 19-3 accounted for 75
percent of the variation with a standard error of the estimate of 4.7 pounds.
When Ioblolly pine is cut parallel to the grain (90-0 mode) :

F,=—0.659
—6.610 (moisture content)?

1
4.75] | ——————e— 194
+ [ V'rake angle] ( )

—87.518 (specific gravity)(depth of cut)

+336.975 [(SPCCiﬁC gravity)(depth of cut)]

V/'rake angle

Equation 194 accounted for 71 percent of the variation with a standard
error of the estimate of 0.93 pound.
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PERPENDICULAR TO. THE GRAIN: 0-90 DIRECTION

To study cutting forces required for earlywood and latewood of loblolly
pine, Woodson and Koch (1970) orthogonally cut room-temperature wood
in the veneer peeling, or 0-90 mode. Their tests differed from commercial
veneer peeling because the wood was cut at low temperature (unsteamed)
and no restraint was applied above the knife (see sec. 19—10). This subsec-
tion is based primarily on the Woodson-Koch data.

Chip formation.—Under favorable conditions, chips formed by cutting in
the 0-90 mode emerge as continuous veneer, defined by Leney (1960)
as unbroken sheet in which the original wood structure is essentially un-
changed by the cutting process. With a suitably sharp knife and a thin cut,
continuous veneer with relatively smooth unbroken surfaces on both sides
can be cut (fig. 19-10).

For 0-90 cutting, McMillin (1958) has accounted for the formation of
veneer of various types in terms of the mechanical properties of the wood.

Following initial incision, the cells above the cutting edge must move
upward along the face of the knife. Being restrained by the wood above
them they are compressed, developing a force normal to the knife face,
together with a frictional force along the face of the knife. As the cut
proceeds, the forces reach a maximum when the veneer begins to bend as
a cantilever beam. This bending deformation creates a zone of maximum
tension above the cutting edge and causes compression near the top surface
of the forming veneer.

As depth of cut is increased, rake angle decreased, or cutting edge dulled,
critical zones of stress develop as depicted in figure 19-11. In Zone 1
maximum tension due to bending develops close to the cutting edge and at
right angles to the long axis of the zone as drawn; failure occurs as a
tension check. In Zone 2 the frictional force along the face of the knife
may cause a more or less horizontal shear plane to develop between the
compressed cells at the knife-chip interface and the resisting wood above
them. In Zone 3 the cutting edge deflects the wood elements into a slight
bulge preceding the edge, and the somewhat compacted cell walls may fail
in tension either above or below the cutting plane (compression tearing).

Woodson and Koch (1970) found that compression tearing was promi-
nent in earlywood cut with rake angles in the range from 25 to 70°. The
degree of tearing ranged from moderate (fig. 19-12A) to severe (fig.
19-12C) ; in the latter case, the earlywood was torn away from the under-
lying latewood band. With rake angles of 45° and lower, latewood failed
as a cantilever beam at all moisture contents (fig. 19-13). The knife with
70° rake and 0° clearance cut continuous veneer from saturated latewood
with only an occasional failure as a cantilever beam (fig. 19-10C). With
all knives (rake angles 25, 35, 45, and 70°), both earlywood and latewood
developed deep tension checks when cut at 7-percent moisture content
(figs. 19-13, 19-14). From these photographs it is evident that veneer
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. F-520979
Figure 19-10.—Continuous veneer cut from saturated loblolly pine in 0-90 mode; 70° rake

angle, 20° sharpness angle; zero clearance angle. (A) Earlywood; 0.030-inch cut. (B)

Eurlywpod; 0.060-inch cut. (C) Latewood; 0.060-inch cut. (Photos from Woodson and Koch
1970.) .

cut in the 0-90 mode has a loose side containing numerous tension checks,
and a tight side with few checks.

The knife with 70° rake angle cut the best veneer; saturated wood
yielded the highest proportion of continuous veneer, although there was
some compression tearing in earlywood. Generally, tension checks occurred
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Figure 19-11.—Critical zones of stress in vener cut without a nosebar. 1, tension; 2, shear;
3, compression tearing.

when veneer was cut from wood dried to 15.5 or 7 percent. When studying
* figures 19-10, 12, 13, and 14, it should be remembered that the specimens
~ were very narrow (about 0.1 inch) and that chip formation in wide speci-
mens of mixed earlywood and latewood might develop somewhat differ-
ently (Woodson and Koch 1970). For a discussion of commercial practice
in peeling veneer with a nosebar from heated logs see section 19-10.

Cutting forces.~Cutting forces are strongly affected by cell type, mois-
ture content, depth of cut, and rake angle (table 19-7).

Woodson and Koch (1970) found that moisture content of loblolly pine
cut in the 0-90 mode was negatively correlated with maximum parallel
cutting force per 0.1 inch of width (but not with maximum normal force)
when averaged over all rake angles, all depths of cut, and both cell types.

Moisture content Maximum F b

Percent Pounds
7 9.8
15.5 8.2
Saturated 4.7

Average parallel cutting force, however, was highest at an intermediate
moisture content (fig. 19-7C, 0-90). Figure 19-15 and tables 19-8 and
19-9 afford more details. When veneer is cut from dry wood, the forming
chip fails as a cantilever beam, and there are intervals when no force is
required; hence, the average is low. In more moist wood, however, con-
tinuous veneer is formed, and the average parallel force is high. Saturated
wood, being softer, requires less force.

Parallel cutting force is negatively correlated with rake angle (figs.
19-7A, 19-15, and tables 19-8, 19-9). With the rake angles evaluated
by Woodson and Koch (1970), the average normal force was always nega-
tive in latewood. With earlywood, however, the 25 and 35° rake angles
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F-520980
Figure 19-12.—Compression tearing in veneer cut in the 0-90 mode from saturated loblolly

pine earlywood. (A) Rake angle 25°, depth of cut 0.030-inch. (B} Rake angle 70°, depth
of cut 0.015-inch. (C) Rake angle 25°, depth of cut 0.045-inch. (Photos from Woodson
and Koch 1970.)

generally caused a positive normal force, i.e., the tool pushed on the work-
piece (fig. 19-15 and tables 19-10 and 19-11).

Depth of cut had a relatively small effect on the average parallel cutting
force; figure 19-7B (0-90) shows data averaged over all rake angles, all
moisture contents, and both cell types. Figure 19-15 and tables 19-8
through 19-11 show the interactions for both normal and parallel forces.

Woodson and Koch (1970) summarized the effects of the major factors
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F-520981
Figure 19—13.—Veneer fails as a cantilever beam when cut in 0-90 mode from loblolly pine

latewood at 7-percent moisture content with a rake angle of 45° and clearance angle of
15°; veneer is 0.030-inch in top photo and 0.045-inch in bottom. (Photos from Woodson
and Koch 1970.)

in 0-90 veneer cutting; their earlywood and latewood data were pooled,
and multiple regression equations were developed to relate depth of cut
(inch), rake angle (degrees), moisture content (expressed as a decimal
fraction), and specific gravity (ovendry volume and weight) to average
parallel (F,) and normal (F,) cutting forces (pounds) per 0.1-inch width
of specimen.
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F-520982
Figure 19-14.—Tension checks in 0.060-inch veneer cut in 0-90 mode from loblolly pine

earlywood at 7-percent moisture content. Rake angle 70°. Sharpness angle 20°. (Photo
from Woodson and Koch 1970.)

For cutting loblolly pine veneer in the 0-90 mode:

1

F = —5.902 +63.565[ dﬂ?&i’i&‘f]
rake angle

rake angle

] +747.561 [

1 1

—0.0338 | — +3.318 _ (19-5)
moisture content? \/ moisture content

Within the limits of the Woodson-Koch experiment (1970), equation

19-5 accounted for 64 percent of the variation with a standard error of

the estimate of 0.85.

For cutting loblolly pine veneer in the 0~90 mode:

1
F.=—2241 —3.572 (\/depth of cut) +694.063 [————] (19-6)

rake angle’

1
+1.296 [ - - :, +0.0305 (moisture content)(rake angle)
V' specific gravity

Within the limits of the experiment, equation 19-6 accounted for 69
percent of the variation with a standard error of the estimate of 0.36
pound.

Tool forces for cutting in the 0-90 mode are influenced by the strength
of wood in tension perpendicular to the grain, in shear perpendicular to
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TaBLE 19-7.—Average tool forces per 0.1 inch of knife

when veneer is cut from loblolly pine in the 0-90 mode
(Woodson and Koch 1970)*

Factor Parallel Normal
force force?
—————— Pounds — — — — — —
Cell type
Earlywood ... 2.6 0.1
Latewood .- _--—--- 2.7 —.8
Moisture content, percent
e 2.2 —-.5
15.5 e 3.5 — .4
Saturated .. - - .-~ 2.2 —-.2
Depth of cut, inch
0.015_ e 2.2 —.1
030 . - 2.5 —-.3
045 o 2.7 —.4
060 oo 3.0 —.6
Rake angle, degrees
2 J . 3.9 1
3 Y 2.8 —.3
45 e 2.2 —.6
70 e 1.6 —.6

1 Clearance angle 15° except that knife with 70° rake had
zero clearance. Cutting velocity 2 inches per minute, wood at
room temperature.
2 A negative normal force means that the knife tended to lift the
workpiece; force was positive when the knife tended to push the
workpiece away.
the grain, and in compression perpendicular to the grain. Because wood is
relatively weak when so stressed, tool forces are substantially less for cutting
in this mode than for orthogonal cutting in the 90-0 or 90-90 mode.

PERPENDICULAR TO GRAIN: 90-90 DIRECTION

Because gangsaws, bandsaws, and tenoners cut across the grain in the
90-90 direction (fig. 19-1), this mode of cutting is of practical interest
to woodworkers.

Chip formation.—Optimum (Type I) chips in across-the-grain cutting
are cleanly severed and undeformed except for shear along the grain (fig.
19-16A). Undesirable are chips (Type II) which in part have been torn
rather than sharply cut from the workpiece, and which have been deformed
by compression (fig. 19-17). Both types were observed in several woods by
McKenzie (1961) and in southern pine by Woodson and Koch (1970).
During formation of Type I chips, average cutting forces are relatively
constant. Below the cutting plane, splits occur parallel to the grain. The
splits may be minute and virtually invisible, in which case the surface is
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Figure 19-15.—Effect of depth of cut, rake angle, and isture tent on average cutting

forces for earlywood and latewood of southern pine; 0-90 mode, orthogonal, 15°
clearance angle, 2 inches per minute cutting velocity, wood at room temperature.
(Drawing after Woodson and Koch 1970.)

quite good (fig. 19-16A); or they may be fairly frequent and deep, in
which case the surface is poor (fig. 19-16C). Each subchip above the
cutting plane is formed by shear along the grain.

When Type II chips are formed, average cutting forces tend to vary in
cycles with successive cuts (visualize bandsaw teeth cutting successively).
Failures occur perpendicular to the grain and at variable distances below
the cutting plane (fig. 19-17). After the initial cut, therefore, a succeeding
cutting edge may not be engaged in all portions of its path. The mechanics
of these two chip formations are explained in McKenzie (1961) or Koch
(1964b, pp. 93-109).




MACHINING 783

TABLE 19-8.—Parallel tool forces per 0.1 inch of knife when veneer is cut from
loblolly pine latewood in the 0-90 mode (Woodson and Koch)!?

Depth of cut and Rake angle, degrees
moisture content
(percent) 25 35 45 70
——————————— Pounds — - - — - - - - — — —
0.015 inch
/P 2.9(14.7) 2.0(12.3) 2.1( 8.8) 2.0(4.3)
15.5 .. 4.3( 8.7) 4.0( 6.6) 2.9( 4.7) 2.3(3.7)
Saturated__.___._______ 2.3( 4.5) 2.1( 3.6) 1.7( 2.8) 1.4(1.9)
.030 inch
T e 3.0(20.7) 2.5(15.2) 1.8(11.4) 2.0(5.0)
15,5 . 5.9(14.8) 3.9(10.0) 2.3(7.2) 2.4(5.0)
Saturated______________ 2.6( 6.9) 2.3( 6.1) 1.6(4.1) 1.5(2.5)
.045 inch
T e 3.1(25.6) 1.9(16.1) 2.2(15.9) 1.7(5.3)
15,5 . 5.5(17.7) 3.9(14.8) 2.5( 9.2) 2.3(5.6)
Saturated.____._____.__. 3.5(10.0) 2.2( 7.8) 1.5( 5.9) 1.6(2.9)
.060 inch
T e 2.6(26.9) 1.7(18.2) 2.8(17.9) 1.5(5.3)
15,5 .. 6.6(21.5) 4.0(16.3) 3.3(11.7) 2.9(7.1)
Saturated___________.___ 3.7(12.7) 2.7(10.3) 1.7( 6.8) 1.7(3.7)

! The first number in each entry is the average cutting force; the number in paren-
theses is the average of the maximum forces observed; both are based on five replications.

% Clearance angle 15° except that knife with 70° rake had zero clearance. Cutting
velocity 2 inches per minute, wood at room temperature.

Type 1 chips and good surfaces can be achieved by cutting the wood at
relatively high moisture content with a very sharp knife having a large
rake angle, ie., 45° (fig. 19-16A). Although supporting data are not
published, it is probable that high cutting velocities, e.g., 10,000 f.p.m., are
conducive to formation of Type I chips. Figure 19-18 suggests the idea
that a high-velocity cutter might be resisted by the inertia of the fibers, and
therefore could accomplish clean severance and a Type I chip. In com-
parative tests at low cutting speed, Type II chips were more frequent in
earlywood than in latewood, particularly in wood of medium and low
moisture content. In both latewood and earlywood, Type II chips were
more frequent in wood of low moisture content (table 19-12).

Cutting forces.—Woodson and Koch (1970) have shown that when lob-
lolly pine is cut orthogonally across the grain in the 90-90 mode, cutting
forces are strongly affected by cell type, moisture content, depth of cut, and
rake angle (table 19-13).

They found that when their data were averaged over all rake angles, all
depths of cut, and both cell types, maximum cutting forces per 0.1 inch of
specimen width were negatively correlated with wood moisture content.
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TABLE 19-9.—Parallel tool forces per 0.1 inch of knife when veneer is cut from
loblolly pine earlywood in the 0-90 mode (Woodson and Koch 1970)! 2

Depth of cut and Rake angle, degrees
moisture content
(percent) 25 35 45 70
——————————— Pounds — — = — = - = — — - —

0.015 inch

T e 2.6( 5.5) 2.0( 4.8) 1.7(4.1) 1.0(1.8)

15.5 .. 3.3( 5.1) 2.8( 4.1) 1.8(3.7) 1.0(1.9)

Saturated_____.__________ 2.2( 2.9) 1.8( 2.6) 1.5(2.2) 1.3(1.9)
0.030 inch

T e 3.4( 8.2) 1.9( 6.3) 1.9(5.6) 1.1(2.2)

5.5 4.7( 6.8) 3.6(6.7) 2.5(5.6) 1.4(2.8)

Saturated. .. ____________ 3.0( 4.5) 2.2( 3.5) 1.9(3.2) 1.2(1.9)
0.045 inch

e 3.5(10.1) 2.4( 7.5) 1.8(6.0) 1.1(2.2)

15,5 6.7(10.1) 4.9( 8.8) 2.5(6.1) 1.6(3.0)

Saturated.._____________ 3.6( 5.4) 2.6(4.7) 2.1(3.8) 1.2(1.9)
0.060 inch

T . 3.4( 9.6) 2.3( 8.1) 2.0(5.6) 1.1(2.4)

15,5 . 7.6(13.0) 5.1(10.2) 3.0(7.0) 1.4(2.6)

Saturated.______________ 4.0( 6.0) 3.3(5.5) 2.8(4.7) 1.3(2.0)

! The first number in each entry is the average cutting force; the number in paren-
theses is the average of the maximum forces observed; both are based on five replications.

? Clearance angle 15°, except that knife with 70° rake had zero clearance. Cutting
velocity 2 inches per minute, wood at room temperature.

Moisture content F, Fy
Percent Pounds

7 43.3 6.8

15.5 29.0 1.6

Saturated 16.6 —-1.7

Moisture content was also negatively correlated with average cutting
force (fig. 19-7C, 90-90). Figure 19-19 and tables 19-14 through 19-17
give a more detailed view of interactions involving moisture content.

Rake angle was negatively correlated with both parallel (tables 19-13,
19-14, and 19-15) and normal tool forces (tables 19-13, 19-16, and
19-17).

Depth of cut had a positive linear correlation with parallel cutting force
when data for earlywood and latewood were pooled over all moisture con-
tents and rake angles (fig. 19-7B, 90-90). Figure 19-19 illustrates an
interaction; normal force was unaffected by depth of cut only when dry
earlywood was cut with a knife having a 45° rake angle.

Woodson and Koch (1970) summarized the effects of the major factors
in 90-90 cutting; their earlywood and latewood data were pooled, and a




TABLE 19-10.—Normal tool forces per 0.7 inch of knife when veneer is cut from loblolly pine latewood in the 0-90 mode
(Woodson and Koch 1970)! 2 3

Depth of cut and moisture
content (percent)

Rake angle, degrees

25 35 45 70
———————————————————————— Pounds — — — — — — — — —  _ _ _ _ _ __ _ _ _____

0.015 inch

7 . —0.4 (—2.3t01.3) —0.7 (—=3.5t00.5) —0.7 (—3.5t00.6) —0.6 (—1.61t00.5)

15,5 — .1 (-1.4t .6) — .6 (—1.8t0 .4) — .8(—1.9t0 .0) — .8(—1.6t0 .1)

Saturated________________ — .1 (— .6t0o .4) - 3(-1.1t0 .3) - 4(—-1.2t0 .4) — 4 (— .8t0 .2)
0.030 inch

7 . — .3(—4.0t01.5) — .7(=5.0t0 .3) — .8(—5.8t0 .5) — 9(—2.3t0 .4)

15,5 _.__ — .9(—3.0t0 .8) —1.0 (=3.1t0 .5) —1.1 (=3.6t0 .3) - .9(—-2.2t0 .0)

Saturated________________ — 5 (—-1.5t0 .5) - 5(—2.2t0 .4) — .6 (—=2.2t0 .5) - .7(—-1.5t0 .3)
0.045 inch

7L — 3(—4.7t01.2) - 5(—5.4t0 .2) - 9(=7.0t0 .5) —1.0 (—2.9t0 .4)

155 .. — 9(-3.9t1.1) —1.1 (=5.4t0 .3) —1.3 (=55t .1) —1.3(-2.8t0 .0)

Saturated_______________. — .7(—2.3t0 .6) — 6 (—2.9t0 .3) — .7(—=3.4t0 .6) — .8(—2.0t0 .4)
0.060 inch

T - 4 (—4.7t0 .5) — .6 (—7.4t0 .8) —~1.6 (—=9.5t0 .6) —1.0 (-3.4t0 .5)

155 - 8(—4.7t01.7) —1.2 (=5.8t0 .7) —1.5 (—6.4t0 .2) —1.6 (—3.3t0 .2)

Saturated ________________ — .7(—=3.0t0 .5) — 8(—4.1t0 .3) - 9(—39t0 .4) — .9(—2.9t0 .6)

! The first number in each entry is the average cutting force; the numbers in parentheses are minimum and maximum forces; each number is based

on five replications.

% Clearance angle 15°, except that knife with 70° rake had zero clearance. Cutting velocity 2 inches per minute, wood at room temperature,
¥ A negative normal force means that the knife tended to lift the wood; force was positive when the knife tended to push the wood away.
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TapLe 19-11.—Normal tool forces per 0.1 inch of knife when veneer is cut from loblolly pine earlywood in the 0-90 mode
(Woodson and Koch 1970)* 3

Depth of cut and moisture Rake angle, degrees
content (percent)
25 35 45 70
G
=
———————————————————————— Punds — - —-——————-——————=————=——==—-=-= E

0.015 inch >
72— 0.4 (—0.5t02.4) 0.0 (—0.5t01.3) —0.2 (—0.9t00.6) —0.3 (—0.7t00.2) 5}
155 e .8 (— .2t02.1) 5(— .3t01.3) — .1 (— .7t01.0) — .1 (= .5t0 .3) z
Saturated . - oo ocomeeeeoo 7( 2tol.4) 3(— .1to .9) — 4 ( Otl.l) - .7( .2t01.2) %

0.030 inch -
2. 4 (— 7t02.7) — 2(—1.0t01.4) — 3(—1.3t0 .8) — 4(—-1.2t0 .2) for
155 oo 9 (— .4t02.5) 3(— .9t01.9) —~ 3(—1.3t0 .6) — 5(—1.0t0 .1) ®
Saturated oo ————-- 7(— .1t01.9) 2 (— .3t01.0) — 1 (— .4to0 .8) —~ 3 (= .1to .7) 8

0.045 inch 5
S .3 (—1.1102.5) — .3(—1.4101.0) — 5(—2.1t0 .6) — 4(—1.6t0 .4) E,
15.5 - - e 1.3 (— .5t03.6) .1 (—1.41t02.6) — 5(—1.6t0 .3) — 6 (=13t .2) 7205
Saturated . oo cceoomn 7( .0tol.8) 0(— .7t0 .9) — 2(— .7t0 .5) 0(— .4to .6)

0.060 inch g
T = — 1(-1.4t11.9) — 4(—2.0t0 .9) — .7(—2.6t0 .7) — .5 (—1.8t0 .5) &
155 e 1.1 (—1.0to0 4.3) .0 (—1.9t02.3) — 4 (—2.0t0 .7) — 6 (—1l.4t0 .1) |
Saturated . - omeeee 5(— 4t01.7) 0(— .7to .8) — .3 (— .8to .6) — 2(— .6to .3) R

2

1 The first number in each entry is the average normal cutting force; the numbers in parentheses are minimum and maximum forces; each number =

is based on five replications. E
2 CJearance angle 15°, except that knife with 70° rake, had zero clearance. Cutting velocity 2 inches per minute, wood at room temperature. -

3 A negative normal force means that the knife tended to lift the wood; force was positive when the knife tended to push the wood away. S
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F-520983
Figure 19-16.—McKenzie type | chips from orthogonal cuts 0.060-inch deep across the grain

of loblolly pine (9090 mode). (A) Latewood, saturated, rake angle 45°. (B) Earlywood,
saturated, rake angle 25°. (C) Latewood at 7-percent moisture content, rake angle 45°.
(Photos from Woodson and Koch 1970.)

multiple regression analysis was made to relate depth of cut (inch), rake
angle (degrees), moisture content (expressed as a decimal fraction), and
specific gravity (ovendry volume and weight) to average parallel (F,) and
normal (F,) cutting forces (pounds) per 0.1-inch width of specimen.




788 UTILIZATION OF THE SOUTHERN PINES—KOCH AH 420

F-520984
Figure 19-17.—McKenzie type Il chips from orthogonal cuts across the grain (90-90 mode)

of loblolly pine earlywood of 7-percent moisture content. (A) Rake angle 45°; 0.060-inch
cut. (B) Rake angle 25°; 0.045-inch cut. (Photos from Woodson and Koch 1970.)

When loblolly pine is cut across the grain (90-90 mode) :

Fp=+1.964
(19-7)

561,346 [speciﬁc gravity]

rake angle

(specific gravity)(depth of cut)

2,650.962
+ [(rake angle) (moisture content)

Within the limits of their experiment, equation 19-7 accounted for 87
percent of the variation with a standard error of the estimate of 6.8 pounds.
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TOOL
MOTION

Figure 19-18.—In the 90-90 mode, failure
at the cutting edge is due to tension
across the cutting plane. (Drawing after
McKenzie 1961.)

TABLE 19-12.—Typical chip types when loblolly pine
wood is cut in the across-the-grain (90-90) mode
(Woodson and Koch 1970)!

Moisture content and Chip type?
rake angle (degrees)
In earlywood In latewood

Saturated

25 . 1 I

K3 T I I

45 ... I I
15.5 percent

25 . II(I) 1

35 .. II 1

45 . 1I(I) I
7 percent

25 .. 1I IK(T)

35 11 II(I)

45 ... II II(I)

! Depths of cut ranged from 0.015 to 0.060 inch. Cutting
velocity was 2 inches per minute, clearance angle 15°.

% The first number in each entry is major chip type as classified
by McKenzie (1961); a second number in parentheses indicates
that a combination of chip types was observed.
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F,, PARALLEL FORCE (POUNDS PER 0.I-INCH OF KNIFE}
15 20 25 50

75 100

. NORMAL FORCE (POUNDS PER O.-INCH OF KNIFE)

&

jU RA'kI‘ED
EARLYWOQD LATEWOOD

Figure 19-19.—Effect of depth of cut, rake angle, and moisture content on average cutting
forces for earlywood and latewood of southerrn pine; 90-90 mode, orthogonal, 15°
clearance angle, 2 inches per minute cutting velocity, wood at room temperature.
(Drawing after Woodson and Koch 1970.)

When loblolly pine is cut across the grain (90-90 mode) :

F,=-—0.285

—180.253 (specific gravity)(depth of cut)
16,699 [ depth of cut ] (19-8)

moisture content

(specific gravity)(depth of cut)]

—50.615 [ -
moisture content

depth of cut ]

894.843
+ [(moisture content) (rake angle)
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TABLE 19-13.— Average tool forces per 0.1 inch of knife
when loblolly pine wood is cut in the across-the-grain
(90-90) mode (Woodson and Koch 1970)

Factor Parallel Normal

Cell type
Earlywood
Latewood 33.

32. —-2.
21. —3.
13. —-3.

12, —1.
19. —2.
26. —-3.
31. -5.

28. —-0.7
22. —3.6
16.6 —5.4

1 A negative normal force means that the knife tended to lift
the workpiece; force was positive when the knife tended to push
the workpiece away.
2 All knives had a 15° clearance angle; cutting velocity 2
inches per minute.
Equation 19-8 accounted for 82 percent of the variation with a standard
error of the estimate of 3.4 pounds.

FORCE COMPARISON FOR THREE CUTTING DIRECTIONS

Because chip formation when cutting in the 90-90 mode requires wood
to be failed in tension parallel to the grain (fig. 19-18), parallel cutting
forces are much higher than in the 0-90 and 90-0 mode. While the data
in table 19-18 are restricted to a rake angle of 35° and one depth of cut,
the trends shown in the table are valid for cuts from 0.015 to 0.060 inch
deep and also for a rake angle of 25°.

The Woodson and Koch (1970) data on maximum and minimum cut-
ting forces reveal some figures of interest to machine designers.

In the 90-0 (planing) direction, forces were most extreme (per 0.1 inch
of knife) for 0.060-inch cuts in latewood:

F, was maximum at 87.3 pounds for cuts with 5° rake angle in wood
at 7-percent moisture content.

F, was maximum at 11.1 pounds for cuts with 5° rake angle in wood
at 15.5-percent moisture content.

F. was minimum at —5.9 pounds for cuts with 35° rake angle in
wood at 7-percent moisture content.
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TaBLE 19-14.—Parallel tool forces per 0.1 inch of knife when loblolly pine latewood
is cut in the across-the-grain (90-90) mode (Woodson and Koch 1970)! 2

Depth of cut and Rake angle, degrees
moisture content
(percent) 25 35 45
———————————— Pounds — - ——————————

0.015 inch

. 32.4( 42.8) 29.1(39.6) 21.7(31.7)

15,5 - 22.8( 27.7) 18.2(22.9) 13.5(17.7)

Saturated__.____.__ 11.8( 14.8) 11.7(14.3) 6.2( 7.8)
0.030 inch

I 56.6( 73.5) 42.1(62.3) 33.6(51.8)

15,5 ieeeae 37.9( 45.5) 24.5(32.2) 17.6(24.7)

Saturated_________- 20.2( 24.4) 20.4(24.9) 10.0(13.5)
0.045 inch

/R 71.9( 81.7) 52.2(80.5) 46.1(66.7)

15,5 - 53.7( 66.0) 33.8(43.7) 24.3(34.2)

Saturated. ... ___- 26.3( 31.8) 27.3(32.4) 14.0(18.9)
0.060 inch

T - 85.9(119.7) 65.7(99.7) 59.1(87.1)

15,5 . 68.0( 80.5) 38.4(53.4) 28.1(40.7)

Saturated_____._.__ 31.8( 37.4) 35.6(42.0) 17.5(24.1)

1 The first number in each entry is the average cutting force; the number in paren-
theses is the average of the maximum forces observed; hoth are based on five replications.
2 Clearance angle 15°% cutting velocity 2 inches per minute.

In the 0-90 (veneer) direction, forces were most extreme (per 0.1 inch
of knife) when cutting 0.060 inch deep:

F, was maximum at 26.9 pounds for cuts with 25° rake angle in late-
wood at 7-percent moisture content.

F, was maximum at 4.3 pounds for cuts with 25° rake angle in early-
wood at 15.5-percent moisture content.

F, was minimum at —9.5 pounds for cuts with 45° rake angle in
latewood at 7-percent moisture content.

In the 90-90 (cross-cut) direction, forces (per 0.1 inch of knife) were
most extreme when cutting 0.060-inch chips at 7-percent moisture content:

F, was maximum at 119.7 pounds for cuts with 25° rake angle in
latewood.

F, was maximum at 28.7 pounds for cuts with 25° rake angle in early-
wood.

F, was minimum at —40.6 pounds for cuts with 45° rake angle in
latewood.
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TABLE 19-15.—Parallel tool forces per 0.1 inch of knife when loblolly pine earlywood
is cut in the across-the-grain (90-90) mode (Woodson and Koch)!?

Depth of cut and Rake angle, degrees
moisture content
(percent) 25 35 45
———————————— Pounds — - - - - - — - — — - =

0.015 inch

T e 8.9(11.0) 9.3(11.9) 7.1(10.2)

15,50 ___ 6.2(9.7) 7.0( 9.2) 4.9(7.4)

Saturated_.___._____ 4.1( 5.5) 4.5( 5.5) 4.0( 4.9)
0.030 inch

/U 15.0(19.5) 14.0(19.5) 11.0(14.8)

15.5. - 11.2(15.8) 10.8(14.9) 7.1(10.6)

Saturated___________ 6.1 (8.2) 6.9( 9.3) 5.3( 6.6)
0.045 inch

T e 21.8(27.5) 19.6(27.3) 13.4(18.6)

15.5 .. 20.3(25.2) 13.9(18.8) 9.9(14.6)

Saturated___________ 7.6(10.6) 9.3(13.4) 6.8( 9.2)
0.060 inch

T e 24.4(34.1) 24.0(32.5) 15.5(24.8)

15,5 ... 22.4(31.4) 17.6(26.9) 12.8(22.8)

Saturated.__________ 9.5(13.0) 10.6(15.4) 7.8(10.8)

! The first number in each entry is the average cutting force; the number in paren-
theses is the average of the maximum forces observed; both are based on five replications.
? Clearance angle 15°; cutting velocity 2 inches per minute.

OBLIQUE AND INCLINED CUTTING

In strictly orthogonal cutting, the cutting edge is perpendicular to the
motion of the tool over the workpiece. In some applications, the cutting
edge is set obliquely to its direction of movement; the deviation angle
between the edge and a line normal to the motion measures the degree
of obliquity. Kivimaa (1950) has shown that when wood is cut parallel
to the grain, parallel cutting force is negatively correlated with deviation
angle; however, when cutting tangentially across the grain (as in veneer
slicing) parallel cutting force stays the same or rises as deviation angle is
increased.

If a cutting edge is drawn transversely during an otherwise ortho-
gonal cutting operation (visualize bread being sliced with a long
knife), the process is termed inclined cutting. It has been established that
cutting forces can be reduced substantially and surface quality greatly
improved by this means (fig. 19-20). No data specific to southern pine
have been published; information on other species has been reported, how-
ever, by McKenzie (1961), Plough (1962), McKenzie and Franz (1964),
St. Laurent (1965), Collins (1965), and McKenzie and Hawkins (1966).
In the United States, the inclined cutting principle has had limited appli-
cation to veneer lathes (see sec. 19-10).
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TABLE 19-16.—Normal tool forces per 0.1 inch of knife when loblolly pine latewood is cut in the across-the-grain *®
(90-90) mode (Woodson and Koch 1970)1 23
Depth of cut and Rake angle, degrees
moisture content
(percent) 25 35 45

‘ 5

——————————————————— Pounds — — - — — — —— . _ . __ ___ -E

0.015 inch E]

T . - 1.7(— 6.6t0 3.8) — 6.7 (—12.0to —1.6) — 6.7 (—12.3t0 —1.3) )

155 o — 3.1 (- 4.9t — .9) — 4.5(— 6.4t0 —1.4) — 5.7 (— 8.1to —2.6) z
Saturated.___________ — 1.6 (— 2.7t0 — .5) — 3.1 (— 4.2t0 —1.4) — 2.3 (— 3.6t0 —1.0) %

0.030 inch -
/U — 3.7(—11.6t0 4.3) —11.2 (—19.4to —2.4) —12.0 (—20.6 to —2.2) Jas

155 oo — 6.0 (— 8.6t0 —2.9) — 6.7 (—10.3to —2.5) — 8.4 (—12.2t0 —3.0) w
Saturated..__________ —3.9(—~ 5.6t —2.1) — 6.7 (— 8.7t0 —3.7) — 5.1 (— 7.9t0 —2.0) o

0.045 inch 5

T — 4.4 (—-155t0 8.7) —13.2 (—27.8to —2.2) —18.4 (—31.1 t0 —2.5) E

155 o __ —10.1 (—13.7 to —4.7) —10.2 (—14.4 to —3.6) —12.1 (—16.6to —3.7) =
Saturated.___________ —5.7(— 7.9t0 —3.2) — 9.8 (—12.5to —4.5) — 7.9 (=11.1to —3.1) z

0.060 inch g

T . —10.4 (—24.4t0 1.9) —18.4 (—35.9t0 —4.2) —25.0 (—40.6 to —4.4) 5

15,5 L ___ —11.7 (—16.1 to —4.5) —13.0 (—18.7 to —4.4) —14.5 (—21.9t0 —4.7) '
Saturated..__._______ — 8.1 (-10.1to —4.4) —13.4 (—=16.7 to —7.5) —10.5 (—14.8 to —3.6) =

8

1 The first number in each entry is the average normal cutting force; the numbers in parentheses show minimum and maximum forces; each number f
is based on five replications. o
* Clearance angle 15°; cutting velocity 2 inches per minute. -
# A negative normal force means that the knife tended to lift the workpiece; force was positive when the knife tended to push the workpiece away. P

i
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TaBLE 19-17.—Normal tool forces per 0.1 inch of knife when loblolly pine earlywood is cut in the &
across-the-grain (90—-90) mode (Woodson and Koch 1970)* 23 Z
g
Depth of cut and Rake angle, degrees
moisture content
(percent) 25 35 45
—————————————————— Pounds — — — — = = = = = = = — — — — — — —
0.015 inch
7 S 5.3( 1.5t 8.9) 41( 0.4t0 7.7) 2.2(—-1.0t0 6.3)
155 - oo 8 (— .8t 2.4) 4 (—1.3t10 2.3) — 9(—2.1t0 .4)
Saturated._________ 0 (— 4to .6) — 5(—1.1to 1) — .1 (— .6t .3)
0.030 inch
T 8.8( 1.9t016.2) 7.4 ( S5to 14.9) 30(—-1.6t0 8.4)
155 oo 2.7 (—1.0to 6.5) 7(—3.0t0 4.8) — 9(—-3.9t0 2.6)
Saturated__________ S5 (13w .3) —1.5 (—2.6to — .5) —1.1 (—1.8t0 — .3)
0.045 inch
S 13.2 (2.7 t020.7) 8.7( .3t 17.1) 3.8 (—2.4t0 10.0)
155 _____.__ 4.2 (—2.71010.9) 2.5(—2.8t0 8.7) —1.5(—5.8t0 4.2)
Saturated__________ — .8(—-1.9t0 .2) —2.4(—4.2t .9) —2.0 (—3.5t0 — .6)
0.060 inch
T e 14.6 ( 2.81t028.7) 9.5 (— .2t0 18.7) 1.9 (—4.5t0 8.6)
155 o 7.7 (—1.2 t0 18.1) 4.7 (—3.2t0 13.1) —1.4 (—6.9t0 4.5)
Saturated__________ —1.4 (-2.7t0 .0) —3.2 (=5.2t0 —1.3) —2.8 (—4.7t0 —1.1)
1 The first number in each entry is the average normal cutting force; the numbers in parentheses show minimum and maximum forces; each number
is based on five replications.
% Clearance angle 15°; cutting velocity 2 inches per minute. 3
=

% A negative normal force means that the knife tended to lift the workpiece; force was positive when the knife tended to push the workpiece away.
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TABLE 19-18.—Average parallel tool force per 0.1 inch

of knife when loblolly pine wood is cut in the three major

modes with a rake angle of 35°; depth of cut 0.030 inch
(Woodson and Koch 1970)!

Moisture content Average parallel tool force
and cell type
0-90 90-0 90-90
——————— Pounds ~ — — — - — -

7 percent

Earlywood.. ________ 1.9 1.8 14.0

Latewood._._________ 2.5 4.4 42.1
15.5 percent

Earlywood__________ 3.6 3.5 10.8

Latewood.__________ 3.9 6.4 24.5
Saturated

Earlywood..________ 2.2 2.2 6.9

Latewood.__________ 2.3 3.5 20.4

! Clearance angle, 15°; cutting velocity 2 inches per minute,
wood at room temperature,

Cuts made by a knife having deviation angle are sometimes erroneously
equated with cuts made by a longitudinally oscillating knife; a moment’s
thought about the pattern cut by a nicked knife should clarify the differ-
ence between the two situations. A knife given deviation angle has a
slightly decreased effective sharpness angle, and therefore cutting forces

Figure 19-20.—Lateral vibration of the knife at 120 cycles per second improved surfaces of
wood cut in the 9090 mode at 0.5 inch per minute. (Top) Yellow poplar (Liriodendron
L). (Bottom) Common persimmon (Diospyros virginiana L.). The poorer surfaces shown
resulted when lateral vibration was stopped. Rake angle, 25°; nominal chip thickness, 0.03
inch. (Photo from McKenzie 1961.)
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are reduced when cutting orthotropic materials. An oscillating knife, how-
ever, has a substantially reduced effective sharpness angle. Also, the oscil-
lating knife, because of slight imperfections in the cutting edge, exerts a
toothed cutting action that is more effective than the simple pressure of a
knife cutting with deviation angle (visualize drawing a toothed knife

across a tomato skin compared to simply pressing the knife against the
skin).

19-3 SHEARING AND CLEAVING ?

These processes are distinguished from conventional orthogonal cutting
because of the extreme depth of cut, i.e., the chip and the workpiece are
equally massive, stiff, and difficult to deform (fig. 19-21).

SHEARING

When very great depths of cut are taken by a knife cutting in the 90-90
mode against an anvil or opposing knife (visualize rose stems cut with
pruning shears), the process is described as shearing (fig. 19-21A). Tree-
felling shears and shears to reduce long logs to shorter pulpwood lengths
are in common use on southern pine. Most of the published research,
however, has described work with other species (Erickson 1967; Kempe
1967; Wiklund 1967; Johnston 1967, 1968a, b, ¢, d; McIntosh and Kerbes
1969; Arola 1971).

This research has indicated that, in general, shear forces are less in
warm than in frozen wood, less in clear than in knotty wood, less in
heartwood than in sapwood, less in low-density wood than in dense wood,
and less where the shearing direction is perpendicular to the annual rings
than where the cut is parallel to the annual rings. Above the fiber satura-
tion point, moisture content apparently makes little difference in the force
required to shear.

Cutting velocity has little effect on shearing force. Shear force is least
when the specimen is cut between opposing knives; if cut by a single knife
against an anvil, a narrow anvil requires less force than a wide one.

The friction coefficient between a steel knife and green wood is approxi-
mately 0.2. Grease lubrication between knife and wood is not particularly
effective in reducing shearing forces; Teflon surfaces on the cutter are more
effective. Axial loads (simulating the weight of a standing tree) do not
appreciably increase shearing forces. Lateral vibration of the cutter re-
duces shear forces required, as does tapering the cutter plate (fig. 19-21D)
to give clearance between the plate and the wood. In a review of Russian

2In sec. 19-3, the text on shearing is condensed from Koch (1971), and that on
cleaving from: Koch, P. Forces required to split green and dry southern pine bolts.
USDA Forest Service, Southern Forest Experiment Station, Alexandria, La., Final
Report FS-S0-3201-1.33 dated June 10, 1970.
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Figure 19-21.—(A) Shearing. (B) Cleaving. (C) Parallel-sided knife. (D) Tapered knife. (E)
Knife with thick root.

work, Kubler (1960) reported that vibration in the feed direction also re-
duces shear forces required.

For parallel-sided cutters (fig. 19-21C), thin blades shear with less force
than thick blades. Blades tapered so that the plate near the cutting edge
is thin and the root thick (fig. 19-21E) require forces intermediate to
thin and thick plates without taper. Sharp blades shear with less force
than dull blades. Cutting edges in the shape of an open V do not ap-
preciably lower forces required to shear logs.

The quality of sheared ends is impaired—i.e., knife-induced splits tend
to be deep—if the wood is frozen, the knife dull, or the blade thick. An
anvil that conforms to log curvature causes less crushing at the support
point than a rigid straight anvil. McIntosh and Kerbes (1969) found that
lumber losses from splitting were less than 1 percent when lodgepole pine
(Pinus contorta Dougl.) and white spruce (Picea glauca var. glauca) trees
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less than 14 inches in diameter were sheared at 45° F. with a knife 114
inches thick.

In trials (unpublished) of industrial shears with 14-inch-thick blades
(45° sharpness angle) converging at the center of the tree, lumber loss
from splitting in southern pine butt logs was more severe than indicated
by McIntosh and Kerbes. In the test, 202 sheared butt logs scaling 7,280
board feet (Scribner standard rule) yielded 8,064 board feet of lumber
when sawed. From production records, the mill estimated that, if the trees
had been felled with a chainsaw, the butt logs would have yielded 8,820
board feet of lumber; i.e., the sheared logs produced 10.7 percent overrun
as compared to the usual overrun of 20.1 percent.

The same mill (located in South Carolina) observed what appeared to
be even more severe splitting when 30 longleaf pines were sheared with a
single blade closing against a fixed anvil. The sheared butt logs were con-
ventionally converted to lumber, dried, and planed—except that the butt
ends of the boards were not trimmed. Length of shear-caused splits in the
planed boards was positively correlated with stump diameter as follows:

Split length
Stump Boards
diameter Maximum Average Logs cut measured
Inches = = — — Inches — - — — - — — Number — — —
12 14 8.1 6 36
14 25 10.3 12 70
16 31 11.6 8 44
18 22 8.7 2 21
20 50 20.6 2 21

Mill management concluded that butt logs from sheared trees 16 inches
and less in diameter would have to be cut back 24 inches before conversion
to lumber; larger butt logs would require a 48-inch trim to eliminate most
splits in the lumber. Such a trimming practice, although resulting in
lumber loss, has some virtue; Hallock (1965) has reported that the por-
tion of loblolly pine trees immediately adjacent to the ground yields lumber
that frequently warps excessively when dried.

Koch (1971) has provided force data for slow-speed shearing of
southern pine logs in diameter classes averaging 5.1, 9.7 and 13.6
inches; shearing was at 2 inches per minute with 34-inch-thick knives
ground to 22%, and 45° sharpness angles. Thirty-six green logs, with
bark in place, without regard to knots, and at a wood temperature of
60 to 80° F. were positioned horizontally and sheared against a flat anvil
measuring 1034 inches along the length of the log.

Data for logs of the three diameters and of two specific gravity classes
are shown for each sharpness angle in table 19-19. Effects of primary
variables are tabulated below; values significantly different (0.05 level)
by analysis of variance appear below an asterisk:
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Maximum Work to Average
Factor force shear check depth
Pounds Foot-pounds Inches
Diameter of log * *
5.1 inches. ... 12,569 3,980 1.1
9.7 inches______ 33,121 18,594 1.2
13.6 inches_ .- 57,338 39,415 1.2
Specific gravity * *
0.40-0.46_._____ 30,847 18,275 1.2
47- 52 . 37,800 23,051 1.1
Sharpness angle * * *
22-14° .. 30,935 19,409 .9
45° - 37,750 21,918 1.3

Check depth was unaffected by bolt diameter; the significant interaction
involving specific gravity and sharpness angle is shown in table 19-19. With
the 221,° knife, specific gravity of the wood had little effect on check
depth; with the 45° knife, however, check depth was greater (1.4 inch) in
low-gravity wood than in high-gravity wood (1.2 inch).

Shearing force and work to shear were greatest for dense, 13.6-inch logs
cut with a knife having a 45° sharpness angle (73,517 pounds, 49,838
foot-pounds) ; conversely, shear force and work were least for 5.1-inch bolts
of low density when cut with a knife having 921/,° sharpness angle (9,975

TapLe 19-19.—Maximum shear force, work, and average check depth when
bark-covered, round, green, southern pine logs were sheared with a 3g-inch-thick
knife closing against a flat anvil (Koch 1971Y)

Average log

diameter inside 2214° sharpness angle 45° sharpness angle
bark and
specific Force Work Check Force Work Check
gravity? depth depth
Pounds Foot-pounds  Inch Pounds  Foot-pounds  Inch
5.1 inches
0.40-0.46____. 9,975 2,885 0.8 12,466 4,191 1.4
47— 52.... 12,533 4,506 .8 15,300 4,339 1.1
9.7 inches
0.40-0.46____ 22,900 13,618 1.0 32,100 18,120 1.4
47— .52_... 36,300 20,637 1.0 41,183 22,001 1.3
13.6 inches
0.40-0.46____ 55,9333 37,8223 .9 51,933 33,016 1.4
47~ 52.... 47,967 36,983 1.1 73,517 49,838 1.3

1 Cutting velocity 2 inches per minute. Each value is an average of three replications.

2 Based on green volume and ovendry weight.

3 Values are high because these three low-gravity logs averaged 15.1 inches in diam-
eter, whereas the three high-gravity logs cut with the 2214° knife averaged only 13.3
inches in diameter.
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pounds, 2,885 foot-pounds). In shearing green southern pine, shear force
builds to a maximum about three-fourths the way through the log; it
then drops rapidly as the knife travels the remaining distance. Momentary
peaks of force commonly occur near the three-quarter point (fig. 19-22).

At a cutting velocity of 2 inches per minute with cutter thickness con-
stant at 34-inch, shearing force (F,, pounds) of green southern pine at
60 to 80° F. can be expressed in terms of bolt diameter inside bark
(inches), sharpness angle (B, degrees), and wood specific gravity (oven-
dry weight and green volume).

For green southern pine logs sheared with bark in place:

F,= —76,268
+5,173 (diameter) (19-9)
+104,485 (specific gravity)
4373 (sharpness angle)

This equation is graphed in figure 19-22 (bottom). Within the range of
the factors tested (sharpness angles 22V, to 45°, bolt diameters 5 to 15
inches, and specific gravity on ovendry weight and green volume basis 0.40
to 0.52), equation 19-9 accounted for 81 percent of the variation with
standard error of the estimate of 9,680 pounds (Koch 1971).

For green southern pine logs sheared with bark in place, work to shear
(foot-pounds) is expressed:

work = — 71,538
44,048 (diameter) (19-9a)
+102,589 (specific gravity)
4171 (sharpness angle)

Within the range of the study, equation 19-9a accounted for 93 percent
of the variation with standard error of the estimate of 4,500 (Koch 1971).

Shears cause some checking in the severed ends (fig. 19-23). Koch
(1971) found that sheared logs viewed in radial section showed a check
at the earlywood-latewood boundary in each annual ring (fig. 19-23 Top
right). Checks were least severe in the smallest logs sheared with the
221, ° knife where they averaged 0.8 inch deep; they were most severe
in the larger logs of low density sheared with the 45° knife where they
averaged 1.4 inches deep.

In addition to the shallow checks shown in figure 19-23 (Top right),
one rather lengthy check (fig. 12-23 Bottom) generally formed in each
sheared log just prior to emergence of the knife.

Figure 19-24 (Top and center) illustrates a tree shear that cuts orthog-
onally; the anvil—hinged like tongs—closes around the back side of the
tree before the 34-inch-thick knife begins its shear stroke. As the tree falls
away from the shear, the tonglike anvil is opened and-—when the tree
has fallen—is clamped to the butt; the tree, with branches in place, is
then skidded by the shear-equipped tractor to a concentration point. A
grapple skidder then forwards the bunched trees to a centralized limbing
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and loading area. It is reported that a skilled operator clear cutting on
favorable terrain can shear 400 to 500 trees per 8-hour shift and bunch
them for grapple skidding. Pines up to 22 inches in diameter at ground
level can be cut with the shears illustrated. Other commercial models are
available that cut in the manner of scissors or pruning shears; generally
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F-520985
Figure 19-23.—Checks in southern pine logs caused by shearing with a 3-inch-thick knife.

(Top left) End-view of sheared surface. (Top right) Portion of radial section; arrow
indicates pith. (Bottom) Typical longitudinal check near point of knife emergence (Photos
from Koch 1971.)

in these designs, one hinged blade closes against a fixed anvil (fig. 19-24
Bottom).

<

Figure 19-22.—Force to shear green southern pine logs. (Top) Force related to knife travel
when shearing green southern pine logs in three diameter classes (5.1, 9.7, and 13.6
inches). Circles defining curves each represent information from 12 logs; i.e., data from
both high- and low-gravity logs and from both 22%2° and 45° knife angles were pooled.
The solid point above each curve shows the average (and position of occurrence) of
maximum peak forces that lasted only arily; they tended to occur when the knife
was about three-quarters through each log. (Bottom) Relationships between maximum
shearing force and factors of log diameter, specific gravity (basis of green volume and
ovendry weight), and sharpness angle. Curves plotted from regression equation 19-9 by
holding all factors but the one of interest at average value. Average log diameter was
9.51 inches; average specific gravity was 0.467. (Drawings after Koch 1971.)
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Figure 19-24.—Tractor-mounted tree shears operating in southern pine. (Top and center)
Orthogonal shear: felling, short-distance skidding, hani: (Bottom) Hinged shear:

felling, mechanism. (Top and center photos from Rome Industries, Inc.; bottom photos
from J. I. Case Company.)

CLEAVING

Longitudinal splitting of a short log in the 90-0 mode (as with a hatchet)
is termed cleaving (fig. 19-21B). The parallel cutting force (Fj) is affected
by numerous factors including width of cut, distance from cutting plane
to periphery of the log, sharpness angle, straightness of grain, moisture
content of the wood, and wood specific gravity. Length of log has only
a minor effect on maximum force required.
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Koch? has provided some data specific to southern pine. Saturated and
dry (13-percent moisture content) southern pine bolts 14, 28, and 42 inches
long and from 4.7 to 13.5 inches in diameter were split through their
centers with a 3g-inch-thick plate ground like a common screwdriver to
sharpness angles of 221/, and 45°. Table 19-20 gives some typical values.
The bolts were randomly selected without regard to knot structure or
straightness of grain. Knife speed was 2 inches per minute.

In the following tabulation of effects of primary variables, those values
found significantly different (0.01 level) by analysis of variance appear
below double asterisks (Koch?).

Factor and level Maximum Work to
force cleave
Pounds Foot-pounds
Moisture content b
Green_.___________.__ 7,630 4,210
Kiln-dry (12.9 pet.). . 12,140 4,190
Specific gravity
044 _________.__ 9,440 3,970
049 ... 10,330 4,440
Sharpness angle, degrees b b
22.5 e 8,120 3,230
45 .00 . 11,650 5,180
Bolt length, inches **
14 . 10,880 970
28 e 9,760 3,790
42 . 9,020 7,850
Diameter of bolt, inches o s
2y 4,260 1,320
9.4 .. 9,830 3,430
13.5 . . 15,560 7,870

Each value in the foregoing tabulation is an average with all data pooled
except for stratification by the indicated primary variable. The specific
gravities given are based on green volume and ovendry weight.

Koch? found that splitting force (F,) generally reached a maximum
within the first inch of knife travel and diminished thereafter (fig. 19-25).

The 4.7-inch-diameter bolts required significantly less force and work
to cleave than the 9.4- and 13.5-inch bolts (4,260 vs. 9,830 vs. 15,560
pounds, and 1,320 vs. 3,430 vs. 7,870 foot-pounds).

At a cutting velocity of 2 inches per minute with cutter thickness con-
stant at 3g-inch, peak cleaving force (F,, pounds) of green southern pine
at 60 to 80° F. can be expressed in terms of bolt diameter inside bark
(inches), bolt length (inches), sharpness angle (8, degrees), and wood
specific gravity (ovendry weight and green volume) :

p=—13,317
+1,154.5 (diameter)
+1.9156 (length) (19-10)
+29.283 (sharpness angle)
419,545 (specific gravity)
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TABLE 19-20.—Parallel tool force and work to longitudinally split green and dry
southern pine bolts of low and high density with a %g-inch-thick knife'** * (Data
from Koch; see text footnote?)

Bolt diameter 2214° sharpness angle 45° sharpness angle

and length
(inches) Force Work Force Work
Pounds Foot-pounds Pounds Foot-pounds
GREEN
4.7-inch
diameter
class
14 .. 2,020( 2,930) 210( 410) 2,830( 2,540) 240( 240)
28 - 2,160( 3,090) 980( 2,030) 2,410( 2,710)  1,250( 1,270)
42 . 1,830( 2,960)  1,650( 3,520) 3,900( 2,680)  3,160( 5,150)
9.4-inch
diameter
class
14______.__ 6,550( 9,280) 790( 820) 7,790( 6,120) 470( 610)
28 o= 7,010( 8,480)  2,350( 2,160) 7,030( 7,030)  3,140( 2,060)
42 e 6,200( 6,610)  3,770( 6,290) 7,810( 6,240)  7,550( 7,140)
13.5-inch
diameter
class
14 .. 12,580(13,880)  1,780( 1,470) 11,120(13,510)  1,120( 2,620)
28 - 13,890(14,050)  7,320( 5,520) 12,530(13,090)  4,430( 7,820)
42 e - 13,470(11,110) 14,560( 7,890) 10,950(16,230)  11,530(28,400)
4.7-inch
diameter
class
14 ... 3,180( 3,430) 130( 190) 9,070(10,970) 240(  610)
28 - 3,220( 3,020) 700( 670) 7,820( 9,420) 860( 1,040)
42 - 2,170( 2,980) 1,210( 1,750) 7,610( 7,270)  2,220( 1,880)
9.4-inch
diameter
class
14 ___. 9,230(12,930) 585( 1,080) 17,920(18,180) 830( 1,790)
28 - 6,060( 8,630) 1,190( 3,770) 13,870(19,850)  3,180( 6,620)
42 ... 6,180( 6,610)  3,430( 4,910) 13,490(16,560) 5,870(11,810)
13.5-inch
diameter
class
14 ___ 15,880(23,120) 1,600( 1,950) 25,960(20,070)  2,690( 880)
28 - 12,530( 9,580)  4,990( 2,460) 21,520(25,220) 15,680( 9,450)
42 - 13,030(12,120) 11,730(10,260) 18,580(19,510)  19,320(13,350)

1 Cutting velocity 2 inches per minute.
2 The first number gives the force (or work) to split low-density bolts; the second
number, in parentheses, gives the force (or work) required to split high-density bolts.
Each number is an average of three replications.
3 Average moisture content of the dry bolts was 12.9 percent.
4 Average specific gravity of low-density bolts (basis of green volume and ovendry

weight) was 0.44; that of high-density bolts was 0.49.
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Figure 19-25.—Force to split (cleave) dry and green southern pine bolts of three diameters
and three lengths as related to distance penetrated (to 10 inches) by the knife. Except at
knot clusters, the force was more or less linear from the value shown at 10-inch
penetration to 0 at emergence of the knife at the end of the bolt. Each curve is based on
data from 12 bolts with data for both specific gravity classes and both sharpness angles
pooled. (Drawing after Koch2,)
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Within the range of the factors tested (sharpness angles 2214 to 45°, bolt
diameters 3.3 to 17.8 inches, bolt length 14 to 42 inches, and specific
gravity on ovendry weight and green volume basis (0.40 to 0.53), equa-
tion 19-10 accounted for 89 percent of the variation with standard error
of the estimate of 1,584 pounds. (See fig. 19-26.) Peak force to cleave
average 7,627 pounds.

Force to cleave green was minimum if a 221, ° knife was used on bolts
that were short, of low gravity, and of small diameter.

For dry southern pine, moisture content (percent) was also a factor in
determining peak cleaving force (F,, pounds):

F,= —23,230
+1,429.4 (diameter)
—108.23 (length) (19-11)
4-309.12 (sharpness angle)
430,850 (specific gravity)
+35.943 (moisture content)

Within the range of factors tested, equation 19-11 accounted for 85 percent
of the variation with stadard error of the estimate of 2,854 pounds. (See
fig. 19-26.) Peak force to cleave averaged 12,140 pounds; it was minimum
for dry wood if a 2214, ° knife was used to cut bolts of low specific gravity
and of small diameter.

When simple expressions with the form and factors of equations 19-10
and 19-11 were used to predict work to cleave green and dry bolts, per-
cent of variation accounted for was low (53 and 72 percent). More com-
plex models (see Koch?), however, provided equations that accounted for
73 percent of the observed variation in green bolts and 86 percent of the
variation in dry bolts. The various interactions are illustrated in figure
19-27. Work to cleave green bolts averaged 4,215 foot-pounds, that for
dry bolts averaged 2,069 foot-pounds.

For both green and dry bolts, regression analysis showed that work to
cleave was lowest for short specimens of small diameter and low specific
gravity cut with the 221,° knife. By regression analysis, work to cleave
kiln-dried bolts proved positively correlated with moisture content in the
range from 9 to 20 percent; analysis of variance, however, did not indicate
that green bolts required more work to split than dry bolts.

Of the 216 bolts split by Koch?, only a few were knot free. Only rarely,
however, did split surfaces expose knots; typically they followed the pith
closely, were irregular, and revealed some spiral grain close to the pith.

19-4 PERIPHERAL MILLING PARALLEL TO GRAIN?®

Peripheral milling, or planing, may be defined as the removal of ex-
cess wood in the form of single chips formed by intermittent engagement
with the workpiece of knives carried on the periphery of a rotating cutter-

3 Sec. 19-4 is condensed from Koch (1954, 1955, 1956, 1964b).

e ————
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Figure 19-26.—Significant interactions and relationships that affect the peak force required
to cleave green (left) and dry (right) southern pine logs or bolts with a 3-inch-thick
knife travelling at 2 inches per minute. The curves were plotted from equations 19-10 and
10-11 by holding all values but one at their mean (or stated) values and allowing the
factor named on the abscissa to vary throughout the range tested. (Drawing after

Koch?.)

head. The cutterhead usually carries several knives, removable for sharpen-
ing, which are precisely adjusted to cut in a common cutting circle. Final
adjustment involves jointing the knives with an abrasive hone while the
cutterhead revolves at operating speed. The finished surface therefore con-
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Figure 19-27.—Work required to cleave green (top) and dry (bottom) southern pine logs or
bolts with a 3-inch-thick knife travelling at 2 inches per minute. The curves were
plotted from regression equations by holding all values but one at their mean (or stated)
values and allowing the factor d on the absci to vary throughout the range
tested. (Drawings after Koch®.)

sists of a series of individual knife traces generated by the successive en-
gagement of each knife.

A detailed treatment of the kinematics, force systems, and chip severance
phnomenon is available (Koch 1964b).

..
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NOMENCLATURE

Figures 19-28 and 19-29 ilustrate nomenclature in peripheral milling.

KINEMATICS

In conventional planers, the engaged knives move counter to the move-
ment of the workpiece—an action termed up-milling (fig. 19-30A);
if the engaged knives move in the same direction as the workpiece, the
process is called down-milling (fig. 19-30B).

The trochoidal path taken by each knife tip can be represented (fig.
19-30C) by considering the workpiece fixed in space and allowing the
cutterhead to rotate about a roll circle of a diameter that gives a relative
translatory velocity equal to the desired feed speed.

Feed per jointed knife (F:) can be stated:

Fi=—n (19-12)

The distance between knife marks can be reduced by decreasing the feed
speed, increasing the number of jointed knives in the cutterhead, or by
increasing the cutterhead speed.

If the knives are accurately jointed, for up-milling the wave height can
be expressed:

2
p—TE (19-13)

o(r+2T)

w

Wave height can be reduced by increasing the radius of the cutterhead or
by decreasing the feed per knife.
For up-milling the length of knife path engagement is as follows:

L =R arc cos (l —-é)—!-F—J: (Dd—d?)v2 (19-14)
R/ xD

When up-milling, the average thickness of the undeformed chip can
be stated:

Fyd
tavg=7 (19—15)

The significance of these formulae can be visualized from a tabulation
of the dimensions of chips and surfaces produced by two commonly used
up-milling cutterheads. For purposes of comparison, it is assumed that
both heads rotate at 3,450 revolutions per minute (r.p.m.) and take a
g-inch-deep cut.




812 UTILIZATION OF THE SOUTHERN PINES—KOCH AH 420

KNIFE FACE / :
GIB FACE /"KN'FE

EXTENSION

FEED SPEED-Ff I

WIDTH OF JOINT |——

Figure 19-28.—Terminology for peripheral-milling cutterhead. Up-milling illustrated.
Rake angle, degrees

Sharpness angle, degrees

Clearance angle, degrees

Depth of cut, inches

Cutting-circle diameter, inches

mMgowe

Feed speed of workpiece, feet per minute
{Drawing after Koch 1955.)

T =eight knives T =16 knives
D =nine inches D =11 inches
Dimension F =300 f.p.m. F=1,000f.p.m.
Inch Inch
Fe o el 0.130 0.217
R e 0.441X1073 0.891 X107
L. 1.100 1.289

[ 0.015 0.021
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Figure 19~29.—Path generated by up-milling knife.

Ft Feed per knife; translation of the workpiece between engagement of successive
knives, inch
Height of knife marks above point of lowest level, inch
Length of knife path during each engagement with the workpiece, inches
Revolutions per minute of cutterhead, r.p.m.

A3 - >

Cutting-circle radius, inches

tavg.  Average thickness of undeformed chip, inch

T Number of jointed knives in the cutterhead

d Depth of cut, inch
(Drawing after Peter Koch 1964b, p. 113, WOOD MACHING PROCESSES Copyright ©
1964 The Ronald Press C Y. New York.)

P

CHIP FORMATION

Koch’s (1954, 1955, 1956) high-speed photographs of up-milling knives
cutting Douglas-fir, Pseudotsuga Menziesii (Mirb.) Franco (none for
southern pine have been published) show the same chip formations ob-
served in orthogonal cutting of southern pine in the 90-0 or planing
direction (e.g., figs. 19-3, 19-5, 19-6). Peripheral up-milling differs in
one important respect from 90-0 orthogonal cutting; while the initial up-
milling cut is essentially parallel to the grain, the emerging cut may be at
a considerable angle to the grain (fig. 19-31). Furthermore, in peripheral
up-milling the undeformed chip thickness constantly changes from a
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Figure 19-30.—(A) Up-milling. (B) Down-milling. (C) Knife path, relative to workpiece, is a
curtate trochoid. (Drawings after Peter Koch, 1964b, WOOD MACHINING PROCESSES,
Copyright © 1964, The Ronald Press Company, New York.)

minute value at contact to a maximum just prior to emergence; chips
cut at emergence are frequently Franz Type I (fig. 19-31).
Fortunately, the part of the knife path that remains visible on the ma-
chined surface is the initial portion where chip thickness is minute; a
Franz Type 11 failure can therefore be induced (figs. 19-32 and 19-44).
With very low rake angles, Type III chips are common (fig. 19-33).

SURFACE QUALITY

Quality of the machined surface is primarily determined by the cutting
geometry and the type of chip formed. In general, machined surfaces are
improved by maintaining low values for F; (feed per knife) and h (height
of knife marks); this is accomplished by increasing the cutting-circle
diameter and the number of jointed knives in the cutterhead and by re-
ducing the feed speed. A good surface on dry southern pine requires an
F. of less than Y-inch, and an h of less than 0.00044 inch. Cutterhead
speed is commonly fixed at a nominal 3,600 r.p.m. because this is the
synchronous speed of the usual motor mounted direct on the spindle;
further, 3,600 r.p.m. is the highest speed at which knives can be con-
sistently jointed so that they all track in the same path and share equally
in the cut.
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Figure 19-31.—An eight-knife, 9-inch cutterhead rotating at 3,450 r.p.m. taking Y-inch
depth of cut at 300 f.p.m. from flat-grain Douglas-fir. Moisture content, 10 percent; rake
angle, 17°10"; clearance, 32°50’; surface quality, unsatisfactory. Net cutterhead horse-
power required per inch of workpiece width, 3.70. (Data and photo from Koch 1954, p.
123)

Figure 19-32.—A Type N chip formed by an eight-knife, 9-inch cutterhead turning at 3,450
r.p.m. taking a 3/16-inch depth cut at 307 f.p.m. on dry (9 percent) Douglas-fir of low
specific gravity. Rake angle, 30°; clearance angle, 20°; net cutterhead power required per
inch of workpiece width, 0.93 hp. (Data and photo from Koch 1954, p. 275.)
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Figure 19-33.—Type Il chip formed by up-milling dry Douglas-fir 3/32-inch deep with knife
having a rake angle of —5°. Cutterhead speed, 3,500 r.p.m. (Photo from Koch 1954, p.
173.)

The best surfaces result when Type II chips are formed during the
early part of knife engagement (fig. 19-32). For southern pine of varying
moisture content, rake angles from 20 to 30° in combination with a clear-
ance angle of about 20° (not less than 15°) are appropriate. Type II
chips are more likely to occur with shallow cuts (less than 4-inch) than
with deep cuts, but are difficult to form if wood is planed against a sloping
grain.

Type IIT chips (fig. 19-33) tend to cause incomplete fiber severance
and fuzzy grain (fig. 19-34); the defect is a particular problem when
cutting wet wood with knives of low rake angle. Type I chips—if the splits
run below the cutting plane—cause chipped grain (fig. 19-34).

Dull knives, knives that have been jointed too many times between
sharpenings, and knives with insufficient clearance angle cause raised grain
—a roughened condition in which hard latewood is raised above the softer
springwood but not torn loose from it (fig. 19-34). The defect may show
up subsequent to machining, as the wood swells when exposed to high
humidity.

When a dry flat-grain southern pine board is planed with dull knives,
impact of the knives may cause the latewood bands to separate from
earlywood; this defect is called loosened grain (fig. 19-34 Top).
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F-520986
Figure 19-34.—Typical machining defects in southern pine. (Top) Loosened grain; arrows at

left indicate location of partially crushed wood and separation at earlywood-latewood
border. (Middle left) Fuzzy grain. (Middle right) Chipped grain. (Lower left) Raised
grain. (Lower right) Chipmarks.

The defect of chip marks is caused by shavings or fiber bundles that
fold over and adhere to the cutting edge so that they are carried around
and indented into the surface of the wood (fig. 19-34). Most pine is not
particularly subject to this defect, but some pieces characteristically show
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Figure 19-35.—Effect of moisture content on the net cutterhead power required per inch of
workpiece width by a single knife cutting Douglas-fir at various feeds per knife. Rake
angle, 30°; depth of cut, 1/16-inch; cutting-circle di ter 9.02 inches; nominal speed,
3,600 r.p.m. (Drawing after Peter Koch 1964b, p. 122, WOOD MACHINING PROCESSES,
Copyright © 1964, The Ronald Press Company, New York.)
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Figure 19-36.—Shallow cuts in flat-grain Douglas-fir require less net cutterhead horsepower
per inch of workpiece width than in edge grain wood when cut with an eight-knife,
9-inch-diameter cutterhead rotating at 3,600 r.p.m.; rake angle, 30°; feed speed, 298
f.p.m. (Drawing after Peter Koch 1964b, p. 124, WOOD MACHINING PROCESSES, Copy-
right © 1964, The Ronald Press Company, New York.)

Figure 19-37.—In milling Douglas-fir, more
power is required for saturated than for
dry wood, except at very low or nega-
tive rake angles (data pooled for dll
depths of cut and all clearance angles).
F. = 0.127 inch with 9-inch-diameter cut-

L L 1 L terhead turning at 3,600 r.p.m. {Drawing

) ° To 20 30 20
RAKE ANGLE , @ (DEGREES) after Koch 1955.)

NET HR SUMMATION
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chip marks. While a remedy is difficult to find, wiping each knife edge
with a solvent-soaked rag sometimes helps. Inadequate suction in the
blowpipe system aggravates the problem.

A well-illustrated and more detailed discussion of the causes and remedies
for raised, loosened, torn, chipped, and fuzzy grain is available (USDA
Forest Products Laboratory 1955).

For a greatly magnified view of a surface cut by a peripheral-milling
cutterhead see figure 25-8.

FACTORS AFFECTING POWER

No information specific to southern pine has been published; trends
apparent in Koch’s (1954, 1955, 1956, 1964b) data on Douglas-fir, how-
ever, should be generally applicable to southern pine. Detailed discussion
of the causes behind the effect of each factor are available (Koch 1964b,
p. 121).

Workpiece factors.—With commonly used rake angles, more cutterhead
power is required to plane wet wood than dry because of the power con-
sumed accelerating heavy wet chips (figs. 19-35, 19-36). With very low
or negative rake angles, however, dry wood takes more power than wet
(fig. 19-37) ; this is reasonable inasmuch as knives with low rake angles
form Type III chips by compressing the wood parallel to the grain, and
dry wood is much stronger than wet when so loaded.

Flat-grain wood has more of a tendency to split ahead of the knife than
does edge-grain wood; therefore, flat-grain wood may require less power
to mill (fig. 19-36).

Because wood of high density is strong and the heavy chips require
substantial energy for acceleration to cutting velocity, high-density wood
requires more power to plane than that of low density (fig. 19-38).

Cutterhead factors.—Net power required for a cutterhead is affected by:

Cutting velocity Width of joint

Cutting-circle diameter Knife extension beyond face of gib
Number of jointed knives cutting Shape of gib face

Rake angle Angle between rotational axis of
Clearance angle cutterhead and direction of feed

Sharpness of cutting edge

Koch (1964b, p. 142) has calculated the power required to accelerate
chips to commonly used cutting velocities. For example, if g-inch is
planed from one face of saturated 2- by 12-inch planks at 1,000 f.p.m.,
with an 1l-inch diameter cutterhead turning at 3,450 r.p.m., 10.1 hp.
are required just to accelerate the chips to the cutting velocity of 182
feet per second.

A cutterhead of 11-inch-diameter cuts a better surface than a compar-
able one 9 inches in diameter because the wave height (h) is less. At the
same speed of rotation, the larger head requires more power because of
its greater cutting velocity; e.g., 3.4 percent more with dry Douglas-fir
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Figure 19-38.—Effect of specific gravity (basis of ovendry weight and volume) of Douglas-
fir on net cutterhead horsepower per inch of ‘workpiece width. Data are for two feed
speeds (150.5 and 306.7 feet per minute) and three depths of cut with an eight-knife,
9-inch cutterhead turning at 3,600 r.p.m. Rake angle, 30°. Moisture content, 8.5 percent.
(Drawing after Koch 1956.)

and 10.8 percent more with saturated fir (Koch 1956). Figure 19-39
illustrates the difference if data for green and dry wood are pooled.

At feed speeds below F, = 0.3 inch and cuts less than Vg-inch deep,
horsepower demand increases with number of jointed knives cutting,
although in no case does a doubling of the number of knives cause a
doubling of power demand (see fig. 1940 in the range from six to 12
knives). With deep cuts and values of F. over 0.3, power demand may
be negatively correlated with number of knives cutting because the large
chips formed cannot readily escape from the knife; such clogging (fig.
19-41A) explains the high power demand for the two-knife, ¥g-inch cut
in figure 19-40.

Net cutterhead power is inversely correlated with rake angle; figure
19-37 shows the interaction of rake angle with moisture content. Power
required rises sharply with decreased rake angle, reaching a point of
inflection between plus 15 and minus 5° (fig. 19-42) ; with dry wood a
rake angle of 15° requires about half as much power as a 0° angle, and
about twice as much as a 30° angle. With saturated wood, a rake angle
of 25 to 30° requires about half the power required by 2 0° angle. Ap-
plication of this knowledge must be tempered by the fact that a 40° rake
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Figure 19-39.—Effect of cutting circle diame- Figure 19-40.—Effect of number of knives

ter and feed speed on net cutterhead and depths of cut on net cutterhead
horsepower (summed data for green and horsepower per inch of workpiece width,
dry Douglas-fir and two-, four-, and Feed speed, 500 f.p.m.; rake angle, 277%2°;
eight-knife heads). For both diameters, moisture content, 7.33 percent; cutting-
rake angle was 30°, depth of cut 1/16- circle diameter, 9.44 inches; nominal
inch, and cutterhead speed 3,600 r.p.m. speed of cutterhead, 3,600 r.p.m.; species,
(Drawing after Koch 1956.) Douglas-fir. (Drawing after Koch 1955.)

angle will probably cause chipped grain, and a zero or negative rake angle
will cause fuzzy grain on saturated wood and raised grain on dry wood
(fig. 19-34).

Clearance angle is negatively correlated with net cutterhead power re-
quired. The trend is not pronounced; tests have shown that a 5° clear-
ance angle causes about 9 percent more power consumption than a 30°
angle (Koch 1955). Practical limitations usually govern selection of clear-
ance angle. For example, a clearance angle of 30° in combination with a
rake angle of 40° results in a cutting edge too fragile for most applica-
tions. On the other hand, a 5° clearance angle causes an undesirable
width of joint (fig. 19-28) after even the lightest of jointing operations.
A small clearance angle in combination with a heavy joint causes raised
grain (fig. 19-34).

Dull knives (fig. 19-8) increase power consumption in addition to
causing fuzzy and raised grain as wear reduces effective rake angle. Knives
that have been heavily jointed require extra power for the same reason
as knives having small clearance angle, ie., the feed of the workpiece
pushes the cut surface against the back of the knife as it nears the end
of its cutting path (fig 19-43).

Up to a certain critical value, the knife extension beyond the face of the
gib (fig. 19-28) is negatively correlated with horsepower requirement of
the cutterhead. For example, Koch (1956) has shown that with flat-face
gibs (fig. 19-44), the knife edge should be extended at least 0.3 inch
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Figure 19—41.—Chips formed by Ve-inch depth cut at 500 f.p.m. under conditions outlined in
figure 19-40. (A) Two knives (every sixth knife cutting). (B) Six knives. (€) All 12
knives cutting. (Photos from Koch 1955.)

beyond the gib if power is to be minimized when making a %3-inch cut
at an F, of 0.13 inch; under these conditions required power increases
about 40 percent if the extension is reduced to 0.15 inch.

The flat-face gibs of figure 19-44 require 25 percent more cutterhead
power than do concave gibs when making identical Yg-inch cuts with
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Figure 19-42.—Effect of rake angle and depth of cut on net cutterhead power requirement
(per inch of workpiece width) for planing dry and saturated Douglas-fir. F¢, 0.127 inch;
clearance angle, 20°; cutting circle diameter, 9.05 inches; nominal speed, 3,600 r.p.m.
(Drawing after Peter Koch 1964b, p. 149, WOOD MACHINING PROCESSES, Copyright ©
1964, The Ronald Press Company, New York.)

eight knives at 300 f.p.m. (Koch 1955). It is evident from figure 19-44
that very abrupt chip deformation is caused by the flat-faced gib. Figure
19-32 illustrates how the cutterhead body should be relieved to conform
to gib shape. ‘

If the cutterhead is slewed so that its rotational axis makes an angle
other than 90° with the direction of feed, each element of each cutting
edge cuts at an angle to the grain direction. The effective knife extension
and rake angle are imcreased by an amount dependent on the angle
through which slewed, the feed speed, and the cutterhead peripheral
velocity; therefore cutterhead power is slightly reduced (fig. 19-45).

Feed factors.—In the special case where F; is held constant while feed
speed is increased (i.e., the number of knives in the cutterhead is doubled
each time the feed speed is doubled), the horsepower requirement per knife
is approximately constant within the feed speed range from 100 to 1,000
f.p.m.

In the more general case in which all other factors remain constant,
an increase in feed speed increases the height of the individual knife marks
and increases the distance between them, lowering surface quality and
raising cutterhead power demand (fig. 19-46). With cuts less than Jg-inch
deep, the horsepower requirement does not double when F; is doubled;
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Figure 19-43.—Effect of width of joint on Figure 19-45—Effect on net cutterhead

net horsepower requirement per inch of
workpiece width. Fe, 0.0895 inch; rake
angle, 30°; moisture content, 8.9 percent;
diameter, 9.08 inches; nomi
nal speed, 3,600 r.p.m.; species, Douglas-
fir. (Drawing after Koch 1956.)

cutting-circle

horsepower (per inch of workpiece width)

of changing angle between cutterhead
axis and feed direction from 90 to 70°.
Douglas-fir; 8.9-percent moisture content;
eight-knife, 206-f.p.m., 3,600-r.p.m. cutter~
head. (Drawing after Koch 1956.)

Figure 19-44.—Chips are severely deformed and have difficulty escaping from cutterheads
equipped with flat-faced gibs. Curved gibs shown in figures 19-32 and 19-33, although
not ideally contoured, permit chip to escape with less breakage. (Photo from Koch 1955.)
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Figure 19—46.—Effect of feed per knife (F:) on net cutterhead power (per knife per inch of
workpiece width). Data for three depths of cut in Douglas-fir at 7.3-percent moisture
content. Rake angle, 2772°; cutting-circle diameter, 9.44 inches; inal speed, 3,600
r.p.m. (Drawing after Peter Koch 1964b, p. 157, WOOD MACHINING PROCESSES, Copy-
right © 1964, The Ronald Press Company, New York.)

in other words, it takes less energy to cut a given volume of wood into
long chips than into short.

Depth of cut is positively correlated with cutterhead power demand.
With conventional feeds per knife (F; of less than 0.2 inch) and rela-
tively shallow cuts, cutterhead power demand falls short of doubling when
depth of cut is doubled; under these conditions it generally requires less
energy to remove a given volume of wood in a single cut than in two
shallow cuts (fig. 19-40). Where F; exceeds 0.5 inch, however, some tests
have shown that horsepower requirement per knife is approximately pro-
portional to depth of cut, i.e., a J4-inch cut takes nearly twice as much
power as a 1 g-inch cut and nearly four times as much as a 4,-inch cut

(fig. 19-46).

DOWN MILLING

Most conventional planing is accomplished by the up-milling process as
described in the previous portion of this section. Some machining, how-
ever is performed in the down-milling mode (fig. 19-47). In addition,
the development of the chipping headrig, which reduces logs to square
or rectangular timbers plus pulp chips (no sawdust), has stimulated interest
in down-milling (Koch 1964a).

As with up-milling, the feed per jointed knife is given by the equation:

Fy=—r1 19-12
= (19-12)
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Figure 19-47.—Path generated by down-
milling knife. The path of knife engage-
ment is shorter than in up-milling because
feed of workpiece shortens time knife is
cutting.

d Depth of cut, inch

Fe Feed per knife; translation of the
workpiece between engagement of
successive knives, inch

h Height of knife marks above point
of lowest level, inch

L Length of knife path during each

DOWN-MILLING

1 1
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Figure 19-48.—Net cutterhead power per

inch of workpiece width in up-milling, as
compared to down-milling. F., 0.0895
inch; rake angle, 30°; feed speed, 206
f.p.m.; cutting-circle diameter, 9.08 inches;
cutterhead speed, 3,600 r.p.m.; number of
knives, eight; species, Douglas-fir at 8.9-
percent moisture content. (Drawing after
Koch 1956.)

engagement with the workpiece,

inches

n Revolutions per minute of cutter-
head, r.p.m.

R Cutting-circle radius, inches

tave. Average thickness of undeformed
chip, inch

T Number of jointed knives in the
cutterhead

(Drawing after Peter Koch 1964b, WOOD
MACHINING PROCESSES Copyright ©
1964 The Ronald Press Company, New
York.)

The distance between knife marks is reduced by decreasing the feed speed,
increasing the cutterhead speed, or by increasing the number of jointed
knives carried in the cutterhead.

If the knives have been jointed to a common cutting circle, the wave
height can be expressed:

pBl _Fe (19-16)
F.T
R___
2w

As in up-milling, wave height can be reduced by increasing the radius
of the cutterhead and by decreasing the feed per knife.
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For down-milling, the length of knife path engagement is as follows:

R—d F.T
7 —-Qﬁ, (2Rd —d2) 2 (19-17)

L =R arc cos

As with up-milling, the average thickness of the undeformed chip can
be stated:

Fd

— 19-15

- (19-15)
Down-milling at 300 fp.m. (Yg-inch-deep cut) with an eight-knife,

9-inch-diameter cutterhead turning at 3,600 r.p.m. can be compared with

up-milling in similar circumstances:

tavg =

Dimension Down-milling Up-milling
—————— Inch - ----
Feooo . 0.130 0.130
b .551X1073 .441X1073
L. 1.022 1.100
L SR .016 .015

In down-milling, wave height, average chip thickness, and maximum chip
thickness are greater than in up-milling; however, length of tool path is
shorter for down-milling.

Because down-milling cuts thicker chips than up-milling, it requires
substantially more cutterhead power (fig. 19-48). The attitude of the
knife at engagement in down-milling is less conducive to advance splitting
(Type I chip formation).

With sharp knives and in the conventional range of rake angles, the
up-milling knife exerts very little pressure on the workpiece or tends to
lift it away from the bed plate. Down-milling, however, holds the work-
piece strongly against the bed plate due to the manner of knife engage-
ment (fig. 19-49A). While this force may be of some advantage, the
accompanying horizontal force vector, tending to uncontrollably accelerate
the rate of feed, is usually a disadvantage. Since less feed power is re-
quired, however, the down-milling process frequently requires less total
power than up-milling.

Down-milling differs from up-milling in two additional respects. In
down-milling the knife enters at the rough surface, thus wiping adhering
bundles of fibers from the cutting edge before chip marks can be indented
into the finished surface. Also, as figure 19—49 shows, down-milling chips
are discharged horizontally along the workpiece.

19-5 BARKING

Bark removal is the first step in most conversion processes for southern
pine. Pulpmills require bark-free wood because paper of good quality can
contain neither dirt specks nor bark. The wood-treating industry removes
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Figure 19-49.—Comparison of up-milling and down-milling at 175 f.p.m. with eight-knife

cutterhead rotating at 3,600 r.p.m. and carrying knives with 30° rake. (A} Down-milling,

Va-inch cut. (B) Down-milling, Yz-inch cut. (C) Up-milling, Yeinch cut. (D) Up-milling,
Ya-inch cut. (Photos from Koch 1956.)

bark from posts, piles, and poles to accelerate drying and to facilitate
treatment with chemicals. Sawmills and veneer plants remove the bark
from logs so that their wood residues will be bark free and suitable for
reduction into pulp chips; cutting bark-free logs extends service life of
saws and veneer knives; also, bark-free logs are advantageously sawn
because defects are visible. Finally, pine bark—some 10 percent of the
volume of each tree—is beginning to have economic value for conversion
into various agricultural, fiber, and chemical products.

e
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The many and varied designs of barkers have been reviewed extensively
(e.g., Koch 1964b, pp. 169-178; Holzhey 1969). Because southern pine
bark is removed relatively easily by mechanical means—particularly if
trees have been cut in the spring or if logs or bolts have been stored in
ponds or under water sprays—there are only a few major types of barkers
in common use. Mechanical removal of bark is commonly accomplished
by one of three methods: rubbing or abrasion in a drum barker, shear at
the cambium layer with tools cutting approximately in the 0-90 mode,
and cutting in the 0-90 mode with sharp knives to remove all the bark
plus a thin layer of wood.

DRUM BARKERS

Rotating-drum barkers are used to remove bark from pulpwood. The
bolts tumble together forcibly and repeatedly in their passage through the
drum, rubbing off bark against each other and against the corrugated
interior of the drum (fig. 19-50). Barking drums may be as short as 45
feet or as long as 80 feet.

The 12- by 68-foot drum illustrated in figure 19-50 is rotated by a girth
sprocket and two trunnion tires with supporting rollers. The drum has
a corrugated interior that keeps the bolts tumbling as the drum rotates.
The tumbling wood progresses through the rotating drum impelled by
gravity and by the force of additional incoming bolts. A control gate
facing the outlet of the drum, and headers within it with restricted open-
ings control longitudinal progress of bolts and rate of discharge. Bark
escapes through slots in the drum into a conveyor.

Barking drums should be operated about half full to obtain the greatest
production of bark-free sticks with the least fiber damage from broomed
ends. Table 19-21 shows productivity data. Tight-barked, winter-cut
wood must be tumbled longer to remove bark than loose-barked pulpwood
cut in spring or summer.

Figure 19-50.—Twelve-foot by 68-foot rotating drum barker designed to remove the bark
from pulpwood 4 to 10 feet in length. (Photo from Manitowoc Shipbuilding, Inc.)
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TaBLE 19-21.—Productivity of rotating drum barkers on southern pine pulpwood
4 to 10 feet in length (data from Manitowoc Shipbuilding, Inc.)

Drum characteristics Productivity  Productivity
in summer? in winter?
Length Diameter Speed Power

Feet Feet R.p.m. Hp. — ~ ~ Cords per hour — — =
45 12.0 6.9 150 28(23) 23(18)
68 12.0 6.2 250 55 (45) 45(35)
75 12.0 6.2 250 60 (50) 50(40)
80 14.5 5.5 500 85(70) 70(55)

! The first number in each entry is based on 85-percent bark removal; the number
following in parentheses applies when 95-percent of the bark is removed.

RING BARKERS

Mechanical ring barkers are widely used to remove bark from saw logs
and veneer bolts. The 26-inch machine illustrated in figure 19-51 is one
of several models; for southern pine, ring diameters may range from a
size suitable for 2/2-inch fenceposts to a2 maximum of 40 inches. The infeed-
ing conveyor advances the log longitudinally into the feed rolls. As shown
in figure 19-51, the feed rolls automatically center the log in the rotating
mechanical ring. The ring has five crescent-shaped tools which open auto-
matically as the feed rolls force the log against them. As the log advances
through the rotating ring, the sharp-edged tools shear off the bark in the
0-90 mode; separation takes place in or near the cambium layer. Pressure
on the tools is furnished by heavy rubberbands connected to each tool
shaft.

In some makes of ring barkers, tool pressure is regulated with air cylin-
ders. Twenty-five to 50 pounds of force at each tool edge is usual.

Table 19-22 gives data on productivity of mechanical ring barkers on
southern pine.

TABLE 19-22.—Productivity of five-knife mechanical ring barkers on southern pine
(data from Soderhamn Machine Manufacturing Company)

Ring Feed Average logs Productivity
per 8-hour

Diameter Speed Power Speed Power Length Diameter shift
Inches Rp.m.  Hp. Fpm.  Hp. Feet Inches Number
of logs

14 440 30 150 5.0 7 5 7,000
18 423 50 250 7.5 12 9 6,500
21 242 40 120 5.0 9 9 4,150
26 222 50 187 5.0 28 11 1,800
30 221 75 226 10.0 15 11 4,700
35 123 75 140 10.0 16-20 15 1,600
40 120 75 156 10.0 16-20 15 1,600
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Figure 19-51.—Mechanical ring barker, (Top) Log is centered in the ring, and the tools
remove the bark by shearing the cambium layer (0-90 mode). (Bottom) Outfeed side of
a 26-inch, five-knife, rotating-ring, mechanical barker, Knobby outfeed rolls are identical
to infeed rolls; they automatically center each log. Typically, infeed chains are powered
independenfly of the barker by a 5-hp., tw. peed or variabl peed drive, The ring—
mounted in bail bearings—is turned at 222 r.p.m. by a 50-hp. motor. Force is applied to
the feedworks by air cylinders and to the tools by heavy rubber bands, (Drawing and
photo from Soderhamn.)

POLE SHAVERS
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and its taper eliminated with considerable loss of wood. If the knives are
somewhat dull and the cutterhead is arranged to float over branch knots
and other irregularities, taking a constant-depth cut gauged from the
bark surface, the loss of wood is minimized and the natural taper retained.

Small machines of this type are used to peel fenceposts. Some are fixed
in place, with highly mechanized handling equipment; more common are
portable machines small enough to be towed by a light truck. If well
supplied with posts, a portable machine carrying the cutterhead shown
in figure 19-52 can peel 1,500 posts during an 8-hour day.

The heavy job of peeling poles and piling requires larger, more perma-
nent installations with mechanized infeeding and outfeeding equipment
(fig. 19-53). A typical pole shaver has a pair of four-knife rosser heads
that revolve at 3,550 r.p.m. One is a 25-hp. roughing cutter, the other
a 13-hp finishing head. Both cutterheads are similar to that shown in
figure 19-28; their cutting action approximates the 0~90 mode.

The pole is rotated and driven past the rosser heads by angled, air-filled,
rotating tires. Production is dependent on the efficiency of the handling
system as well as the capabilities of the pole shaver. The machine illus-
trated in figure 19-53 can process Class 4, 40-foot southern pine poles
at a rate of 50 per hour.

OTHER METHODS

Jets of high-pressure water will readily remove bark from coniferous
wood, and hydraulic log barkers are much used to remove the thick bark
typical of many western species. For the small, relatively thin-barked
southern pine log, however, mechanical barkers are probably most eco-
nomical.

The southern pine pulp industry has long desired an economical method
of separating bark from wood chipped with bark in place. One method
in limited use relies on the difference in specific gravity between saturated
pine wood and bark; however, no method has been proven to be generally
economically competitive with the system of mechanically removing bark
from whole stems prior to chipping. Descriptions of investigations aimed
at separating bark and wood chips have been provided by Harvin et al.
(1952), Grondal (1956), Liiri (1960, 1961), Blackford (1961, 1965),
Wesner (1962), and Einspahr et al. (1969).

19—6 CONVERTING WITH CHIPPING HEADRIGS *

The chipping headrig—a machine to convert logs into timbers (cants
or flitches) without simultaneously producing slabs or sawdust—is probably
the most important innovation in mechanical conversion since the inven-
tion of the mechanical ring barker. In most installations the resulting

4 Sec. 19-6 is condensed from Koch (1968a).
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Figure 19-52.—Trailer-mounted

post peeler driven by gasoline en
carbide teeth remove bark «

nd branch stubs;

gine. (Top) Rosser head;
infeed and outfeed shoes control the amo

planer knives then smooth the wood. Fixed
unt of wood removed. (Bottom) The post
revolves as toothed feed wheels advance it over the rosser head. (Photos from Morbark
Industries, Inc.)
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Figure 19-53.—Pole shaver. (Top
(Middle) Feed wheels are mounted ol

) The pole rotates as it passes under the rosser heads.
n turrets that control angularity of feedworks.

on right. Depth of cut is controlled by

that ride on the rotating pole. (Photos from Nelson Electric.)

(Bottom) Roughing head on left; finishing head
shoes
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squared material is resawn into boards or dimension lumber. The machines,
invented to eliminate sawdust from slabbing cuts on conventional head-
rigs, are still under development. Events contributing to the development
of the various configurations of chipping headrigs were reviewed by Koch
(1967a).

Three modes of cutting have been developed for chipping headrigs:
(a) cutting with a shaping-lathe configuration (fig. 19-54A), in which
the knife edge is parallel to the grain but moves perpendicular to the
grain, i.e., 0-90 mode; (b) end-milling (fig. 19-54B), with chip severance
accomplished by cutting across the grain with the knife edge at right
angles to the grain, i.e., 90-90 mode; (c) peripheral down-milling (plan-
ing) with the knife edge perpendicular to the grain but traveling more or
less parallel to the grain, i.e., approximately in the 90-0 mode (fig. 19-54C).

POWER REQUIREMENT

The horsepower driving any head of a chipping headrig is determined
by properties of the wood, chip dimensions, volume of wood chipped per
unit of time, cutter configuration, and cutting mode. As a common base
for comparison, it is convenient to use the concept of specific cutting
energy, i.e., the amount of energy required to remove a unit volume of
wood. With green slash pine (84 to 106 percent in moisture content and
from 0.50 to 0.58 in specific gravity on basis of ovendry weight and green
volume) and the cutterheads illustrated in figure 19-54, energy require-
ments have been measured (Koch 1964a):

Chip length Specific
Cutting configuration along tne grain cutting energy
Inch Hp. min. [cu. in. of
wood removed

End-milling (fig. 19-54B)___ 34 0.011
Planing (fig. 19-54C)._____ 34 .002
Shaping-lathe (fig. 19-54A)_ 1 (and 0.015 .009

inch thick)

Specific cutting energy for the shaping-lathe configuration (fig. 19-54A,
0-90 cutting direction) would be less than for the other two modes if the
flake thickness were increased from 0.015 inch tested to usual pulp chip
thickness. A specific cutting energy for pulp chips of less than 0.002 hp.
minute per cubic inch is probable.

The cutterhead in figure 19-54A had a rake angle of 45° with a clear-
ance angle of 15°; diameter of the cutting circle was 13 inches. In figures
19-54B and C the rake angle was 45° with a clearance angle of 71,°;
cutting-circle diameter was 11144 inches.

Cutterheads can be mounted to cut at intermediate angles with energy
requirements intermediate to the extremes illustrated.
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F-520987
Figure 19-54.—Three configurations of chipping headrigs and resulting chips. (A) Shaping

lathe, 0-90 mode. (B) End-milling, 90-90 mode. (C) Down-milling, approximately 90-0
mode. Arrow in (A) points to cam and cam follower controlling shape of cant. The saw
in the end-milling configuration (B) proved unnecessary and was later removed. (Photos
from USDA Forest Service 1964, p. 60.)

COMMERCIAL DESIGNS

In 1964 there were no chipping headrigs operating on southern pine.
By 1970 the machines were in wide use throughout the southern pine
region.

Planing.—Two manufacturers have pioneered four-head machines that
use the planing principle (fig. 19-54C) ; both handle random-length logs. In
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one design (fig. 19-55) the feedworks centers the log vertically and later-
ally to yield a pith-center cant. A top loader is provided to speed entry
of each log into the feedworks, which characteristically runs at 183 f.p.m.—
at which speed chips are %-inch in length. Some operate at 250 f.p.m.
Purchasers of early models did not fully appreciate the productiveness

Figure. 19-55.—Stetson-Ross Beaver chipping headrig. (Top left) Assembled cutterheads.
(Top right) Method of holding knives in the heads. (Bottom) Logs, poised for instant
delivery, may be fed from either side to the infeed chain. Production is over 100,000 bd.
ft. of lumber per 8-hour shift. The four-head machine is equipped with hydraulic setworks
with range of adjustment sufficient to square logs from 5 to 24 inches in diameter. Feed

rate is commonly 180 f.p.m.; some machines, however, feed at 250 lineal f.p.m. (Photos
from Stetson-Ross.)
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of the equipment and failed to provide for a sufficiently rapid flow of logs.
Figure 19-55 illustrates a well-designed instaliation in British Columbia
that feeds at 250 f.p.m. and will accept logs up to 24 inches in diameter.
Similar machines are installed in the South.

The first machines were followed (in straight line) by gang circular
ripsaws to convert the S4S cants into dimension lumber. Some later in-
stallations employ single, dual, or even quad bandsaws in place of the
circular saws. The initial canting operation need not produce only square-
cornered timbers, but may turn out round-edge or wany cants for subse-
quent resawing.

In addition to the larger machines, a similar but much smaller chipping
headrig is available for converting cordwood (up to 11 inches in diameter)
into hexagonal fenceposts. This machine also feeds at 183 f.p.m.

The edger shown in figure 19-56 is designed to remove wane from
boards and is a significant application of two chipping heads in the planing
configuration. The guide for the lumber (straight-edge) shifts in relation
to the fixed head to accommodate varying amounts of wane. The movable
head shifts to accommodate lumber of varying width. Splitter saws can
be installed in a modular section following the chipper heads. Machines
are available that will accept lumber up to 24 inches wide and 4 inches
thick.

A second widely used chipping headrig features a feedworks that em-
ploys the bottom platen as a reference for infeeding logs. The top and
bottom cutterheads can profile each log—much as a moulder shapes a
pattern—in a stepped pattern for subsequent resawing (fig. 19-57).

The manufacturer of this machine favors tipped cutterheads—inter-
mediate between the 90-0 situation (fig. 19-54C) and the 0-90 situation
(fig. 19-54A) —for side chipping heads. The headrig characteristically feeds
at about 100 f.p.m. Machines are available in a wide range of sizes, with
numerous combinations of cutterheads and resaws. The firm also manu-
factures a two-head chipping edger with tipped side chipping heads fol-
lowed by a circular ripsaw.

End-milling.—There are a number of chipping headrigs and edgers that
cut—with modification—in the mode shown in figure 19-54B. In one
arrangement (fig. 19-58), the two opposed end-milling disks each carry
several knives. Each chipping knife has two cutting edges, which join at
an angle; one edge severs the fibers, and the other smooths the cant.
Some end-milling disks carry scoring knives that make slits parallel to the
grain before the chipping knives sever the chips. Chips are uniform in
size and shape (fig. 19-58). A two-head, end-milling edger that operates
on the same principle is also available.

A Swedish design available in this country has two end-milling heads
carrying small knives mounted in a multiple helical pattern around
cutterheads made in the shape of shallow truncated cones (fig. 19-59).
The truncated end of the cone finishes the face of the cant and has spe-

-
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Figure 19-56.—(Top) Two-head chipping edger that converts wany edges of lumber into
pulp chips. One head is fixed; the other (left center) is hydraulically positioned to suit
lumber to be edged. Cutterheads resemble those shown in figure 19-~55. To rip wide
boards, saws are positioned as required. Feed rates from 180 to 500 lineal feet per
minute are usual. (Bottom) Partially edged and ripped board s'opped' in cut. (Photo from
Stetson-Ross.)

cial knives (conveniently replaceable as a plate-mounted unit) that impart
an improved surface. A tong-type gripping mechanism feeds each in-
coming log in a straight line.

Figure 19-60 shows application of an end-milling chipping head to a
conventional headrig. The cutterhead chips the slab from the log before
the saw takes its first cut. The chipper head can be withdrawn after the
log has been squared. To maintain a uniform chip length the carriage
speed must be proportional to the chipper rotational speed. The eight-
knife cutterhead illustrated is driven at 900 r.p.m. by a 200-hp. motor to
cut 34-inch-long chips at a carriage speed of 450 f.p.m. The manufacturer
states that when cutting 6 inches deep to produce an 18-inch face, the
specific cutting energy is 0.003 hp. minute per cubic inch.
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Figure 19-57.—(Top) Cutaway sketch of Chip-N-Saw profiling a log in the same way that
Idi are hined. Usval feed speed is 90 f.p.m. to produce 3%-inch chips. Motors

total 603 hp. as follows: Drive, 28 hp. total; bottom chipping head, 50 hp; top chipping
head, 125 hp.; each of two side heads, 50 hp.; (top saw arbor carrying five 22V2-inch,
Va-inch-kerf saws), 150 hp.; bottom saw arbor (carrying five 19-inch saws), 150 hp. Saw
arbors turn at 1,770 r.p.m. (Bottom) Profiling and ripping patterns. (Drawings after
Canadian Car.)

Shaping lathe.—Considerable interest has been stimulated by descrip-
tions (Koch 1964a, 1967c) of a headrig with shaping-lathe configuration,
but no commercial version is yet available.

Although the model shown in figure 19-54A cuts only 3% inches per
rotation of the log, the production machine would carry a 104-inch
cutterhead—sufficient to machine an 8-foot log. It is envisaged that the
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Figure 19-58.—Vance Chip-O-Matic log canter. (Top) Side view of headrig. Logs, controlled
by spiked feed rolls, are machined flat on two sides only. (Bottom left) One of the two
opposed end-milling cutterheads. Four scoring and four chip-severing knives are mounted
on each 150-hp. head. (Bottom right) Pulp chips for headrig. (Bottom left and top photos
from J. A, Vance Co.; bottom right photo from Koch 1967a.)
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Figure 19-59.—Soderhamn H-P Canter. Knives are mounted in a spiral. Cutterheads open to
16 inches to admit logs up to 18 inches in diameter. Logs are. machined flat on two sides
only. With heads closed, logs as large as 12 inches can be entirely chipped. Bottom
bedplate is fixed. One-hundred-fifty horsepower drives both cutterheads at 700 r.p.m. Feed
speed is 117 f.p.m. with two spirals per head or 175 f.p.m. with three. (Photo from
Soderhamn.)

head would be 13 inches in’ diameter and would be turned at 2,880 r.p.m.
by a pair of 150-hp. motors, one at either end. Rake angle of the knives
would be 45°, sharpness angle 30°, and clearance 15°.

The log would revolve only once to be fully machined. Adjusting the
cutterhead spindle axis to parallel the surface of the log prior to machining
would enable the headrig to taper-machine. The cutterhead force, tangent
to the cutting plane, may be sufficient to cause deflections in logs smaller
than 3 to 4 inches in diameter or more than 100 inches long.

The shaping-lathe headrig produces an accurately sized cant with a
superior surface and sharp, well-defined corners. By modifying the shape
of the cam (see fig. 19-54A), it is possible to produce cylindrical fence-
posts, cants with chamfered corners, crossties of trapezoidal sections, or
other polygonal shapes. The ability of the headrig to taper-machine—
i.e., to make cants that are square Or rectangular in cross section but
tapered along the length to parallel the bark—would permit remanu-
facture on a linebar resaw for maximum recovery of clear lumber.

Flakes cut on the experimental machine (fig. 19-54A) have dimen-
sions suitable for manufacturing flakeboards with superior mechanical
properties. Flake thickness is controlled by adjusting the speed of either
the cutterhead or the log. Flake length is controlled by the length of the
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Figure 19-60.—End-milling chipping head i lled in junction with o conventional

carriage. The cutterhead is equipped with setworks and can be used alone or in tandem
with a circular saw or bandsaw. The sawyer’s box can be as shown or elevated above
the chipping head. (Photo from Chipper Machines and Engineering Corporation.)

cutting edge on the individual knives, or by suitably placed scoring knives.
At some sacrifice of surface quality on the cants, the headrig can produce
pulp chips with a minimum amount of damage to individual fibers. The
design would appear to be applicable to the utilization of crooked trees,
Short logs, straight enough for the headrig, could be cut from such trees.
Production is estimated at five cants per minute,

PRODUCTIVITY

An idea of the potential of chipping headrigs can be obtained by read-
ing trade journal articles describing existing installations. By the end of
1969 many such articles were in print; 41 have been abstracted and as-
sembled in convenient form (Koch 19672, 1968b; McMillin 1970).

Because logs flow continuously through it, the chipping headrig has more
in common with a four-side timber sizer than with a conventional saw-
mill.  Production is reduced by the time required for the push-button-
operated setworks to adjust for incoming logs. If incoming wood is sorted
into runs by diameter classes as is always done with timber sizers, the logs
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can be more nearly butted end-to-end for increased production (Dobie
1970).

A few examples illustrate potential productivity. They also show how
output is lost if logs are not available, if maintenance problems cause
downtime, or if setup time for each log is excessive.

Given:
T: = minutes per shift that logs are available and headrig is running
V =gross lineal feed speed, feet per minute
L. =length of average log, feet
T, = time lost between logs (seconds) for setup

|4
L, = effective length of log, feet = Lave+ [@] (T»)

Then: v
n=number of logs per shift =T [Z-]
.
L . bd
and: Production in board feet of lumber per shift = [E] (Lave)(m)
Where: b = width of average cant, inches
d =depth of average cant, inches
In the tabulation below (based largely on personal observation), mill A
has the lowest productivity because incoming random-diameter logs are
short (12 feet), gross feed rate is slow (100 f.p.m.), and cants produced
are small (average 4 by 4 inches). In contrast, hypothetical mill D has
very high production resulting from several factors: logs are longer (14

feet), are of diameters to yield cants averaging 6 by 8 inches, and are

fed butted end-to-end at high speed (250 f.p.m.) in prescribed diameter
classes.

Mill Shift T A% Live T: b d n Production
length per shift
Hr. Min. Fpm. F. Se. In Logs per Mbf.
shift
A - 8 384 1000 12 7 4 4 1,620 26
B - 10 400 187 14 7 6 8 2,088 117
[ 8 38 250 14 7 6 8 2,222 124
D (Hypothetical). 8 384 250 14 0 6 8 6,857 384

Small, crooked logs yield more chips and less lumber than large straight
ones. Mills cutting only square-edge cants make more chips at the head-
rig than mills cutting round-edge cants for later resawing. Unpublished
yield data on chipping-headrig conversion of 462 southern pine logs in
Mississippi indicated that percentage of gross log volume (inside bark)
recovered as rough green lumber was positively correlated with log diam-
eter; percentage recovery was 32.3, 33.7, 42.8, 49.4, 60.1, and 53.5 for logs
averaging 6.6, 7.8, 8.7, 9.9, 11.7, and 15.1 inches in diameter.
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Yield of chips per thousand board feet of lumber cut is inversely pro-
portional to the diameter of logs processed through a chipping headrig;
yield of lumber per thousand board feet of logs (M b.f. Doyle scale) is
also negatively correlated with log diameter (Kaiser and Jones 1969).

Lumber yield Yield of green

per M.b.f. chips per M.b.f.

Log size class Doyle scale of lumber sawn
Inches Bd. ft. Tons
5.5~ 6.4 4,650 3.9
6.5~ 7.4 3,390 2.6
7.5-8.4 2,630 2.0
8.5~ 9.4 2,200 1.7
9.5-10.4 2,000 1.4
10.5-11.4 1,850 1.3
11.5-12.4 1,740 1.2
12.5-13.4 1,630 1.2
13.5-14 .4 1,560 1.1

While information specific to southern pine is not published, data taken
from Dobie et al. (1967) and summarized in table 19-23 give a com-
parison between three methods of log conversion, a chipping headrig
followed by resaws, a sash gangsaw mill without band headrig, and a
scrag mill which reduces logs to cants with multiple circular saws. The
sawmill built around a chipping headrig converts 95 percent of the cubic
volume into useable products, whereas the scrag mill with circular saws
turns 22 percent of the log into sawdust. The feed rate tabulated for the
chipping headrig is very low—a result of inadequate supply of logs, in-
sufficient barker capacity, time lost adjusting setworks to each succeeding
logs, and downtime for maintenance. Newer mills should be able to in-
crease the effective feed rate greatly. Lumber and chip production is
high, and even at the ineflicient feed rates studied by Dobie, productivity
per man-hour is impressive.

ADVANTAGES AND DISADVANTAGES

Chipping headrigs have several disadvantages. These newly-designed
machines are expensive and need considerable maintenance. Rarely can
the chipping headrig be installed as the only headrig (machines are avail-
able that will accept logs up to 24 inches in diameter), for very large,
very crooked, or flared-butt logs are better handled by a conventional saw.
(If tapered, crooked logs are processed through a four-head chipping
headrig, the concave side should be turned up and the small end admitted
to the machine first.) In some designs, severe tear-out around knots leaves
a poor surface that normal planing cannot remedy. As the log enters or
leaves some machines, great care is needed to avoid sniping the ends of
cants. There is some loss in ability to grade-saw in a chipping headrig
mill. The amount of this loss depends on the type of resaws installed and
the extent to which round-edge cants are produced at the headrig.
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TABLE 19-23.—Performance of chipping headrigs, sash gangsaws, and scrag mills
in western Canada (Dobie et al. 1967)

Performance statistics Chipping Sash Scrag
headrig! gangsaw? mill?

Percent of cubic Jog volume
converted to:

Lumber_ .. 54 56 52

Sawdust______ ... __. 5 13 22

Chips - oo .. 41 31 26
Average top diameter of logs, inches__ 7.3 12.5 9.6
Lumber production per man-hour,

bd. ft.- o 1,400-4,000 1,270-2,460 350-1,240

Lineal feet of logs per bour_________ 1,700-4,900 1,080-1,380 900-1,800
Number of logs per hour_._________ 99-266 64-79 58-107
Effective feed rate, fp.m.__________ 26-81 18-23 15-30

1 Followed by resaws.

2 No other headrig or resaws.

3 The scrag mill is a headrig carrying multiple circular saws which reduce a log to
cants and planks in a single pass. Edgers and circular gangsaws then convert the cants
and planks to wane-free lumber.

More than offsetting these disadvantages are several advantages. Saw-
dust from headrigs and edgers is greatly reduced and pulp chips propor-
tionately increased. Less sawdust means less material going to the burner
and, thus, less atmospheric pollution. The labor and danger of handling
slabs and edgings are eliminated. Mill conveyors can be simpler and,
since no slab or edging space is needed behind machines, mill length can
be reduced. The straight-line flow plan of the mill built around a chipping
headrig boosts production with less manpower (table 19-23). Some of
the economic factors motivating the rapid acceptance of chipping head-
rigs have been reviewed by Hobbs and Thomason (1967), Koch (1969,
1970), Kaiser and Jones (1969), Anderson and Kaiser (1970), and
Sampson and Fasick (1970).

For southern pine operators the advantages outweigh the disadvantages.
It is anticipated that the chipping headrig will find an increasingly im-
portant place in the southern pine sawmill industry.

SAW-KERF PULP CHIPS

Prior to the development of the chipping headrig, there was considerable
interest in modifying circular-saw headrigs to produce a pulpable sawdust.
Tests of inserted-tooth circular saws indicated that a Y3-inch feed per
tooth produced pulpable chips from the kerf.

Malcolm et al. (1961) sawed southern pine at extreme feeds to evalu-
ate both the sawdust produced and the surface quality of resultant boards;
he used inserted-tooth, 48-inch diameter, circular saws with 5} g-inch kerf.
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Surface quality was negatively correlated with feed per tooth, and tear-out
along the annual rings and at board corners was severe at large feeds per
tooth (fig. 19-61). Large feeds per tooth also caused board thickness to
vary excessively; variation of 95 percent of the boards was 2544 at };-inch
feed per tooth and 1244 at Y4-inch compared to %4 at a feed per tooth
of Ig-inch. Table 19-24 gives an idea of the size of sawdust particles
formed.

Fassnacht (1966) prepared charts to help operators decide whether
a board or its chips yield a greater return. Because board prices are so
much higher than chip prices (tonnage basis), most pine mills have con-
tinued to use relatively low feeds per tooth.

TaBLE 19-24.—Retention of saw-kerf
chips on 34 g-inch screen' (Malcolm et al.

1961)
Feed per tooth  12-tooth saw?  36-tooth saw?
(inch)
————— Percent — ~ — -
% 36 49
1y 49 58
% 59 72

1 Oscillating screen with 34g-inch round
holes spaced %g-inch apart.
2 Saw diameter, 48 inches; kerf, %g-inch.

19-7 SAWING

The kinematics and cutting forces in sawing have been described by
Koch (1964b, pp. 179-284) ; techniques of saw fitting and sharpening were
described by Hanchett (1946). Here the sawing process is briefly de-
scribed as necessary to present the available information specific to sawing
southern pine.

Common to all saws are multiple teeth arranged to cut in sequence.
The teeth may be formed into, or attached to, the periphery of round
flat plates (circular saws), chains (chainsaws), thin continuous metal
bands (bandsaws), or long flat rectangular plates or webs arranged in
multiples (sash gangsaws).

Saw teeth are designed to make ripping cuts parallel to the grain for
headrigs, gangsaws, resaws, and edgers; they are made to cut across the
grain for chainsaws, log cut-off saws, and trim saws.

Headrigs designed to saw logs into timbers, cants, dimension lumber
and boards usually have log carriages with reciprocating motion, and
lumber is ripped from each log one board at a time with a single circular
saw or bandsaw.
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M=118697, M—118696, M=117605

Figure 19-61.—Effect of saw feed per tooth on surface of flat-grain 1- by 7-inch southern
pine boards. (A) Boards representative of the best (left) and poorest (right) surfaces
produced by feeds per tooth of Vs-inch (top), Va-inch (center), and Vs-inch (bottom).
(B) Cross sections of boards cut at three different feeds per tooth. (Photos from Malcolm

et al. 1961.)
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Less frequently used are headrigs that saw logs into wany-edged cants
or lumber in a single pass through the machine, e.g., with multiple cir-
cular saws (scrag mills), multiple-band saws (quad bandmills), or multiple
oscillating web saws (sash gangsaws).

Cants produced on the headrig are resawn into lumber of smaller dimen-
sion by multisaw ripsaws (sash gangsaws or gangsaws carrying circular
saws) ; alternatively, a band resaw (usually a vertical linebar resaw) is
used to give greater flexibility in resawing. By adjustment of the distance
between linebar (guide) and bandsaw, lumber of any thickness can be
ripped from a cant; cants that will yield several boards are conveyed back
to the infeed end of the linebar resaw for additional cuts as required.

Except for chainsaws, crosscut saws in mills are virtually all circular.
The design of ripping and crosscutting teeth is controlled by the size of
timber to be sawn, feed speed, moisture content and density of the wood,
and smoothness of surface desired.

BANDSAWING

Bandsaw teeth cut orthogonally (fig. 19-62B). When rip sawing the
length of a log or timber, the teeth cut across the grain in the 90-90 mode
(fig. 19-1). In general, swage-set wide bandsaws (figs. 19-62C, 19-63A,D)
are used for longitudinal cutting in primary manufacturing because they
make less sawdust (have a narrower kerf), and can cut wider boards than
circular saws. In the woodworking shop, spring-set narrow bandsaws
(fig. 19-63E) are used because they can cut curves and irregular shapes
that are difficult to cut with other tools. All saw teeth require clearance
between kerf wall and saw plate; the swaged tooth (fig. 19-63D) is formed
by upsetting the tooth tip against an anvil, and teeth are spring set
(fig. 19-63E) by bending alternate teeth sideways.

Nomenclature for bandsaws is indicated in figures 19-62 and 19-63.

Cutting edge velocity is:

v= 2+ (19-18)
Feed per tooth, or bite, is:

t=‘fi (19-19)
¢
The volume of wood V (cubic inches) removed by each swaged tooth
as it travels through the workpiece of depth d (inches) is:

V=1tdk =[#C (19-20)

Swaged-tooth wide bandsaws for primary manufacture.—To resist the
feeding forces and stay on the saw wheels (fig. 19-64) bandsaws require
tension making them tightest on the cutting edge and stiff throughout
their width. Hanchett (1946) gives detailed instructions for tensioning
bandsaws with power-driven stretcher rolls.
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In ripping, cutting force on a bandsaw tooth is positively correlated
with the thickness of the undeformed chip, i.e., feed per tooth (table
19-13). Cutting energy per unit volume of wood removed is smallest
when feed per tooth is fairly large—a bite of one-half the width of swage
(k in fig. 19-63A) is reasonable. Power is consumed severing the fibers
in the 90-90 direction, shearing the chips from the kerf boundary, dragging
the expanded chip past the kerf boundary, chambering the sawdust in
the gullet space, and accelerating the sawdust to ejection velocity (fig.
19-65).

As an approximate rule of thumb, a bandsaw can operate efficiently at
a feed per tooth of one-fourth the width of swage but will saw with less
specific cutting energy at a feed of one-half the width of swage. As swage
width is normally about twice the blade thickness plus 1 gauge, it increases
as thicker and wider blades over larger wheels and are employed to in-
crease depth of cut; optimum cut per tooth increases proportionally (table
19-25).

Practical strength considerations make a 44° sharpness angle fairly
standard; sharpening, swaging, and shaping tools are designed with this
in mind. The tooth proportions shown in figure 19-62C are in general
use; gullets are rounded, and the back of the teeth are full to give max-
imum strength. Rake angle is commonly 30°, clearance angle 16°. For
band headrigs, tooth pitches of 134 or 2 inches matched with gullet depths
of 274,- and 15,¢-inch are in common use. In the South, frozen wood
is not ordinarily a problem.

Teeth are first swaged, next lightly faced on a grinding machine, then
side-dressed with a pressure-type swage shaper, and finally ground on the
face. Teeth should be straight, and swaged with 4° clearance behind the
side-cutting edges. Cutting corners should be perfectly formed, sharp,
and shaped to have 6° side clearance (fig. 19-63A and D). Teeth are
commonly swaged to twice blade thickness plus 1 gauge; for example,
a 14-gauge blade would be swaged to 9 gauge.

The force (strain) between the wheels (fig. 19-64) required to prop-

3

Figure 19-62.—(A and B) Bandsaw nomenclature.
a Rake angle, degrees p Tooth. pitch, ie., distance between
B  Sharpness angle, degrees teeth, inches
v Clearance angle, degrees h: Depth of gullet, inches
¢ Saw velocity, f.p.m. a  Area of tooth gullet, square inches
f  Feed speed, f.p.m. d  Depth of workpiece, inches
v Resultant velocity of cutting edge t Tooth bite, ie., depth of cut per

with respect to workpiece, f.p.m. tooth, inch

(C) Tooth form suitable for headrigs or linebar resaws cutting southern pine; a tooth
pitch of 2 inches with depth of 15/16-inch is also in common use. (D) Box factory saw
(usually 19 to 21 gauge) for dry pine. (E) Commonly used tooth for resawing dry
southern pine. (Drawings A und B after Peter Koch 1964b, p. 179, WOOD MACHINING
PROCESSES, Copyright © 1964, The Ronald Press Company, New York.)
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erly stretch the saw can be satisfactorily expressed in terms of blade width
and thickness (Koch 1964b, p. 191).

F = (1000)QWg (19-21)
where:

F = total upward acting force applied to the spindle of the upper
wheel, i.e., strain, pounds (minimum practical operating level)
w width of blade (gullet to back), inches
g thickness of blade, inches
Q = a constant; generally 10 for headsaws and 8 for resaws
For example, a 14-inch, 14-gauge headsaw requires a minimum of 11,620
pounds strain. Bandsaws carrying very much higher strains are in suc-
cessful operation in Canada; as yet, however, none of these saws has
seen service in the southern pine region. Since saws with high strain may
cut a straight line even though thinner than normal, kerf can be reduced
proportionally. It is likely, therefore, that high-strain bandsaws will be
used to saw southern pine. Readers interested in further information on
high-strain bandsaws will find Clark (1969), Cumming (1969), Foschi and
Porter (1970), and Porter (1970, 1971) useful.
A saw speed of approximately 10,000 f.p.m. is common for southern

Il

TaBLE 19-25.—Relationship of wheel diameter, saw gauge, saw
width, and saw power for swage-set bandsaws cutting southern pine
logs and timbers

Wheel diameter Saw thickness Saw width! Saw power
(inches)
BWG? Inch Inches Horsepower
96 .. 14(13)  0.083(.095) 12-14 200
84 __ . 15(14) .072(.083) 12-13 150
72 . 16 (14) .065(.083) 12 125
66 .. 16 .065 7-11 100
60 ____ 17 .058 5-9 75

! Saw width is normally 1 inch greater than wheel width.
2 Birmingham wire gauge. First gauge given is that recommended by one
saw manufacturer; gauge shown in parentheses is also in use.

-«

Figure 19-63.—Side clearance and shape of cut of bandsaw teeth. Width of kerf in inches
= k; thickness of saw plate in inches = g; set or swage to each side of saw plate in
inches = s; for swaged teeth, k is approximately equal to width of swage. (A) Swage
set. (B) Spring set with no top bevel. (C) Spring set with top bevel. (D) Swaged tooth
for wide bandsaw cutting southern pine. (E) Tooth contours for spring-set narrow
bandsaws. (Drawing after Peter Koch 1964b, WOOD MACHINING PROCESSES, Copyright
© 1964, The Ronald Press Company, New York.)
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Figure 19-64.—Eight-foot band mill. (Photo from Filer and Stowell Company.)

pine. Assuming a bite per tooth of 0.25 to 0.60 of swage width, feed
speed for a headrig cutting green southern pine is expressed (Koch

1964b) :

Rke
=— 19-22
f p ( )

f = feed speed, f.p.m.

k = width of kerf (approximately equal to swage width), inch
¢ = saw velocity, f.p.m.

p = pitch of teeth, inches

R = a constant based on sawing conditions:
0.25, sometimes not enough; 0.50, good ; 0.60, sometimes best.
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ENERGY OR FORCE REQUIRED PER CUT

U i___
]

CHIP THICKNESS OR FEED PER CUT

Figure 19-65.—Graphical analysis of cutting resistance in the ripsawing process. A, fiber

indentation and incision ph of cutting; A’, lower indention and incision energy for
sharper cutting edge; B, chip formation; C, chip breakage and associated friction; D, chip
removal and associated friction; E, chip acceleration. (Drawing after Peter Koch 1964b, p.
186, WOOD MACHINING PROCESSES, Copyright © 1964, The Ronald Press Company, New

York.)

For example, a 14-gauge saw swaged to 9 gauge, running at 10,000 f.p.m.
with a tooth spacing of 2 inches, would cut well at feed speeds ranging
from 178 to 444 f.p.m. Probably the saw would cut best at the higher
feed speed. Saw performance is improved if feed speed is uniform.

Saws on a band headrig cutting bark-free southern pine can be expected
to wear at a predictable rate, assuming good sharpening practice and no
accidents (Koch 1964a, p. 192).

W="2 (19-23)

Where:
W = wear per saw in inches
S — shifts per day
Y = months of service
N = number of saws in set

For example, a set of eight 14-inch, 13-gauge saws on an 8-foot band
mill running two shifts for 12 months might wear down to 11 inches in
width, at which time the wheels would be trued and a new set of saws
put in service. Ten-inch saws might be allowed to wear down to 8% or
8 inches in width. Double-cutting bandsaws for southern pine are toothed
on both edges and range in width from 10 to 14 inches; 174 inches of
wear on each edge might be allowable on wider saws under favorable
conditions.
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Power to drive a bandsaw is proportional to wheel diameter. The
following values are typical for southern pine mills.

Wheel diameter Power to drive saw
Inches Horsepower
96 200
84 150
72 125
57 75

Power to drive a sawmill carriage can be applied by electric, hydraulic,
or steam mechanisms. Average carriage speed on the cutting stroke can
be calculated from equation 19-22; maximum speed when returning to
pick up a new log may exceed 1,000 f.p.m. Power required is a function
of the combined weight of log and carriage and the maximum accelera-
tion required. Normally, the heaviest carriages are used in conjunction
with the largest band mills cutting the heaviest logs. If the carriage is
driven by a steam gun, the diameter of the gun (cylinder) is related to
the carriage weight.

Gun diameter Weight of carriage alone
Inches Pounds
14 over 20,000
12 to 20,000
10 ~ to 15,000
8 to 10,000

When hydraulic power is used to drive the bandsaw together with the
carriage—or the carriage alone—the size of the electric motor required
to turn the pump is related to carriage weight.

Carriage weight Carriage drive alone Carriage drive plus saw drive
Pounds =~ - = =wc-—--- Horsepower — — = = — - — = =
28,000 400 —
18,000 150-200 250
10,000 100 200
6,000 60 150
3,000 25 75

In many southern pine mills, cants or heavy slabs cut with the headrig
are resawn into lumber of thinner dimension on a smaller bandsaw called
a linebar resaw (fig. 19-66). In an efficient installation, random-length
slabs and cants flow nearly continuously through these heavy machines
as a single board is ripped from each. The linebar, or guide, is equipped
with setworks so that distance between guide and saw can be quickly and
accurately set. Vertical press rolls, or horizontal spiral rolls, align the
stock against the guide before the saw enters the cut. Since only one
board is removed with each pass of a cant, each cant is repeatedly returned
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on a merry-go-round conveyor to the infeed side of the resaw until re-
duced to lumber of the desired size. A discussion of mill layouts for
linebar resaws is available in Detjen (1961).

All bandsaws, including linebar-resaws, are sized according to wheel
diameter. The illustrated 54-inch resaw (fig. 19-66), if cutting southern
pine, might carry a 26-foot-long, 8-inch-wide, 17-gauge saw swaged to
11 gauge with 134-inch tooth spacing. The saw normally carries a “strain”
of 4,640 pounds. The saw itself is driven by a 75-hp. motor. Saw speed
is 7,400 f.p.m. The four 8-inch horizontal feed rolls and two 10-inch
vertical rolls are driven by a 3- or 5-hp. electric variable-speed drive to
give feed speeds infinitely variable between 100 and 300 lineal f.p.m. The
maximum feed speed of 300 f.p.m. yields a bite per tooth of 0.072 inch.
Normal high speed on a 12-inch-thick cant is 180 f.p.m., giving a bite
per tooth of 0.043 inch. Maximum cant size that can be split in the center
is 20 inches thick by 24 inches wide. The setworks on the linebar can be air
or hydraulically operated and remotely controlled by the sawyer. While

A B

FIXED SAW LINE

. SETWORKS

MOVABLE
LINEBAR

Figure 19-66.—(A) Linebar resaw with 54-inch wheels and short frame. (B) Shapes of
cants and slabs that can be resawn on the linebar resaw. Since only one board is
removed with each pass of o cant, each cant is repeatedly returned on a merry-go-round
conveyor to the infeed of the resaw until reduced to lumber of the desired size. The short

frame permits lumber to approach the infeed from either saw or linebar side. (Photo and
drawings from McDonough Manufacturing Company.)
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one cant is being run, it is possible to preset the linebar for the next cant.
Production per 8-hour shift on this machine is determined by stock size
and cutting program but can reach 50,000 bd. ft. Automatic off-bearing
is provided so that the operating crew consists of the sawyer only, unless
the machine is used to salvage stock out of thin irregular slabs. Slab re-
sawing usually requires a tail sawyer because the waste slab may break
up into two or three pieces as it leaves the feedworks.

Sawmill resaws are also made so that the band runs horizontally be-
tween the wheels; this arrangement permits slabs to be fed face-down on
the feed table. A split infeed table is sometimes provided so that two cants
or slabs can be fed simultaneously and a different thickness board sawn
from each.

Swaged-tooth band resaws for dry lumber.—Because remanufacturing
plants commonly keep only a few thicknesses of dry lumber in inventory,
they require resaws to convert these thicknesses to a multiplicity of thinner
sizes. Since maximum lumber recovery is the objective when resawing dry
boards, bandsaws for remanufacturing have much thinner kerf than pri-
mary bandsaws. Saw gauge varies according to wheel diameter (table
19-26). For southern pine, the tooth shapes illustrated in figure 19-62D
and E are widely used with rake angle of 30° and sharpness angle of 44°.

Because efficient feeds per tooth are a function of swage width (and
therefore saw gauge), gullet depths can be expressed as a function of
blade thickness and tooth pitch. Thin saws take small bites per tooth and
therefore need less gullet space (table 19-27). Tooth spacing on wide
saws is greater than on narrow saws because they are capable of deeper
cuts and need more gullet space.

Saw velocities of 7,000 to 9,000 f.p.m. are usual for cutting dry southern
pine. Saw strain is given by equation 19-21. Practical feed speeds lie
in the lower range defined by equation 19-22. Swage width for cutting
dry southern pine should be 0.020 to 0.040 inch wider than saw thickness;
for example, a 19-gauge blade is commonly swaged to 16 gauge.

Most band resaws for dry southern pine are vertical; they may be in

TaBLE 19-26.—Proportions of band resaws for dry southern pine

Wheel diameter Saw thickness! Saw width Saw power
(inches)

BWG Inch Inches Horsepower
60 ... 18-16 0.049-0.065 6-8 60-75
54 . 19-17 .042—.058 5-7 50-60
2 19-18 .042—.049 4-6 2040
44 . 20-19 .035-.042 4-5 15-25
36 21-19 .032-.042 3-4 15-20

! Saw thickness should not exceed wheel diameter (in inches) divided by 1,000 plus
1 saw gauge.




MACHINING 859

TaBLE 19-27.—Tooth proportions for wide bandsaws ripping dry southern pine*

Saw width Saw gauge Pitch Gullet depth
(inches)

BWG Inches Inch
4 20(18) 184(1) e (M)
e T 19(17) 134(123) % (%e)
R 18(16) 134 ____ |7 P
2, 17(15) 134 . __ 1146 ..
N 16(14) 2(134) 1346 (34)

! The first number in each entry is for pine of low and normal density; the second
number, in parentheses, is for very dense pine,

single, twin, or tandem arrangement depending on the production required.
Figure 19-67 shows a single vertical resaw on which the rolls tilt so that
standard boards or cants, rectangular in cross section, can be center-resawn
into two bevelled pieces of equal size and shape. Bevelled siding and
much moulding stock is manufactured in this manner; as another example,
triangular corner block for crates and pallet boxes can be readily cut on
a resaw equipped with tilting rolls. When equipped to resaw dry southern
pine moulding stock, this 36-inch band resaw might carry a 17-foot-long,
4-inch-wide, 20-gauge saw swaged to 15 gauge with a l-inch tooth pitch
.and 95-inch gullet depth. Normal “strain” for this saw is 1,120 pounds.
A 20-hp. motor drives the saw at 7,800 f.p.m. When splitting a 4-inch
dry board, the saw would typically be fed at a bite per tooth of 0.02 inch,
yielding a feed speed of 156 f.p.m. The four feed rolls are each 6 inches
in diameter and 6 inches tall. They are driven by a pair of Y3-hp. variable-
speed motors that are mounted on, and tilt with, the feed roll mechanism.
The feed speed is variable from 25 to 250 f.p.m. The rolls can be tilted
up to 45°. The maximum-size workpiece that can be center-split on the
saw is 8 inches wide and 8 inches thick.

Spring-set narrow bandsaws.—Saws more than Y;-inch wide are pri-
marily used to rip. Narrower saws can cut curves; for example, a V;-inch,
21-gauge saw can cut a curve of 214-inch radius, and a Y3-inch, 25-gauge
saw can cut a curve of 34-inch radius.

Proportions of narrow bandsaws are shown in figure 19-63E. Teeth on
Y4-inch-wide saws are commonly set 0.005 inch to each side; those on
saws 1 inch wide are set approximately 0.010 to each side, with other
saw widths set proportionately. The thinnest and narrowest saws are run
on the smallest wheels (table 19-28).

Wheels for saws less than 1 inch wide are commonly rubber covered,
and the saw teeth do not project over the edge. For wide saws, easier-to-
clean, hard-faced wheels are used; the spring-set teeth must project beyond
the front rim of these wheels.
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A B

Figure 19-67.—(A) 36-inch band resaw with tilting rolls. (B) Typical cuts. (Photo from
Tri-State Machinery Company.)

TaBLE 19-28.— Narrow bandsaw dimensions (Koch 1964b, p. 200)

Wheel diameter Saw Saw Saw Points Saw
(inches) gauge width speed per inch?! length
BWG Inches F.p.m. Feet
12-18 ... 25 He-1% 3000 7-5 6-10
20-30- - 22 He-114 3500 7-4 10-15
(to  7500)%
36 e 21 14-2 40004500 6-3 18-20
(to  8500)%
42 .- 20 1-214 5000-5500 5-2 over 21
(to  9900)

1 Counts teeth in a l-inch space, ie., includes the tooth at each end of a measured

inch; thus, if tooth points are spaced %o inch apart, there are considered to be 11
teeth per inch.

2 On some current designs.
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SASH GANGSAWING

The sash gangsaw carries several straight, short sawblades clamped in
a reciprocating frame; the log (fig. 19-68A,B) or cant (fig. 19-68C) is
fed continuously through this frame. The action is similar to that of a
handsaw in the hands of a carpenter ripping a board. The saws cut on
the downstroke only. For a detailed discussion of kinematics and power
requirements see Koch (1964b, pp. 201-210).

Some important relationships can be seen from figure 19-68D. It is

evident that saw velocity is maximum when the crank arm is horizontal,
and zero when it is vertical.

A D

' RECIPROCATING SASH
/ CARRYING SAWS

-—— GUIDES FOR SASH

ROTATING CRANK

Figure 19—68.—Sawing patterns and kinematics for gangsaws.
{A) Log sawn into boards or dimension.

(B) Boards sawn from outer portion of log only, leaving central cant of desired
dimension.

(C) Cant gangsawn into lumber.

(D) Diagram of sash motion on a reciprocating gangsaw; simplified to omit overhang or
oscillation.
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The workpiece feed per revolution of the crank, and the average chip
thickness can be calculated:

P (19-24)
n
tavg = lfv:f (19—25)

where:
x = workpiece feed per revolution of crank, inch
f = feed speed of workpiece, feet per minute
. n = revolutions per minute of crank
S = stroke of sash, inches — twice length of crank arm
tave = average chip thickness, inches
p = pitch, inches

Saw overhang.—To cut southern pine, most gangsaws are equipped to
feed the workpiece continuously at a uniform speed. To avoid interference
between saw and workpiece, the saw must be moved out of the cut on
the upstroke. Overhang (fig. 19-69), automatically adjusted in amount
to correspond to the continuous feed speed, is a partial solution.

Oscillation.—Figure 19-70 shows an overhung saw cutting on the down-
stroke. It is evident that, at the beginning of the upstroke, the point of
each tooth will interfere with the surface it has just cut and cause sash
power to be substantially increased; research by Kivimaa (1959) has
confirmed this. Some European manufacturers have coped with this prob-
lem by incorporating overhang proportional to feed speed and in addi-
tion oscillating the sash, that is, swinging the bottom of the sash away
from the workpiece at the instant of bottom reversal and then reposition-
ing it at top reversal. No gangsaw manufactured in the United States,
however, is designed with an oscillating ash.

Capacity and characteristics of gangsaws.—While whole-log gangs are
much used in the world, most in the southern pine region are arranged
to handle cants (figs. 19-68C, 19-71). Table 19-29 gives proportions of
cant and log gangsaws suitable for use on southern pine. The horsepower
figures shown in table 19-29 do not imply that these are the power
demands at maximum feed rates on a workpiece occupying the full width
and depth of opening. Horsepower demand is determined by saw velocity,
bite per tooth, width of swage, depth of cut, and number of saws cutting.
(See Koch 1964b, equations 6-40 and 6-43.)

If 75 hp. is required on a 12-inch-wide gangsaw to cut a 6- by 12-inch
cant into 2-inch lumber at 20 feet per minute, a similar 6-inch-deep cant,
but 18 inches wide, if cut into 2-inch lumber at 32 feet per minute on a
30-inch gangsaw, would require 150 to 225 hp. If feed speed is constant,
power required to saw a cant is directly proportional to number of saws
in the cant, e.g., if 100 hp. is required to saw a cant into 2-inch lumber,
200 hp. will be needed to reduce it to 1-inch boards. Horsepower demand
is also directly proportional to depth of cut. Obviously, the amount of
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Figure 19-69.—Action if sash guides are
vertical and the saws are given overhang,
i.e., tilted in relation to the guides. (A)
End of downstroke. (B) End of following
upstroke. (C) End of following down-
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(Drawing after Peter Koch 1964b, p. 205,
WOOD MACHINING PROCESSES, Copy-
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2 [ | right © 1964, The Ronald Press Company,
New York.)
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lumber sawn per shift is a function of cant size and effective feed speed.

Swaged teeth (fig. 19-63D) are generally used on gangsaws for southern
pine. Swage width is commonly twice blade thickness; for example, 14
gauge would be swaged to 8 gauge, and 13 gauge to 7 gauge. A rake
angle of approximately 20° (as low as 15° in some mills) is used in
combination with a sharpness angle of about 45°.

The saw “strain” is accomplished by wedges, cams, screws, or hydraulic
mechanisms. Hydraulic tensioning has the important advantage of main-
taining constant strain on each saw regardless of transitory changes in
blade load and temperature.

Saws in a sash gangsaw can be spaced as desired to cut any thickness,
or combination of thicknesses, of lumber. One gangsaw of European
design carries saws mounted in two banks or clusters on either side of
the sash, and these banks can be shifted while the saw is idling to alter
the central spacing. By this method, boards of a thickness determined by
the spacing of the saws in each bank can be cut from the two sides of a
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Figure 19-70.—Overhang saw in cut. Aj start of upstroke, points of teeth bind against
workpiece, as at A. (Drawing after Peter Koch 1964b, p. 208, WOOD MACHINING
PROCESSES, Copyright © 1964, The Ronald Press Company, New York.)

log or cant, and the size of timber produced between the inner saws of
the two banks can be quickly varied from 21, to 16 inches.

Large cant gangsaws usually have only four feed.rolls, one pair in-
feeding and the other outfeeding. The bottom rolls are located on a fixed
level; the top rolls are adjustable, usually by air cylinders, to accommodate
cants of various depths. When the top rolls are split so that one side of
each roll can be lifted independently of the other, it is possible to simul-
taneously run two small cants of different depths.

On fully mechanized gangsaws it is essential to have efficient offbear-
ing equipment. A simple roll case with automatic kickoff is usually not
adequate because short tapered slabs or shims are sometimes caught be-
tween sawblades and fail to clear the saws properly. When this happens,
the shims prevent lateral transfer of the cluster of lumber emerging from
the saw. A good outfeeding device must, therefore, postively clear shims
from between the saw blades.

Figure 19-71 illustrates a cant gangsaw suitable for use on southern pine.

Advantages and disadvantages of gangsaws.—Primary advantages in-
clude good lumber recovery (kerf is narrow—approximately V4-inch), and
accuracy of sawn lumber because of preset spacing of the tensioned saws.
Dobie et al. (1967) in a study in western Canada found that the output
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Figure 19-71.—(Top) Infeed and (bottom) outfeed sides of 30- by 24-inch cant gangsaw
with single crank. The machine has « stroke of 24 inches, a crank speed of 300 rp.m.,
and 150 to 250 hp. driving the sash. To cut southern pine lumber, it might carry
14-gauge, 7-inch-wide (or 13-gauge, 8-inch-wide) saws swaged to 8 gauge with 13%-inch
tooth spacing and o rake angle of 16°. The 10-hp. electrically powered feedworks
provides a continuous feed, variable from 14 to 40 f.p.m. The sash on this machine is
arranged to incorporate automatic overhang adjustment as the feed speed is varied. Top
feed roll pressure is provided by air cylinders. Not illustrated, but available, are split-top
infeed rolls that permit the side-by-side feeding of two cants of different depth. The saws
‘are individually tensioned by bination of wedges and cams. When cutting 2-inch
lumber, capacity of this cant gang is 50,000 to 60,000 bd. ft. per 8-hour shift. (Photos
from Mill Engineering and Supply Company.)
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TaABLE 19-29.—Proportions of cant and log gangsaws for southern pine

Type of saw and maximum Crank Power Power Feed Saw Saw Tooth
cant size or log diameter Stroke speed on sash on feed rate gauge width pitch
(inches)
Inches Rpm. — — — Horsepower — — — F.p.m. BWG Inches Inches

Cant gangsaws

12by 12 - 12 375 75 3 10-20* 16 5 14
18 by 16 oo 16 350 125 5 11-22¢ 15 6 114
24 by 20 e 20 325 150 7% 13-35! 14(13) 7 134
30by 24 e 24 300 200 10 14-40! 14(13) 8 134
Log gangsaws?
U PR 24 325 125 5 45-50 13 8 134
12 e 24 325 125 7% 3545 13 9 134
18 e 24 300 150 7Y% 30-35 13 9 134
24 o 24 285 200 10 25-30 13 9 134
B0 e mccmmmmm e 24 285 250 10 20-25 13 9 134

1Based on an average chip thickness ranging from 50 to 100 percent of blade thickness.
2 Based on data from Mill Engineering and Supply Company.

02% HV HDOM—SINId NYZHLNOS AHJIL 40 NOILVZITLLN
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of gangmills was 56 percent lumber, 31 percent chippable waste, and 13
percent sawdust; circle mills (of the two-saw scrag type) produced 52
percent lumber and 22 percent sawdust. (See table 19-23.)

Gangsaws, because they cut through-and-through, cannot remove high-
grade lumber from all four sides of a log. This disadvantage can be par-
tially overcome if the gangsaw is arranged to take cants from a circular
or band headrig; the headrig removes any high-grade lumber available on
two sides before the cants go to the gangsaw. Alternatively, two gangsaws
can be arranged in tandem, the first slabbing two sides of the log and
removing the sideboards, while the second reduces the cant to boards,
including sideboards from the unslabbed sides.

If logs are gangsawn in diameter classes, a fixed saw spacing can be
tailored to get highest value from each class. Gangsaws are not well suited
for extremely rough logs; such logs should be prepared for the gangsaw
by slabbing them on two sides on a preceding headrig.

CIRCULAR SAWING

The circular saw, in numerous variations, is used in all stages of pine
manufacture. This text will discuss only a few of the most important ap-
plications. For discussions in greater depth, see Koch (1964b, pp. 217-
273), Lubkin (1957), and Kollmann and Cbété (1968, p. 490).

Nomenclature.—Figures 19-72, 19-73, and 19-74 illustrate nomen-
clature for circular saws.

Kinematics and fundamentals.—Depending on the direction of cut
through the workpiece, circular saws may cut by counter-sawing or by
climb-sawing (fig. 19-73). Counter-sawing, which resembles up-milling
in that the cutting edge emerges from the workpiece more nearly at right
angles to the direction of feed than where it entered, is sometimes called
““up-sawing.” Similarly in climb-sawing, the cut is more nearly parallel
to the feed where it leaves the workpiece; climb-sawing is sometimes called
“down-sawing.” Note that if the drawings in figure 19-73 were reversed
top to bottom by turning them on their horizontal axes, their cutting di-
rections relative to the workpiece would be similar to those for up-milling
and down-milling respectively in figures 19-30A and 19-30B.

In order to rationally specify circular saws and matching drive motors,
it is helpful to understand some basic relationships.

In planing, where the angle o is small, the cumbersome expressions for
the true trochoidal cutting path are necessary for accuracy. In circular
sawing, however, the tooth traces can be closely approximated as arcs of
circles. For counter-sawing (fig. 19-73) :

d
w1 = arc cos (-_—;—/—l) (19-26)

h
wp = arc cos A (19-27)
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(A) ¢ (B)
RADIAL

Figure 19-72,—Geometry of spring-set circular saw teeth. (A) Side view of tooth. (B) Front
view of tooth. (C) Projection along rake plane.
a Rake angle, degrees
Clearance angle, degrees
Sharpness angle, degrees
Top bevel angle, degrees (measured from clearance plane A-A, fig. 19-72A)
Front bevel angle, degrees (measured from the rake plane, fig. 19-72A)
Thickness of saw blade, inch (may be variable from saw center to tooth extremity)
Amount of set {or swage) to each side of saw plate, inch
Length of tooth affected by set (measured from tooth extremity in a radial direc-
tion to the line of set, i.e., the line of set falls along a circle concentric with the
cutting circle but of slightly smaller diameter)
k  Width of kerf, inch (nominally 2s + g; actual kerf may vary from nominal
width because of vibration, runout, or other factors)
he Gullet depth measured radially, inches
N Number of teeth in saw
p  Tooth pitch, inches
a Area of tooth gullet, square inches.
(Drawing after Peter Koch 1964b, -p. 219, WOOD MACHINING PROCESSES, Copyright ©
1964, The Ronald Press Company, New York.)

@ vEa DOYTWR

For climb-sawing (fig. 19-73):

h
w, = arc cos (19-28)

wp = arc cos (‘—i;;jh) (19-29)
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COUNTER - SAWING CLIMB - SAWING

Figure 19-73.—Angles, dimensions, and velocity vectors for circular saws.
z  Saw projection beyond the workpiece, inches
d  Depth of workpiece, inches
h  Distance between workpiece and axis of saw rotation, inches
@  Instantaneous position angle of tooth under consideration
w1 Angle through which tooth edge has rotated from reference line to entry in wood
w2z Angle through which tooth edge has rotated from reference line to exit from wood
f  Feed speed, feet per minute
n  Saw blade, revoluti per minut
¢ Cutting velocity, feet per minute (i.e., peripheral velocity of cutting edge)
v Velocity of cutting edge relative to workpiece, feet per minute
f. Feed per revolution of saw blade, inches
b Length of arc of tooth engagement with workpiece, inches
R  Blade radius, inches
(Drawing after Lubkin 1957.)

The angle at which instaneous chip thickness is the average chip thick-
ness can be approximated as follows:
d
h -
( +2)

we=arc cos R (19-30)

The length of path of tooth engagement for both counter-sawing and
climb-sawing can be stated:

b=R(ws—wy) (19-31)

The tooth pitch for uniformly spaced teeth is:

p=— (19-32)
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Figure 19-74.—Approximate chip geometry for circular saws.

t Instantaneous chip thickness, inch {measured in a direction perpendicular to o
tangent to the tooth trace, i.e., in an approximately radial direction)

ta  Average chip thickness, inch

x  Feed per tooth, or “bite” per tooth, inch

V  Volume of wood removed by a single tooth as it travels through the workpiece,
cubic inches

Es -Specific cutting energy, kilowatthours per cubic inch kerf removed

(Drawing after Lubkin 1957.)

Feed per revolution of blade is:

=1 (19-33)
n
The feed per tooth is:
oo 2mRf_pf _12f (19-34)
Ne ¢ nN

Chip thickness at any instant (fig. 19-74) can be approximately stated
for swage-set teeth.

_fsinw_#f

19-35
nN ¢ ¢ ( )

t=xsin w

For swage-set teeth the average chip thickness is:

fo= =R (19-36)

As shown in figures 19-63B and C, spring-set teeth penetrate to twice
the depth that swage-set teeth penetrate for a given feed per tooth because
the points of alternate teeth cut on opposite sides of the kerf; for spring-
set teeth, the average chip thickness is:

a - a k
favg soringaet Gt (gt 2=t _k (19-37)
g F4
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Rim speed, i.e., peripheral velocity of the saw teeth, can be expressed:

_2nRn 7R
““T12 6

For both counter-sawing and climb-sawing, resultant tooth velocity
(fig. 19-73) with respect to the workpiece is:

v= /4 +2¢f cos w (19-39)

The actual number of teeth engaged will alternate between the two
integral numbers closest in value to the ratio b:p.

Obviously total cutting power required is positively correlated with
width of kerf and with length of cutting path (thickness of workpiece).
When evaluating the effect of feed per tooth on power required, it is
convenient to use the concept of specific cutting energy, i.e., the energy
to remove a unit volume of wood. From equations 19-1 and 19-2 it was
observed that the parallel cutting force could be expressed in terms of
chip thickness: curvilinearly (Kt®) or linearly (A -+ Bt). If the experi-
mentally determined constants K and m (or A and B) are known, the
specific cutting energy of a circular saw (Es, kilowatt hours per cubic
inch of kerf removed) can be calculated for any value of average chip
thickness (t,, equation 19-36 for swage-set saws, and 19-37 for spring-set
saws) ; see Koch (1964b, p. 225) for development of the equations.

(19-38)

(0377109 [ K

E=——fo— [t——al_m] (19-40)
_(037D(10%) (4

B~ B+tﬂ> (19-41)

The shape of these curves is shown in figure 19-75. Normal rim speed
for circular saws is approximately 10,000 f.p.m. It is, however, practical
to increase the chip thickness and thereby reduce the power demand by
reducing saw revolutions per minute, increasing tooth spacing, or increasing
feed speed. Gullet capacity, tooth strength, plate strength, and surface
quality (fig. 19-61) limit the feed per tooth to relatively low values,
however—generally considerably less than V4-inch for log saws and much
less for most other applications of circular saws. A detailed discussion of
these limiting factors, the effects of size and orientation of the sawblade,
and the effects of tooth angles, can be found in Koch (1964b, p. 226-271).

Insert-tooth ripsaws.—Circle headrigs and board edgers used in the
southern pine region commonly are equipped with two-piece teeth having
easily replaceable bits and shanks (fig. 19-76). The bit is drop-forged and
has clearance angles factory-ground on top and sides. It is sharpened by
grinding on the rake face only so that the cutting edge is perpendicular
to the plane of the saw plate. The assembly, consisting of bit and shank,
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Figure 19-75.—Forms of specific cutting energy curves. While most bandsaws cut a chip
thinner than V-inch, chipping headrigs commonly feed 2-inch to 1 inch per knife.
(Drawing after Lubkin 1957.)

rides in a grooved seat in the saw plate. The shank is slightly larger than
the socket; thus, the entire assembly is securely spring locked in place.
The inserted tooth is well designed to exhaust sawdust from the kerf;
the gullet is capacious and rounded, and the shank is thickened (to cham-
ber the sawdust) where it meets the bit (fig. 19-76).

Because the bits are replaceable when worn, the diameter of the saw
remains constant regardless of the length of time the saw plate has been
in service.

A rake angle of 30 to 40° is commonly employed for all insert-tooth
ripsaws cutting southern pine. The maximum width of the forged bit is
generally slightly less than twice the plate thickness, and may range from
Ys2- to 3g-inch but is commonly Y4- to 5, ¢-inch in width. Rim speed is
usually approximately 10,000 f.p.m., but speeds of 8,000 to 12,000 f.p.m.
are common. Feed per tooth on this type of saw is frequently about 0.08

TOP OF BIT

BIT RAKE FACE OF BIT

THICKENED PORTION OF
SHANK CHAMBERS CHIP

SHANK

Figure 19-76.—Two-piece inserted tooth for

a circular ripsaw,
SAW PLATE

SLOT IN SHANK PROVIDES
SPRING-LOCKING ACTION
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inch, although many softwood mills operate at a bite per tooth of Y3-inch.
Figure 19-61 illustrates surfaces obtained with feeds per tooth of Y-, ¥-,
and V3-inch.

Saw diameters on headrigs range from 40 to 60 inches, with plate
thickness as thin as 9 by 10 gauge for 40-inch saws and as thick as 4 by 5
gauge for 60-inch saws. Saw plates are normally a gauge thicker in the
center than at the rim. Tooth pitch is commonly 3 to 4 inches but may
be as large as 6 inches.

Power data specific to southern pine have not been published; the
requirement can be estimated, however, from a study made by Andrews
(1955) on other species. A 38-tooth, 48-inch-diameter, 700-r.p.m., inserted-
tooth saw cutting with a 93s-inch kerf and 0.077-inch feed per tooth
might require the following saw power:

Power required

Depth of cut by saw only
Inches Horsepower

2 14

4 29

6 44

8 59

10 73

12 88

14 102

A 54-inch circular saw, hydraulic log turner, and 6,000-pound carriage—
if all hydraulically powered—require a 150-hp. electric motor to drive the
pump. If the carriage weight is only 3,000 pounds, 100 hp. might be
sufficient; a 10,000-pound carriage requires about 200 hp.

A typical small edger saw of insert-tooth design is 14 inches in diameter,
10 gauge, carries 14 teeth, cuts a Y4-inch kerf, and rotates at 2,725 r.p.m.
Each saw in the cut requires from 10 to 30 hp. depending on thickness of
stock and feed speed.

Tooth deflection and breakage are related to stress distribution in
inserted-tooth circular saws; readers interested in studying the location and
magnitude of these stresses will find the work by Malcolm and Koster
(1970) useful.

Double-arbor gangsaws.—In an effort to boost productivity per man-
hour in southern pine sawmills, the double-arbor circular gangsaw has
been increasingly used. This machine carries two gangs of circular saws—
one cutting from the top and the other from the bottom. Figure 19-57 illus-
trates such a machine built into the outfeed end of a chipping headrig.
In some designs the top arbor carries climb-cutting saws.

Power demand is substantial—each arbor can carry as much as 250 hp.
for 12-inch cuts (6 inches from top and 6 inches from the bottom) at
a feed rate of 100 lineal feet per minute or more. Thin circular saws
tend to be distorted by heat generated from {riction between saw plate




874 UTILIZATION OF THE SOUTHERN PINES—KOCH AH 420

and kerf wall. Saws have recently been designed specifically for applica-
tion to double-arbor gangsaws. Designs vary, but one reportedly successful
saw has 16 carbide-tipped teeth cutting a Y-inch kerf; the 3j¢-inch plate
turns at 1,770 r.p.m. In addition to the normal gullets, the plate has two
very deep gullets of constant width that run nearly to the saw collar but
at a trailing angle; cutters the width of the kerf are attached to the face
of each long gullet; these long knives cut themselves free whenever saw
deflection occurs and eject the sawdust forcibly from the tops of the long
gullets. A variation of this design has been described by Demsky (1967)
and by DuClos (1967).

Water is sometimes used to cool and clean these saws. The saws may
be clamped on the arbor, or they may float on a keyed arbor; in the latter
case they are spaced as desired by babbitt-faced guides that bear against
the rim on both sides of each saw plate.

Thin ripsaws.—The technique of high-speed ripping of thick cants with
circular saws is developing rapidly; current efforts are concentrated on
reducing kerf thickness. Readers desiring information on the state of the
art are referred to Kintz (1969), Salemme (1969), Schliewe (1969), and
Thrasher (1969). It is of substantial commercial interest that 6-inch-thick
cants of some species can be ripped—at feeds approaching production
speeds—with a kerf of less than U3-inch.

Salemme (1969) notes that thin-kerf, carbide-tipped, circular ripsaws
require machines specially designed to provide the necessary precision of
operation. He recommends use of the largest diameter, thickest, and
flattest saw collar possible; the saw should be made of an excellent grade
of steel and have the smallest eye possible.

General purpose swage-set ripsaws.—Expert saw filers who need circular
saws for applications where change in diameter with wear is not a factor,
may find swage-set ripsaws more economical than insert-tooth saws. As
with bandsaws, swaging tools are designed for a limited range of tooth
shapes. A rake angle of 30° with sharpness angle of 44° is common. Rim
speeds are in the range from 8,000 to 14,000 f.p.m. Table 19-30 shows
the proportions of small swage-set ripsaws. For thin material use the
maximum number of teeth. Saws in the heavier gauges are suitable for
power-fed machines or when cutting green or thick pine.

For saws 15 gauge and thicker the tooth height should be approximately
(0.43) (pitch) ; for saws less than 15 gauge, tooth height can be some-
what less. Width of swage is commonly twice plate thickness.

Log cutoff saws.—The trend toward tree-length logging and diversion
of each portion of the stem to its most appropriate use has stimulated
new interest in log cutoff saws installed at central log decks. Circular
log cutoff saws are generally arranged with the saw center above the work-
piece. Figure 19-77A shows solid-tooth styles and bevels.

Typically, rake angle is negative (e.g., —20°), sharpness angle 45°,
clearasnce angle 65°, and tooth height 0.76 times the pitch. Bevel is equally
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Figure 19-77.—Tooth styles commonly used for log cutoff saws. (A) Solid tooth.
(B) Insterted tooth.

divided between front and back of the tooth, i.e., both front and top carry
a 12 to 15° bevel. The point only is bevelled; the remainder of the tooth
and gullet are ground straight across. The teeth are spring set about
344-Inch to each side of the saw plate.

The inserted tooth shown in figure 19-77B is a commonly used style
for log cutoff saws ranging from 66 to 108 inches in diameter. It is spring
set (Y4-inch to each side is common) and is riveted into a V-milled socket
in the saw plate. The tooth illustrated is 4%, inches long. It fits into a
radially oriented socket in the saw plate that is 213/ inches deep. Table
19-31 shows commonly used saw specifications.

TABLE 19-30.—Proportions of general-purpose, solid-tooth swaged ripsaws
(Koch 1964b, p. 253)

Diameter Gauge Number Diameter Gauge Number
(inches) of teeth of teeth
BWG Inches BWG
6. 18 36-40 22 8-12 30-36
7. 18 3640 24 7-11 30-36
8 . 18 36-40 26 7-11 30-36
9 . 16 36-38 28 10 36
100 _____ . 12-16 24-36 30 10 36
2. _______ 10-14 24-36 32 10 36
14 ______ 10-14 2444 34 9 36
16 . _____. 10-14 2440 36 9 36
18 _____.___ 9-13 2440 38 8 36
20 .. 8-13 24-36 40 8 36
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Figure 19-78 illustrates a 108-inch, 3-gauge, log cutoff saw with 164
inserted, spring-set teeth. Hydraulically operated jaws clamp the log on
both sides of the cut. To give a rim speed of 10,000 f.p.m., the saw rotates
at 354 r.p.m. and is driven by a 75-hp. motor. It is hydraulically fed and
requires 2 seconds to cut through a 24-inch log at a feed per tooth of
0.012 inch. In the southern pine region, saw diameters of 60 to 96 inches
are more common.

Cutoff saws for rough trimmers.—These crosscutting saws are used to
trim green lumber to length. They may be mounted above or below the
workpiece and arranged to either counter-saw or climb-saw. Typically
the rake angle is 0° and the clearance angle 45°. Face bevel should not
exceed top bevel and is commonly 12 to 15° (fig. 19-79). The face bevel
should not extend into the gullet. Teeth are spring-set; a set of 2V,
BWG gauges to each side of the saw is common. Table 19-32 shows
common specifications.

A typical sawmill trimmer chain might travel at 70 f.p.m,, which, with
a 24-inch, 70-tooth saw rotating at 1,915 r.p.m., would produce a rim
speed of 12,000 f.p.m. and a feed per tooth of 0.063 inch.

Smooth-trim saws.—Dry planed southern pine boards and dimension

Figure 19-78.—A 108-inch log cutoff saw. Hydraulic clamps hold log on each side of cut.
Saw motor is 75 hp. For southern pine 60- to 96-inch saws are more common. (Photo
from Sumner Iron Works, A Division of the Black Clawson Company.)
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Figure 19-79.—Tooth styles for rough-trimmer saws.

lumber are ordinarily given an extremely smooth end-trim by a hollow-
ground saw; this prepares the board end for printing of the mill mark and
perhaps waxing to inhibit moisture pickup. Down-milling (climb-sawing)
is commonly employed; rim speed is usually 20,000 f.p.m. or higher. On
dry lumber, tooth pitch is approximately 3g-inch and tooth height is

TaBLE 19-31.—Specifications for log cutoff saws
(Koch 1964b, p. 261)

Diameter Gauge Number of teeth
(inches)
BWG
60__ ... 6 96
62 . 6 100
64 . 6 104
66__ . ___ 5 108
96_ o 4 158
108 ___ 3 164

TaBLE 19-32.—Shecifications for rough-trimmer saws (Koch 1964b, p. 263)

Diameter Gauge Number Diameter Gauge Number
(inches) of teeth of teeth
BWG Inches BWG
6 .. 18 100 24 10-11 70
: J 18 100 26 10 70
100 ___.___ 16 100-150 28 10 70
12 ... 12-14 70-150 30 9-10 70
14 . 12-14 60-150 32 10 70
16 ... 12-14 60-150 34 9 70
18 .. 10-13 60-100 36 8-9 70-80

20 . 10-13 70-80 38 8 80

22 .. 10-12 70 40 6-7 80
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T4 e-inch (fig. 19-80). Saws are hollow ground to reduce the plate thick-
ness 4 to 5 gauges in an area concentric to the rim (table 19-33). The
45° face bevel, lack of set, high rim speed, and numerous teeth result in
smoothly machined kerf walls.

Figure 19-81 illustrates a machine using smooth-trim saws to trim
kiln-dry pine. The single operator at the control console in the fore-
ground automatically loads the lugs, double-end trims each board to its
longest possible even length (or trims back for grade, or permits the
board to pass without trimming), imprints both ends of the random-length
boards with one of two different brands, waxes the ends of the boards,

FACE BEVEL 45

4

<1

FACE BEVEL 45

10° TO 20° TOP BEVEL

i

0
H
[ 1
i\

l3°L—RAKE ANGLE
B c

Figure 19-80.—Tooth styles for hollow-ground, smooth-trim saws. (A) Round-back tooth
(approximately 45° top bevel). (B) skew-back tooth (10° to 20° top bevel); this
configuration gives more strength to the point of the tooth and is an exception to the rule
of equally dividing face and top bevel. (C) Hollow-ground saw plate gives clearance to
cutting corners. {Drawings after Peter Koch 1964b, pp. 247, 264, WOOD MACHINING
PROCESSES, Copyright ‘© 1964, The Ronald Press C y, New York.)
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Figure 19-81.—Double-end smooth trim saw for random-| ngth lumber. (Photo from Irving-
ton Machine Works.)

and finally delivers them to one of two different levels for subsequent
stacking. He can instantaneously control feed speeds from creeping to
approximately 200 f.p.m. The automatic lug-loading device keeps pace
with the feed chain, as do the double-end printing and takeaway devices
behind the machine. One board per second is easily trimmed by this
system.

Typically, the 5-hp. feed motor might drive the feed chains at 120 f.p.m.
while trimming I-inch, kiln-dry, planed pine boards. The saw arbors are
individually driven by 7Y-hp., arbor-mounted motors to give a spindle
speed of 3,600 r.p.m. The 22-inch, 140-tooth, 6-11-6 gauge, hollow-ground
saws operate at a rim speed of 20,700 f.p.m. The saw collars are 7 inches
in diameter. At this feed speed, the trimmed end produced is smooth

TABLE 19-33.—Hollow-ground smooth-trim
saws for power trimming kiln-dried southern

pine
Diameter Gauge Number
(inches) of teeth
BWG
18 ... 8-12-8 100
20__ 8-12-8 120
22 L. 6-11-6 140

24 . 6-10-6 140
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enough to permit the longitudinal resin canals to be readily observed
without magnification. In some installations of this type, the 0- and 16-
foot saw are equipped with carbide-tipped teeth inasmuch as they are
most frequently in the cut. Carbide saws for this purpose have the follow-
ing specifications:

Diameter 20 or 22 inches
Number of teeth 120
Tooth style 25° alternate top bevel and
15° alternate face bevel
Saw gauge 9-gauge plate; 0.200-inch kerf
CHAINSAWING

While chainsaws are widely used to fell and crosscut southern pine
trees, there are no published, quantitative cutting data specific to southern
pine. In crosscutting applications, the cutting action most nearly ap-
proaches orthogonal cutting perpendicular to the grain with cutting edge
parallel to the grain (90-0 direction) ; the cutting action is complicated
because kerf boundaries are established by cutting (90-90 mode) in the
planes of the kerf walls simultaneously with advance of the cutting edge
(figs. 19-82, 19-83).

SHARPENED BY
KERF KERF KERF
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i
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i
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CHIPPER CHISEL CROSS-CUT

SHARPENED BY

FILING HERE I i

C D

Figure 19-82.—Chain saw teeth. (A) Three types of chain saw teeth. (B) Saw tooth,
intermediate between chipper and chisel type that can be sharpened on the back with a
flat file. (C) Chipper-type chain; inset indicates that the corner cuts kerf boundary. (D)
Chipper-type chain; inset indicates that the cutting edge lifts out the chip. (Drawings after
Penberthy 1968.)
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Figure 19-83.—(A) Filing angles and lature for chain saws. (B) Definition of cutting

angle in chain saws. (Drawing A from Omark-Industries, Inc.; drawing B after Gambrell
and Byars 1966.)

Gambrell and Byars (1966) reported data collected while chainsawing
green red oak (Quercus rubra L.). In the range of cutting speeds from
300 to 3,640 f.p.m. in cuts from 0.010 to 0.060 inch deep, cutting forces
in the three principal directions increased appreciably with increased
depth of cut and decreased slightly with increased cutting speed; energy
consumption was relatively independent of cutting angle (fig. 19-83B).
Reynolds et al. (1970) developed relationships that predict power re-
quirements of cutting chains; saw and engine designers should find the
information useful.

Most southern pine is cut with one-man saws of less than 6 hp. that
carry teeth similar to those illustrated in figure 19-82BCD. These one-
man saws may have straight bars 14 to 16 inches long, or they may be
equipped with curved rims or bows. The bowsaw is used primarily when
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bucking small roundwood on the ground. The bow enables the operator
to make plunging cuts and thus avoid stooping unnecessarily; because of
its narrow rim, it is pinched less in such cuts than a saw equipped with
a straight bar. The trend is toward shorter bars and higher chain speeds.
Factors determining chain selection include the following.

Saw chains are primarily classified according to the distance, or pitch,
between articulations. Large-pitch chains %5- to 7-inch between articu-
lations) are stronger because individual links, pins, and cutters are
heavier. They carry longer, wider cutters that produce a wider kerf, take
bigger chips, and require more power, but have a longer service life. Since
there is more space between individual cutting edges they are less suited
for removing small limbs or cutting small trees than chains of smaller
pitch.

Small-pitch chains (less than Va-inch between articulations) operate
better on direct-drive saws because at their high chain speed (2,400 to
3,800 f.p.m.) the lighter links, smaller kerf, and lighter feed per tooth
minimize shock load on the engine and pounding on bar entry, rails, and
sprockets. Only small-pitch chains, whether direct-drive or gear-drive,
are satisfactory on low-horsepower saws.

Medium- to large-pitch chains are more suitable for the slower chain
speeds of gear-drive saws (800 to 2,000 f.p.m.), where the greater weight
of the links has less adverse effects on the mechanism and power is ade-
quate for heavier feeds per tooth. Specific cutting energy is lower with
thick chips than with thin chips.

Tree-length logging of small trees is now common; equipment has been
developed to cut whole truckloads of pine to shorter lengths suitable for
the drum barker, i.e., 5 to 8 feet (fig. 19-84). The 13/ g-inch-pitch chain
of the saw illustrated is driven by a 25-hp. motor at 1,600 f.p.m. It cuts
through loads up to 8.5 by 8.5 feet, controlled by a 10-hp. electric-hydraulic
feed mechanism. Capacity is 30 to 45 cords per hour of 5-foot wood,
and up to 60 cords per hour of 8-foot wood.

19-8 PLANING AND MOULDING

Peripheral-milling cutterheads (section 19-4) are used in jointers and
shapers as well as in planers and moulders. Only planing and moulding
will be described here. Readers desiring information on jointers and
shapers will find it in chapter 7 of Koch (1964b).

PLANING

The peripheral milling of lumber to smooth one or more surfaces with
simultaneous sizing to some predetermined thickness, width, or profile
pattern is defined as planing. Normally, planing cutterheads, often called
cylinders, cut in the up-milling direction (fig. 19-29).

Single surfacer.—This most elementary planer smooths one side of a




MACHINING 883

PR TR -~

TG S e e

Figure 19-84.—Chain saw designed to reduce tree-length wood to lengths svitable for the
drum barker. (Photo from Currie Chain Saw Company.)

board while removing enough wood to reduce it to a predetermined
thickness (fig. 19-85). The depth of cut that must be removed to smoothly
plane a flat board is determined by the roughness of the sawn surface.
Malcolm et al. (1961), in studies of feed per tooth on southern pine,
found that eliminating all tooth marks and tear-out required the cutter-
head to remove %2-inch if the lumber has been sawn with a feed per
tooth of lg-inch, 54,-inch if the feed per tooth is Y4-inch, and 84,-inch
if feed per tooth is V4-inch (fig. 19-61).

All industrial planers are power-fed to maintain uniformity of feed rate,
reduce breakage, and avoid stoppages that cause burns from cutterheads
and skidding rolls. Effectiveness of the feed is improved if both top and
bottom rolls are power driven, and if the rolls are large in diameter,
corrugated, and mounted in multiples—that is, two pairs of infeeding rolls
are more effective than one pair. Ordinarily, the top and bottom rolls
are both solid. If, however, the lumber is very uneven in thickness, or
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Figure 19-85.—Single surfacer. o, corrugated top infeed roll; b, chipbreaker; ¢, cutterhead;
d, pressure bar; e, top outfeed roll; f, lower platen; g, bottom feed rolls.

if it is fed in multiples across the width of the machine, the top roll may
carry independent narrow sections mounted on a common arbor but
spring-supported on an internal arbor; in this way each section can yield
as much as 34-inch independently. To attain positive feed of rough or
wet lumber, the bottom infeed roll should be corrugated and set a frac-
tion of an inch above the platen; with dry, smooth, flat lumber the infeed
roll should be smooth and raised barely above the platen.

In all planers a chipbreaker precedes the cutterhead (fig. 19-86). It
holds the lumber firmly against the opposite platen limiting the cut to
yield an accurate board thickness. Pressure of the tips of properly de-
signed chipbreaker shoes helps reduce advance splitting (fig. 19-41A),
permitting knives with higher rake angles and accompanying lower power
consumption. The front face directs chips into the shavings collector pipe.
Chipbreakers also minimize gouged ends or snipes when board-ends enter
or leave the cutting zone out of control. In cruder designs the chipbreaker
is simply a weighted bar resting on the lumber. In more sophisticated
machines the bar is divided into counterbalanced hinged sections, per-
mitting each chipbreaker tip to hug the cutting circle as it rises and falls
with varying stock thickness; shoes also rock to follow the longitudinal
undulations of the lumber. On very fast planers, pressure on the indi-
vidual shoes may be regulated by air cylinders to suit lumber conditions.
This arrangement also permits remote control of pressure and quick lifting
of the chipbreaker assembly in the event of a breakup.

Rotating cutterheads in planing machines may be as short as 4 inches
or as long as 48 inches (and even longer for timber sizers) depending on
the work to be done. Usual width is 15 inches for southern pine lumber.
Cutterhead diameter depends on the number of knives to be fitted into
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Figure 19-86.—Sectional rocking-nose chipbreaker. (Photo from Stetson-Ross.)

the cutting circle. The 8- to 16-knife planers commonly used on southern
pine require cutting circles from 9 to 12 inches in diameter. As explained
in section 19-4, the number of knife marks per inch substantially defines
the quality of a planed surface (table 19-34 and equation 19-12). Large
cutting circles improve surface quality (equation 19-13); however, the
desirability of compact planer designs and inability to handle lumber
flowing at speeds much above 1,000 f.p.m. have, so far, limited cutter-
head diameters to about 12 inches.

A pressure bar behind the cutterhead is common to all planers (fig.
19-85). The lower surface of this bar is adjusted parallel to the opposite
platen and tangent to the cutting circle. It holds the lumber down as it
passes through and leaves the cutting zone. Some designs feature a quick-
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release mechanism to assist in clearing jams or breakups in the machine.

Depending on the machine design, the opening between cutterhead and
lower platen is set to yield the desired board thickness by adjusting either
the cutterhead or the lower platen.

Double surfacer.—A double surfacer smooths both sides of a board and
simultaneously reduces it to a predetermined finished thickness. The
arrangement shown in figure 19-87A is used on southern pine virtually
to the exclusion of other systems in spite of its obvious shortcomings. The
board is forced against the lower bed first, and the top cylinder removes
the excess thickness, if any, to finish the top. The lower cylinder then
takes a fixed cut from the lower side of the lumber regardless of whether
the top has been surfaced or not. If the board is too thin to be surfaced
on the top, it will be made still thinner by the cut from the lower cylinder.
The top cylinder machines the top of the lumber while the lumber is
still rough on the bottom. With this arrangement, boards are usually
fed best-face-down.

The arrangement in figure 19-87B is used on facing planers, where it
is desirable to plane off some degree of cup and twist. Because of the
yielding hold-down device over the bottom cutterhead, however, it is not
used on production planers where a good surface must be established in
one pass through the machine; sudden excessive forces normal to the sur-
face moving the board away from the cutterhead leave the surface uneven.

Although expensive, the arrangement in figure 19-87C has much to
recommend it. Lumber is fed face up. The bottom cylinder cuts first,
with the workpiece forced upward against the rigid top platen, cutting
it to final thickness plus the thickness necessary for surfacing the top face.
Thus, a varying cut is taken on the back of the workpiece by the bottom
cylinder while it cuts against the solid overplate. Thus the board is, in
effect, measured for thickness by the bottom head, and the excess is re-
moved from the back or the low-grade side. If the stock is too thin to
allow for planing fully on both sides, only a light cut, or no cut, will be
removed from the back. After the lumber passes the bottom cylinder, it is
flexed or pressed downward by the top chipbreakers and accurately thick-
nessed by the top cylinder. Thus a measured and predetermined cut is
taken from the face of the board. The face surfacing is accomplished
against a previously surfaced back. A rough board that is less than the
desired thickness will emerge from this planer still rough on both sides.

The arrangement shown in figure 19-87C can, in some plants, be advan-
tageously used to double-surface southern pine lumber at very high speeds
before (or after) it is kiln-dried; the resulting smooth, uniformly-thick
lumber can then be accurately planed to final pattern and width on con-
ventional planers (fig. 19-87A). By this method mills need inventory only
a few sizes of accurately-graded S4S boards; from these few, a multiplicity
of patterns can be run quickly on order.

Conventional double surfacers (fig. 19-87A) for furniture plants and
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TABLE 19-34.—Relationship of planer feed rate and number of knives to knife
cuts per inch; spindle speed 3,450 r.p.m.
Lineal Number of knives in cutterhead!

feed rate
(f.p.m.) 1 2 4 6 8 10 12 14 16 18 20
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R

Figure 19-87.—Cutterhead arrang ts for double surfacers; x indicates cuts of fixed
depth, and y indicates cuts to controlled thickness. (A) Conventional double surfacer. (B)
Facing head followed by thicknessing head. (C) Two-way thicl ing pl . If lumk
has portions. where thickness allowance for planing is scant, arrangements (A) and (B)

will yield rough surfaces on upper side. (Drawings after Koch 1948.)
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other woodworking plants are available in widths up to 50 inches and
with feed roll diameters up to 6 inches. Feed and cutterhead horsepower
are related to the number of knives in the head (seldom more than 6),
class of work involved, width of machine and feed speed desired. Gen-
erally speaking, the top cylinder carries less than 40 hp., the bottom cylinder
less than 20 hp., and the feed less than 15 hp. Feed speeds are generally
below 125 f.p.m.

Figure 19-88 illustrates a specialized type of double surfacer that has
been designed for the increasingly important timber laminating industry.
The four-knife jointed cylinders are V-belt driven at 2,200 r.p.m. The
machine has 50 hp. on the top and 50 hp. on the bottom cylinder. The
two bottom infeed rolls and the single top infeed roll are all 1253 inches
in diameter and are driven by a 15-hp. feed motor to yield a feed speed
of approximately 50 to 75 f.p.m. The cutterhead arrangement on this
design is that shown in figure 19-87B; the weight of the beam is suffi-
cient to keep it from being thrust from the bottom head. The bottom
platen preceding the lower cutterhead can be adjusted to permit removal
of as murh as 34-inch from the lower surface of the beam.

Planer and matcher.—A planer and matcher is a double surfacer
equipped with two opposed sideheads that can simultaneously machine both
edges of a board. The machine usually has two additional horizontal spin-
dles carrying profile heads to machine patterns on the top and/or bottom
of the lumber. Profile heads may also be used to smoothly rip wide dimen-

e

Figure 19-88.—Outfeed end of three-roll 24- by 78-inch double surfacer to size laminated
beams. (Photo from Stetson-Ross.)
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sion lumber into planed 2 by 4’s with eased edges; Macomber (1969) has
given a description of the technique.

Figure 19-89 illustrates a six-head machine; each cutterhead carries
12 jointed knives. The cylinders (arrangement of 19-87A) are shown
surfacing top and bottom, the opposed sideheads are cutting a shiplap
pattern on both edges, and the top profile head is cutting a drop-siding
pattern. The bottom profiler is idle and not visible. To mill southern
pine, most planers and matchers have cylinders 15 inches long and can
carry sideheads to machine timbers 6 or 8 inches thick. Proportions of
machines suitable for southern pine are given in table 19-35.

Figure 19-90 shows a 16-knife planer and matcher with double profiler
and an extra down-milling outside sidehead at the infeed end to remove
excess lumber as pulp chips. Not shown, but widely used, is an inside side-
head at the infeed end that joints or planes the horns of incoming crooked
lumber; the planed board emerges with much less crook. Some designs
of these crook reducers have two cutterheads—both on the guide side
and both down-milling—between feed table and planer proper.

For a discussion of handling equipment to get lumber into and away
from the planer at high speed, the reader is referred to Koch (1951).

Timber sizers are similar to planers and matchers in having cylinders
and sideheads (but not profilers) arranged as in figures 19-87A and
19-89. Normally they have one pair of infeeding and one pair of out-
feeding rolls. Sizers are made to admit timbers 24 inches thick and 36
inches wide. Current motorized designs are fast and versatile; they can
not only plane timbers (at slow speed) but can close down and run
2 by 4’s at speeds to 500 f.p.m.

For descriptions of knife styles and sharpening techniques, see Koch
(1964b, p. 303-318).

Figure 19-89.—Cutterhead arrang t of pl and tcher with double profilers. No

cutterhead is mounted on lower profile spindle. (Photo from Stetson-Ross.)
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Figure 19-90.—A 16-knife planer and matcher with double profiler. In addition to the six
customary cutterheads, the machine has a seventh cutterhead—a down-milling outside
sidehead at the infeed end to size overwidth boards by cutting pulp chips from the excess
width. Not shown is an eighth cutterhead—an inside sidehead placed at the infeed end to

straighten lumber by planing off the horns of boards with crook. (Photo from Stetson-
Ross.)

TaBLE 19-35.—Typical proportions of six-head planers and maichers with double
profilers-(Data from Koch 1964b, p. 301)! 23

Number of jointed knives per cutterhead

8 or 10 12 14 16
Cutting-circle diameter, inches__._ 9 934 10 11
Feed-roll diameter, inches__._____ 10 12 14 16
Maximum feed speed, f.p.m._____. 350 500 750 1000
Horsepower:
Feed table (variable speed).____ 15 20 25 30
Planer feed (variable speed).___ 25 40 50 60
Top cylinder_______________._. 50 80 130 150
Bottom cylinder_ .. __________ 25 40 65 75
Outside sidehead - - ___________ 25 40 65 65
Inside sidehead.______________ 15 25 25 40
Top profile head ______________ 25 40 65 75
Bottom profile head_._________ 15 25 25 40

! The usual machine for southern pine will accept lumber 15 inches wide and 6 or 8
inches thick; 25-inch-wide machines are available.

% Planers and matchers usually have six powered rolls; i.e., two pair infeeding and
one pair outfeeding.

3 For southern pine, rake angles of 20 to 30° are commonly used; some profile knives
for dry lumber have 15° rake angles.
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Figure 19-91.—A 6-inch, four-head moulder. Cutterheads can run jointed at 3,600 r.p.m. or
unjointed at 6,000 or 7,200 r.p.m. Hopper feed is at infeed end. (Photo from Mattison
Machine Works.)

MOULDING

The purpose of the moulder is to machine complex shapes on the
surfaces or edges of long or short lumber. Moulding, like planing, is a
peripheral milling process. A simple moulder has a top cutterhead fol-
lowed by two sideheads followed by a bottom cutterhead (fig. 19-91).
Instead of being directly opposed as in a planer and matcher, moulder
sideheads are staggered to permit their spindle-mounted motors to clear
each other when the spindles are tilted. Tilting sideheads permit angled
saw cuts and varied bevels on the edges of the workpiece without changing
knives. While the moulder can machine a very broad range of shapes,
it cannot make tongue and groove flooring as accurately as a planer and
matcher because the staggered sideheads do not rigidly control the work-
piece width.

Productive capacity.

Characteristically moulders are designed for rela-
tively short runs of any pattern. In some plants as many as 20 different
shapes may be run in a day. In others the moulder setup may be un-
changed for several days. The productivity of a moulder may be expressed
by the following formula:

P = V(60T — CX) (Y) (K) (19-42)
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where:
P = lineal footage of mouldings produced per shift
V = feed speed, feet per minute
T = length of shift, hours
C = idle machine time due to each pattern change, minutes
X = number of pattern changes per shift
Y = pattern multiples
K = continuity of feed, percent efficiency expressed as a decimal

fraction. This factor must include all nonmachining time due
to all causes other than pattern change.

From this expression it can be seen that quick pattern change is im-
portant. If, for example, eight different patterns were required during
an 8-hour shift, and each pattern change took 60 minutes, the resulting
production would be zero. Production is directly proportional to feed
rate, which is in turn dictated by the desired surface quality as expressed
in knife marks per inch.

There are two ways to increase the lineal rate of feed without reducing
surface quality (16 to 30 knifemarks per inch for most mouldings) :

® Increasing the cutterhead spindle speed
® Increasing the number of jointed knives in the cutterhead.

Of the several synchronous spindle speeds in common use, ie., 3,600
r.p.m., 6,000 r.p.m., and 7,200 r.p.m., none but the 3600-r.p.m. speed can
be consistently jointed. For this reason moulders with spindle speeds of
6,000 or 7,200 r.p.m. are limited to single-knife operation, that is, one cut-
ting knife and one balancing knife per head. On the other hand, the feed-
ing rate of moulders equipped with spindles operating at 3,600 r.p.m. may
be increased in direct proportion to the number of jointed knives in each
cutterhead. To maintain 20 knife marks per inch, a 7,200-r.p.m., one-
knife machine must feed at 30 f.p.m., while a 3,600-r.p.m. machine with
six jointed knives in each cutterhead can feed at 90 f.p.m.

Machine types.—The controls of many machines are so designed that
synchronous spindle speeds can be selected at 3,600, 6,000, or 7,200 r.p.m.
This arrangement permits one-knife operation at high spindle speed on
short runs of nonstandard patterns as well as multiknife, 3,600-r.p.m.
operation with jointed knives at high feed speeds on long runs of standard
patterns.

In the cutterhead arrangement most frequently used on a four-head
moulder, the top cutterhead cuts first and the bottom one last. Since
the sides are machined while the bottom of the workpiece is still rough,
pattern registration on the edges may not be accurate. Prior surfacing
would, of course, eliminate this difficulty. The usual five-head arrange-
ment places a second top head between the sideheads and the final bottom
head. Designs are also available in which the fifth head cuts first and is
on the bottom in order to smooth the bottom surface of the stock as an
initial machining step. Six-head machines are available also.
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Moulders are commonly equipped with two pairs of power-driven
infeeding rolls, or with two top infeeding rolls over a lower endless bed.
Figure 19-91 illustrates a machine with two 6-inch-diameter, corru-
gated, sectional, top infeed rolls and a bottom endless bed, all powered
by a 5-hp., two-speed motor. Moulders do not have outfeed rolls. A
hopper feeding device permits feeding short stock at speeds above 50
fpm. (fig. 19-91).

Moulders are made in 4-, 6-, 8-, 10-, and 12-inch widths and usually
accept a workpiece up to 4 inches thick. Cutting circles range in diameter
from 5 to 9 inches. Sideheads are provided with as much as 45° inward
tilt and 15° outward. Cutterhead power depends entirely on the class
of work to be done. The 6-inch moulder illustrated in figure 19-91 carries
7Y hp. on the top and bottom heads, and 5 hp. on each sidehead.

19-9 MACHINING WITH COATED ABRASIVES

Wood panels are sanded to flatten and smooth their surfaces and, in
some cases, to reduce their thickness to the desired dimension. While
southern pine lumber is infrequently sanded, an important percentage of
southern pine plywood—and virtually all particleboard—is smoothed
and thicknessed on wide-belt sanders. A detailed discussion of machining
with coated abrasives is available (Koch 1964b, chapter 11).

Panel sanding machines are usually double deck, that is, they simul-
taneously machine both top and bottom of the panel in one pass. Feed
speeds range up to about 200 f.p.m. The coated abrasive belts are com-
monly 50 to 33, 63, or 67 inches wide. Belts 103 or 142 inches long are
widely used. Most machines have four heads, and six heads are not un-
commeon; half the heads cut on the top and half on the bottom (fig.
19-92).

The primary heads, i.e., the first top and first bottom heads, do the
major cutting job. Cuts of 0.03 inch per primary head on plywood and
0.04 inch on particleboard are common, but on neither should they exceed
0.1 inch. Belts are expected to last 50 to 60 hours, with 80 to 100 hours
of machining not unusual (Stevens 1966). The steel contact roll (fig.
19-92) on each primary head has a diamond pattern of serrations.
Secondary or finishing heads have steel contact rolls in which spiral
serrations are milled.

Belt speeds of 5,000 to 6,750 f.p.m. are common. Belts are assembled
with a skived splice 3-inch wide made at an angle to the length of the
belt. Cloth backing for the abrasive is the toughest possible x-weight drill,
woven from long staple cotton and internally filled to increase wear
resistance and stiffness. A thin film of urethane polymer on the inside of
belts for primary heads may increase life of belts and rolls, but on secondary

heads tends to strip the graphite covers from smoothing bars (Stevens
1966) .
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Figure 19-92.—Four-head panel sander for finishing plywood or particleboard. Abrasive
belts travel counter to direction of panel feed. For maximum stock removal the first two
heads are opposed; the next pair of top and bottom heads are staggered and provided
with smoothing bars to yield a smooth surface. On a 53-inch-wide machine capable of
feed speeds to 200 f.p.m. each sander head carries 125 hp. A total of 25 hp. drives the
feed rolls; the top seven rolls are driven independently of the bottom. (Drawing from
Tidiand Machine Co.)

Silicon carbide, the hardest and sharpest of man-made abrasives, is
most commonly used for primary heads on southern pine plywood and
particleboard (Stevens 1966) ; Ferguson (1968), however, states that for
rapid wood removal (deep cuts) aluminum oxide is best. Coarse grits
(24, 36, or 40) are most effective. Secondary heads for either plywood or
particleboard commonly use silicon carbide in grits from 80 through 120
(Stevens 1966).

The abrasive grains are bonded to primary belts with phenolic resin
in both the underlying make coat and the later applied size coat (fig.
19-93). Open-coat construction—that is, with abrasive grains spaced
apart—is preferred for sanding the somewhat resinous southern pines.
The closed-coat belts are heavy and stiff and afford a maximum number
of cutting points, but they have a tendency to load up.

R. Birkeland of the National Institute of Technology in Oslo, Norway
has proposed (in a patent application) that abrasive grains should be
placed in the “make coat” in such a manner that their cutting tips fall
on a common plane; he would accomplish this either by classifying the
abrasive particles by length as well as screen size, or by imbedding the
particles at variable depths in the “make coat”” By this means, he has
found that coarse grits can be made to cut surfaces that are substantially
smoother than surfaces made by commercial papers of the same grit
(fig. 19-93 Bottom). For a greatly enlarged view of a conventionally
sanded surface see fig. 25-7.

The performance of sanding heads can be measured in terms of the
quality of the surface produced, the power required, and the amount of
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Figure 19-93.—(Top) Construction of a belt coated with abrasives. (Middle) Cutting action
of an abrasive particle. (Bottom) Surfaces on dry (7-percent moisture content) yellow
poplar produced with 36-grit, aluminum oxide, open-coat paper. The rougher of the two
surfaces was made with commercial paper in which the mineral was imbedded on the
backing without regard to the location of the cutting points; the smooth surface was
made with the same grit carefully arranged so that the cutting points were all in @
common plane. (Photo from R. Birkland.)
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wood removed. All of these factors are time related—that is, as the belt
wears, surface quality deteriorates, power rises, and wood removal slows.
Factors affecting performance include grit size, belt pressure and velocity,
depth of cut and feed speed, direction of feed, running time, and wood
factors. To establish meaningful relationships specific to southern pine,
a factorial experiment is required; to date no such comprehensive data
are published. Available data are presented in the following paragraphs.

GRIT SIZE

Coarse grits (compared to fine) produce rougher surfaces, remove
more wood per unit of time (Pahlitzsch and Dziobek 1959, 1961) and
cause a greater temperature rise at the surface (Franz and Hinken 1954).

BELT PRESSURE AND VELOCITY

Increased pressure of the belt against the workpiece increases rate of
wood removal (Franz and Hinken 1954; Hayashi and Hara 1964;
Pahlitzsch and Dziobek 1959) and increases workpiece temperature
(Franz and Hinken 1954; Pahlitzsch and Dziobek 1961). Power con-
sumed by the belt is also proportional to the force applied by the contact
roll to the machined surface (Nakamura 1966).

In a comparison of smooth and corrugated contact rolls, Holland (1966)
found that rolls with narrow bands separated by open grooves gave the
fastest wood removal, lowest belt temperature, and least belt clogging.

Belt velocity is positively correlated with rate of wood removal (Franz
and Hinken 1954; Hayashi and Hara 1964; Nakamura 1966). According
to Ward (1963) high belt speeds yield a smoother surface and consume
less energy per unit volume of wood removed than low speeds. Belt
velocity is, however, positively correlated with power consumed by the
belt (Nakamura 1966). Temperature of the workpiece is positively cor-
related with belt velocity (Franz and Hinken 1954; Pahlitzsch and
Dziobek 1961). According to Pahlitzsch and Dziobek (1959), the optimum
belt speed—for maximum rate of wood removal on a modified stroke
sander—is 5,850 f.p.m. for grit size 60 and slightly less for grit 120; there
is some doubt that this conclusion is equally applicable to a wide-belt
sander. Wear on the backing is one practical limit on the belt speed of
a wide belt sander.

DEPTH OF CUT AND FEED SPEED

In a study probably applicable to southern pine, Stewart (1970) re-
ported a positive linear correlation between depth of cut and power
required for abrasive planing of hard maple (Acer saccharum Marsh)
parallel to the grain (90-0 mode).

Power demand is positively correlated with feed rate (Ward 1963);
Stewart (1970) found that the relationship was linear. According to Seto
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and Nozaki (1966) and Nakamura (1966), however, the amount of wood
removed per unit of time is negatively correlated with feed speed; this
appears anomalous, and additional study seems warranted.

DIRECTION OF FEED

According to Ward (1963) and Seto and Nozaki (1966), it is prefer-
able to feed panels against the direction of belt travel.

In an experiment on hard maple—the results of which may be appli-
cable to southern pine plywood—Stewart (1970) found that abrasive
planing across the grain (0-90 mode) took 20- to 25-percent less power
than parallel to the grain (90-0 mode) ; surface roughness was about the
same for both modes. According to Pahlitzsch and Dziobek (1962), sur-
face roughness is greatest when the angle between fiber axis and sanding
direction is 0 to 30°.

The machined surface is smoother if the belt is oscillated (Pahlitzsch
and Dziobek 1962). An oscillation of 3-inch amplitude at 20 to 25
cycles per minute is common on wide belt sanders for southern pine.
Optimum frequency of oscillation is positively correlated with feed speed.

RUNNING TIME

As the belt dulls with use, the rate of wood removal decreases. The
energy consumed per unit volume removed increases as the abrasive gets
very dull, even though the rate of power consumption is somewhat reduced
(Pahlitzsch and Dziobek 1959, 1961, 1962). Abrasive belts fail not only
from dulling but also from broken splices, lengthwise tears originating from
punctures caused by debris riding on top of panels, and from edge damage
caused when belt tracking controls fail.

WOOD FACTORS

At constant pressure between belt and panel, wood moisture content is
positively correlated with rate of wood removal because the grit cuts moist
wood more easily than dry wood. Wood is seldom sanded at a moisture
content above 15 percent (Franz and Hinken 1954).

It has been reported that energy consumed per unit volume of wood
removed is positively correlated with specific gravity (Seto and Nozaki
1966). Despite observable differences among species, no published data
afford comparisons of sanding effectiveness between southern pine and
other species.

POWER DATA

From the foregoing discussion it is evident that many factors affect the
power required by each head on a wide belt sander. Unfortunately, there
are no published data specific to southern pine.

From unpublished information on the sanding of particleboard with a
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belt speed of 6,688 f.p.m. and feed speed of 110 f.p.m. it appears that net
belt power is linearly proportional to depth of cut in such a way that
doubling the depth of cut more than doubles the power required.

Depth of cut
Grit size 0.015 inch 0.045 inch
Net hp. per inch of belt width
24 0.5 2.7
36 0.5 2.7
50 1.1 4.6

Unpublished data from another source gives the following information
on power required to sand 4-foot-wide southern pine plywood at a feed
speed of 80 f.p.m. with a 50-inch belt.

Belt grit Depth cut Approximate power on the sander head
Inch Horsepower
36 0.100 90
50 .050 70
60 .040 60
80 .025 42
100 .010 34
120 .006 23
280 .003 11
320 .002 7

19-10 VENEER CUTTING

The first southern pine plywood plant became operational in December
1963. Other mills soon followed, and by 1967 the annual capacity of the
new industry reached 2.6 billion sq. ft., 34-inch basis (Guttenberg and
Fasick 1968). By January 1, 1968 the 34 plants in operation (or under
construction) in the southern pine region comprised about 18 percent of
the softwood plywood plants in the United States with a capacity of about
one-fifth of the total U.S. production of 13.0 billion sq. ft. (Bryan 1968;
Anonymous 1968). The South’s share of the plywood industry is still in-
creasing.

This industry uses only rotary-peeled veneer. Although thin vertical-
grain sliced southern pine veneer checks less and holds finishes better than
rotary-cut veneer and has an attractive appearance, it is little used because
it is costly to produce. It appears possible, however, that thick-sliced south-
ern pine (slicewood) may become a limited competitor of sawn lumber -
(Lutz et al. 1962). If this happens, the technique of thick slicing will be
of great commercial importance to the southern pine industry.

Veneer peeling and slicing closely approximate orthogonal cutting in the
0-90 mode (sec. 19-2) except that a nosebar is used to compress the wood
ahead of the cutting edge (figs. 19-94, 19-95). Peeled or sliced veneer has
a loose side (the side with tension checks—see figs. 19-14 and 19-94DE)
and a tight side.
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DETAIL OF NOSEBAR
AND KNIFE EDGE

Whether southern pine veneer is peeled or sliced, if the knife is sharp,
the surface of latewood veneer differs from that of earlywood. In late-
wood, the surface is frequently formed by separation of the cells at the
middle lamella; in earlywood, cell walls are usually severed cleanly at
the cutting plane (fig. 19-96). For reasons not clear, this difference
makes it difficult to achieve good latewood-to-latewood bonds (Hse 1968,
fig. 4). See also figures 23-7 and 23-8.

NOMENCLATURE

Figure 19-94 illustrates peeling; figure 19-95 shows slicing. In figure
19-94 Bottom, veneer cutting geometry is drawn to correspond to the
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.3
Figure 19-94.—Nomenclature in veneer cutting. (Top) Cross section of rotary veneer lathe.
A, knife adjusting screw; B, knife bar; C, pressure bar; D, loose side of veneer; E, tight
side of veneer; F, nosebar cap; G, nosebar adjusting screw (horizontal); H, nosebar
locking screw; I, nosebar adjusting screw (vertical); J, chuck; K, knife cap; L, knife cap
bolt; Inset, detail of cutting edge and nosebar. (Bottom) Cross sections through cutting
edge and solid nosebar arranged in convention of orthogonal cutting diagrams.
a Primary rake angle
o’ Secondary rake angle
B Primary sharpness angle
B’ Grinding angle, angle of ground bevel
v Primary clearance angle
7" Secondary clearance angle
we Face honing angle

wp Back honing angle
#  Nosebar compression angle
¢ Nosebar clearance angle
k Knife angle used in commercial practice (90° plus the clearance angle)
t1 Depth of cut; undeformed veneer thickness
ts Actual veneer thickness
h  Horizontal nosebar opening
v Vertical nosebar opening
¢ Nosebar clearance
when v/h is equal to or less than tan (90 — a)
¢ =[h + v tan (90 — a)] cos (90 — a)
when v/h is more than tan (90 — «)
c=VV+ R
(Drawings after Peter Koch 1964b, pp. 439, 440, WOOD MACHINING PROCESSES,
Copyright © 1964, The Ronald Press Company, New York.)

v | ,DOGS
h —f=—
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Figure 19-95. Cross section of veneer slicer. Knife is stationary; dogs holding flitch move up
and down in vertical (or inclined) guides.
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Figure 19-96.—Cross sections through earlywood and latewood veneer peeled from southern
pine.

terminology and diagrams of section 19-2 (fig. 19-2). Adjustment of

the nosebar is sometimes stated in terms of percent nosebar compression:

(100) (t, —¢)
21

The face of the knife is the surface in contact with the veneer. (While

this is not the terminology used by industry, it conforms to that used in

fundamental machining studies.) The back of the knife is the ground
bevel next to the bolt or flitch.

Percent nosebar compression =

(19-43)

ROTARY PEELING

The cutting of rotary veneer is affected by the characteristics of the
wood, pretreatments to soften the wood, knife angles, placement and
shape of the nosebar, and cutting velocity. For a general discussion of
veneer cutting, see Koch (1964b, chapter 12).

Wood factors.—Lutz (1956) has shown that in southern pine, with its
prominent growth rings, eccentricity of the pith or off-center chucking
of the bolt causes rough veneer. Surfaces are smoothest when the knife
cuts in the mode shown in figure 19-97A. Veneer cut in the vicinity of
knots or curly grain tends to be rough.

Figure 19-97.—Diagram of annual ring orientation in relation to cutting
plane. (A) Favorable. (B) Unfavorable. (C) Combination of unfavorable
and favorable. (Drawing after Lutz 1956.)
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Fewer knife checks (fig. 19~14) occur in veneer peeled from slow-grown
southern pine than from fast-grown. Lutz (1964) concluded that a growth
rate that assures two annual rings or more in the thickness of the veneer
will reduce warping, shelling, and depth of knife checks.

Moisture content of the wood when peeled affects veneer quality. Peel-
ing southern pine at room temperature, high moisture content (about
110 percent), and high cutting speed (e.g., 300 f.p.m.) results in high
loads on the nosebar, thin veneer, and veneer weak in tension perpendicu-
lar to the grain when compared to similar pine peeled at similar tem-
peratures and speeds, but at 60-percent moisture content (Lutz et al.
1967).

Pretreatments.—Southern pine veneer bolts are generally heated in steam
or hot water to reduce severity of knife checks (Koch 1965) and to soften
knots. Veneer cut from heated pine has been reported to yield more
uniform glue bonds (Bloomquist 1966). There is evidently a practical
upper limit, however; H. H. Haskell (at a southern pine plywood semi-
nar at Meridian, Miss., January 12-13, 1965) stated that bolts heated to
temperatures above 180° F. may yield veneer having excessively pitchy
surfaces. The pitch is detrimental to glue bond quality.

Knife deflection and nosebar loads decrease with increasing tempera-
ture of the wood (Lutz 1967). Temperature did not significantly affect
thickness and roughness of veneer peeled from clear wood. Sound, pitchy
knots that cut well at 140° F. turned the knife edge when temperature
of the wood was dropped to 35° F. Veneer cut at 140° F. or higher had
greater strength in tension perpendicular to the grain than that cut at
77° F. or lower. Usable veneer could not be cut from disks at 0° F.

If conditioned in water at 180° F., southern pine bolts, 12, 18, and
24 inches in diameter require heating times of approximately 8, 24, and
46 hours (USDA Forest Products Laboratory 1956).

Storage of southern pine veneer bolts in warm water or under water
sprays in warm weather can lead to pronounced bacterial attack on the
sapwood, removal of parenchyma, and increased permeability (Lutz et al.
1966) ; when disks stored for 6 months in warm water were rotary cut,
loads on the nosebar were less than loads with matched disks stored at
35° F. Veneer from the disks stored in warm water was thicker and

stronger in tension perpendicular to the grain than that cut from disks
stored at 35° F.

Knife factors.—When rotary peeling southern pine, clearance angle y is
commonly 0°, ie., k = 90° (fig. 19-94). Sharpness angle 8 is com-
monly 20 or 21°. A carefully sharpened knife requires only 50 to 75
percent of the cutting force of a knife dulled by use; the effect is less
pronounced when cutting thick veneers (Leney 1960).

Veneer knives can cut effectively with minute negative clearance angles
if the resulting interference is confined to the region immediately adjacent
to the cutting edge by means of a microbevel (fig. 19-98). Microbevelled
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Figure 19-98.—Micro-bevelled veneer knife; for clarity, all angles are not drawn to scale.
(Drawing after Peter Koch 1964b, p. 454, WOOD MACHINING PROCESSES, Copyright ©
1964, The Ronald Press Company, New York.)

knives have been shown by Leney (1960) to have a number of advantages:

® An increased rake angle can be used thereby reducing the incidence
of tension checks.

® A cutting edge with a 25° effective sharpness angle is more durable
than one with a lesser angle (fig. 19-98).

® A tendency toward a “wire edge” at the cutting edge is eliminated.

® A short microbevel with 91/, ° negative clearance angle appears to
depress the wood cells under the microbevel and thus increase the
tension on the cells in front of the cutting edge. This effect tends
to decrease the amount of compression tearing that would other-
wise occur at the cutting edge.

® Force measurements indicate that microbevelling decreases the
parallel cutting force, F,, compared to a knife with the same geom-
etry as figure 19-98 but not microbevelled.

® The normal force exerted on the workpiece by the negative clear-
ance of the microbevel tends to counteract the normal force exerted
on the forming chip by the face of the knife so that the net magni-
tude of the normal force, F,, approaches zero or is at-least reduced.

In the laboratory it has been shown that oscillation of the knife to give
it the effect of inclined cutting (see sec. 19-2) reduces power demand
and improves the surface of veneer. This feature has been incorporated
into veneer lathes. No data specific to southern pine are published, but
one firm is peeling Idaho white pine (Pinus monticola Dougl.) on an
8-foot lathe with an oscillating knife (1-inch amplitude and 180 cycles
per minute) and 3-inch roller nosebar. The lathe, so equipped, can cut
14-inch veneer at 800 f.p.m.; less lathe power is required and spinouts
are fewer than with a fixed knife. The oscillating knife evidently has
had no effect on the number and depth of knife checks or on thickness
variation in the veneer.

Nosebar.—Several manufacturers of southern pine veneer use lathes with
solid nosebars; most of these have single bevels (fig. 19-94, inset), but
others have a double bevel (fig. 19-94, Bottom). In more common use
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are 9-inch-diameter roller nosebars. While usually power driven, the
roller bar may run idle. Ordinarily it is set to specific horizontal and
vertical openings (fig. 19-99) and furnished with a quick-release mecha-
nism so the lathe operator can draw it clear and remove jammed veneer.
The roller bar is seated in a backup support along its entire length so
that it does not deflect under load. Porter and Sanders (1970) have
provided data on hydrostatic lubrication of roller nosebars that should
be of interest to machine designers.

Table 19-36 presents optimum nosebar settings for peeling southern
pine with a 34-inch diameter, idle nosebar in conjunction with a knife
having zero clearance angle and 21° sharpness angle; cutting speed was
about 20 f.p.m.

The horizontal forces (i.e., those normal to the workpiece) per inch
of knife and bar were calculated for these settings (Lutz and Patzer 1966).

Force per inch of knife Force per inch of roller bar
Nominal veneer
thickness Mean Range Mean Range
Inch @~ = - - - = - —-- Pounds — — - — — — = — — — —
0.094 45 0-70 105 10-170
.364 80 20~-100 170 60-270

HORIZONTAL
( OPENING
/2

ROLLER
NOSE BAR

|
I
l
[
|
!
—_— ’_ [
o 1‘\
(] VERTICAL
OPENING

Figure 19~99.—Geometry of roller nosebar.
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TaABLE 19-36.—Roller bar openings for southern pine (after Lutz and Patzer

1966)!
Nominal veneer thickness Horizontal Vertical w2 T3
(inch) opening (h)  opening (v)
———————————— Imwh — - === === = =
0.094_ __ .. _._____ 0.084 0.074 0.081 0.075
364 . .324 .062 .327 .304

! For southern pine of 0.5] specific gravity (green volume-ovendry weight basis) and
16 rings per inch,

% Clearance between roller and knife edge (see fig. 19-99).

3 Clearance between roller and face of knife (see fig. 19-99).

In those mills where a solid nosebar with 15° angle (0 in fig. 19-94) is
used, the following settings have been found satisfactory (USDA Forest
Products Laboratory 1956).

Veneer Horizontal Vertical
thickness opening (h)  opening (v)

——————— Inch — — - = - — -
% 0.110 0.028
e .055 016
by .025 .008

On commercial lathes, the nosebar is set rigidly to prescribed vertical
and horizontal openings. Following a suggestion by Lutz and Patzer
(1966), Feihl and Carroll (1969) studied the practicality of veneer peel-
ing with nosebar pressure applied hydraulically (elastically) instead of by
fixing it rigidly in relation to the knife. They found that bolts peeled
with an elastically-mounted solid nosebar (fig. 19-94) required about
30 to 40 pounds of force per lineal inch on the bar, with no indication
that this force was strongly influenced by species or veneer thickness.
When ¥ - and Y4-inch veneer was peeled from red pine, Pinus resinosa
Ait. (a species fairly comparable to the southern pines), with an elas-
tically mounted, power-driven, roller nosebar, optimum veneer quality
was achieved with a force of 50 to 60 pounds per lineal inch of bar. The
elastically mounted bar yielded veneer whose thickness was not affected by
wear and play in the horizontal adjustment mechanism of the bar—a
frequent and serious defect in commercial lathes with rigid nosebars.
Feihl and Carroll (1969) concluded that the direct reading of nosebar
force (possible with the hydraulically actuated elastic nosebar) gave the
operator better control than the fixed settings of a rigid bar.

Most lathes have some degree of play or looseness in the knife carriage
mechanism. As shown by Lutz et al. (1969), forces between bolt and
knife carriage reverse depending on whether or not the nosebar is in
contact with the bolt (fig. 19-100). In the absence of a nosebar, carriage
and bolt are pulled together; when the nosebar is pressed against the
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KNIFE ONLY CONTACTING BOLT

KNIFE AND PRESSURE BAR CONTACTING BOLT

CARRIAGE mmmp  gmemWOOD BOLT CARRIA GE €ue=  amap WOOD BOLT

M-136325
Figure 19-100.—Direction of forces acting on carriage and bolts when the knife only is

contacting the bolt (left) and when both nosebar and knife are contacting the bolt
(right). (Drawings after Lutz et al. 1969.)

bolt, carriage and bolt are forced apart. Normally veneer is peeled with
the nosebar closed, but since many operators round up the log with nosebar
open, and also at intervals clear jams by opening the nosebar, forces are
frequently reversed and the play in the lathe carriage causes variations
in veneer thickness. In brief, variation in veneer thickness is least if the
nosebar can be kept in contact with the bolt at all times.

Cutting velocity.—Lutz et al. (1967) found that at very slow cutting
speeds (0.2 f.p.m.) compression tearing of earlywood was more common
than at 20 f.p.m. In the range from 20 to 300 f.p.m., cutting velocity was
positively correlated with load on the roller bar and negatively correlated
with veneer strength perpendicular to the grain; i.e., better southern pine
veneer was cut in the laboratory at 20 f.p.m. than at 300 f.p.m. (Lutz
et al. 1967). The large forces and accompanying veneer damage observed
in southern pine peeled at high speed were attributed to wood ruptures
caused by water pressure in the wet wood.

At a southern pine mill, Cade and Choong (1969) found that veneers
from bolts heated in water to 106° F. were substantially weaker across
the grain when cut at 500 f.p.m. than when cut at 100 f.p.m.

Commercial lathes.—An 8-foot lathe for peeling southern pine will nor-
mally accept a log 81/, feet long and 30 inches in diameter. Most have
retractable chucks to permit turning to a 5Y-inch core (fig. 19-101).
Most use a power-driven, $4-inch-diameter roller nosebar synchronized
to the speed of the veneer. However, there is a trend toward use of a solid
bar with a nosebar compression angle (8 in fig. 19-94) of 15°. Chuck
rotation is variable up to 300 to 350 r.p.m. Power to rotate the bolt is
commonly in the range from 125 to 175 hp. Automatic lathe chargers
can maintain a charging rate in excess of two bolts per minute; some can
charge as many as four or five bolts per minute over a short period. With
good operating conditions, 900 to 1,200 bolts can be charged and peeled

in 8 hours. Four-foot lathes are frequently used to cut core veneer from
smaller bolts.
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JTARGE CHUCK (RETRACTED)
M JSED DURING ROUND-UP

0G POISED FOR CHARGING

Figure 19-101.—Lathe charger with end aligner and log infeed conveyor. One log, gripped
by small-diameter chucks, is being peeled; a second log, gripped near top of both ends, is
poised for a quick swinging transfer to the chucks after the veneer core is dropped.
(Photo from Coe Manufacturing Company.)

SLICING

Sliced veneer is usually cut to display vertical grain (fig. 19-1A, 0-90
mode), whereas peeled veneer has flat grain (fig. 19-1B, 0-90 mode).
Commercial sliced veneer is cut by intermittent engagement of the knife
(fig. 19-95) rather than by continuous peeling. In general, vertical-grain
sliced veneer is smoother, has less shrinkage, is more attractive in ap-
pearance, and holds finishes better than rotary-peeled veneer.

Flitches are prepared for slicing to get the most favorable orientation
of wood. Veneer is smoother if the cut proceeds from heartwood to sap-
wood. Quarter-cut (vertical-grain) veneer is usually smoother than flat-
cut. Figure 19-102A shows favorable orientation of the flitch to minimize
splits along planes of weakness caused by rays. In figure 19-103C, when
the pith has been passed, the flitch should be turned end for end.
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Figure 19-102.—Diagram of ray orientation in relation to the cutting plane for quarter-cut
veneer. (A) Favorable. (B) Unfavorable. (C) Combination of favorable and unfavorable.
(Drawings after Lutz 1956.)

Satisfactory thin veneer can be sliced with a knife having a sharpness
angle of 22° and knife angle (k) of 90°15 when used in conjunction with
a solid nosebar (§ = 12°) having the following settings (USDA Forest
Products Laboratory 1956) :

Veneer Horizontal Vertical
thickness opening (h)  opening (v)

——————— Inch — — — — — — ~
Y% 0.240 0.035
% 15 .035

Of great promise to southern pine utilization is the developing tech-
nology of thick-sliced veneer, Le., slicewood. Lutz et al. (1962) did early
work on the process. He and his co-workers have recently constructed a
heavy experimental slicer for cutting veneer as thick as 1 inch. Peters et al.
(1969) have published data specific to southern pine. One-half- and 1-inch-
thick slices were cut at 5, 50, 200, and 500 f.p.m. from flat-grain cants
heated in water to 190° F. The cants had four or five rings per inch
with specific gravity of about 0.52. The knife had a 20° sharpness angle
and 0.5° clearance angle. The 15° solid nosebar was set to give a
restraint (normal veneer thickness minus ¢ in fig. 19-94) of 0.057 inch
for the Y-inch slices and 0.154 inch for l-inch slices.

Depth of knife checks was positively correlated with velocity as shown

by the following tabulation of fracture depth expressed as a percent of
veneer thickness.

Cutting velocity 14-inch thick 1 inch thick
F.p.m. - === Percent - - — -
5 46 59
50 64 68
200 66 73
500 76 82
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Figure 19-103.—Concept of slicing multiple flitches. (Drawing after Peters 1968.)

Forces exerted on the knife and bar are shown in table 19-37.

In thick slicing, tearout is severe where the knife leaves the cant or
flitch. This can be minimized by backing one cant with another (fig.
19-103). The multiple-flitch method would also afford good productivity
at slower cutting speeds than conventional machines.

19-11 CHIPPING

To make chemical pulp or refiner groundwood, southern pine must
first be reduced to chips of relatively uniform size.

CHIP DIMENSIONS

Optimum size and proportions of pulp chips vary according to pulp-
ing process and equipment. A study by Schmied (1964) of the effects
of chip size and shape on the uniformity of wood delignification led to
several conclusions. Size of the chips affects the cook when the cooking is
rapid and if the chips have a high moisture content. Large chips are
undercooked because their long diffusion paths delay penetration of
the pulping chemicals to the chip centers. Hence, if large chips are used,
the time of digester heating must be prolonged. A twofold increase of chip
size requires a fourfold prolongation of the cooking time. Mixed sizes are
detrimental ; excessive absorption and side reactions in the small chips may

/‘B

3/4"+

<
(“; —_——
1/8 T0O 3/16" c/

5/8 TO 7/8"
i 1

Figure 19-104.—Chip for kraft pulp. Surface A cut by chipping knife, surfaces B and C are
split parallel to the grain.
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TaBLE 19-37.—Summary of forces on knife and nosebar when southern pine is
sliced into thick veneer (Peters et al. 1969)

Forces! and horsepower per inch of bolt length

Feed
thickness Velocity Knife Bar Ccmbined Net
(inch) cutting
Parallel Perpen- Parallel Perpen-  Parallel®* power*
dicular? dicular

Fpm —————-—-—-—-—= Pounds -~ - - - —-— -~ -~ Hp.

15 5 123 171 45 283 168 0.03

50 121 193 51 295 172 .26

200 123 200 59 284 182 1.10

500 191 246 84 339 275 4.17

1 5 195 279 79 438 274 .04

50 186 295 74 319 260 .39

200 239 420 140 623 379 2.30

500 290 440 136 603 426 6.47

1 Parallel and perpendicular to cutting direction.

2 Perpendicular knife forces are in the opposite direction to perpendicular bar forces.
# Perpendicular forces as measured in this study cannot be combined.

4 Horsepower calculated from combined parallel force and velocity.

deplete chemicals in the liquor penetrating the large chips. This is one
redson for avoiding mixtures of chips with sawdust. Initially, the diffusion
front of the chemicals follows the edges of the chips, but in later stages
of cooking the front assumes a rounded form and the undercooked chips,
depending on their initial shape, are either cylindrical or ellipsoidal.
Schmied concluded that the effects of chip size and heterogeneity are
considerably reduced when chips are dry because the lumens of dry wood
can be filled more easily.

Specific recommendations concerning chip thickness were made by
Wahlman (1967) ; in laboratory trials he found that maximum-strength
alkaline pulps were made from chips 2 to 5 mm. (0.08 to 0.20 inch) thick
and that screenings, i.e., particles of undigested wood, began to be exces-
sive when chip thickness exceeded 5> mm. In the southern pine region,
pulp chip dimensions shown in figure 19-104 are commonly used; there
are, however, considerable differences in preferences at individual mills.
For the interested reader, Borlew and Miller (1970) have reviewed the
literature on the effect of chip thickness on the kraft pulping process.

CHIP SHREDDING

Miller and Rothrock (1963) and Nolan (1967) have shown that for
the kraft pulping process there are some advantages to be gained from
shredding southern pine chips prior to digestion.
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In Nolan’s experiments, conventionally cut slash pine chips at 40- to
45-percent moisture content were passed through a 28-inch Vertiflex
attrition mill. The plates had teeth 34-inch high in the inner zone and
3-inch high at the outer periphery. Plate clearance for shredding was
0.900 inch, corresponding to a clearance of 0.525 inch between the tips
of the teeth on rotor and stator. Rotor speed was 1,800 r.p.m. Feed rate
to the mill was 1.2 tons (air-dry) of chips per hour, which was less than
10 percent of the capacity of the 100-hp. unit.

Shredding increased the exposed surface of chips by splitting them along
natural lines of cleavage without breakage across the grain and without
crushing or otherwise damaging the fibers. The chief gains were: (1)
high-yield pulps more easily produced; (2) chip screens eliminated; (3)
knot breakers eliminated or operated lightly; (4) washing improved;
(5) fiberizing power reduced; (6) pulp made cleaner; (7) cooking time
reduced; and (8) digestion production increased.

CHIP FORMATION AND POWER REQUIRED

Pulp chips can be cut in any of three major modes (figs. 19-1, 19-54).
Energy consumed per cubic inch of wood chipped is least if chips are
long and thick rather than short and thin, if rake angles are high, if knives
are sharp, and if 0-90 or 90-0 cutting mode is used rather than the 90-90
mode.

Conventional disk-type chippers (fig. 19-105) cut in a mode inter-
mediate between 90-90 and 90-0. In these chippers, several straight
knives are bolted in more or less radial disposition into a heavy disk that
revolves in a vertical plane. Severed chips pass through a slot in the disk
and may be discharged from top, bottom, or sides of the disk housing.
Logs, slabs, or edgings are fed against the disk through the infeed spout
(figs. 19-105 and 19-106). The angle between the face of the disk and
the axis of the spout is usually 371,° (fig. 107, top) ; this angle may be
attained by attaching the spout at a horizontal angle (o in fig. 19-106)
only, or in combination with a vertical angle (not illustrated). Chippers
with a vertical spout angle are usually gravity fed; a powered conveyor
delivers wood into horizontally fed chippers.

Erickson (1964) and Papworth and Erickson (1966) on tests of a
three-knife disk chipper cutting 4- by 4-inch by 8-foot wood found that
vertical spout angle had no effect on specific cutting energy; however, a
30° horizontal spout angle (w in figure 19-106) decreased specific cutting
energy slightly compared to a 0° angle; knife sharpness angle noticeably
affected power consumption, with blunt knives requiring more power;
long chips required less specific cutting energy than short chips.

On disk chippers, the angle 6 (figure 19-107) appears to control the
ratio of chip thickness to length, the chips becoming thicker as § becomes
larger; if 6 is less than 90°, bristles are formed on the ends of the chips;
if 4 is more than 90°, the ends of the chips are compressed {Hartler

]
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Figure 19-105.—Horizontal-feed, whole-log chipper designed for bottom discharge. (Photo
from Bush Manufacturing Company.)

1962). Helically-formed surfaces following each knife (fig. 19-107) keep
the workpiece in full contact with the face plate and help control chip
size. Swept-back knives (fig. 19-106) diminish knife impact and provide
an oblique cut that should reduce power and diminish bruising. Many
manufacturers place the knives radially, but place the spout so that the
bedknives and workpieces (see figs. 19-106 and 19-107B) are aligned to
prevent simultaneous impact of all parts of the knife edge across the full
width of a rectangular piece of wood to be chipped.

The power demand of a chipper is proportional to the volume of wood
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| —— |

Projected area of horizontai spout

Figure 19-106.—Diagram of disk chipper. a, swept-back knives; b, spout position for
horizontal feed; ¢, slicing action of knives across projected spout ared; d, location of
bedknife or anvil, against which the wood is pressed by the knives in passing. Infeed
spout will admit wood in several forms; e, roundwood; f, wide slabs; g, slabs and

s

gings. @ = horizontal spout angle (commonly 90° — 37%° = 5212°).

it chips in a unit time. The number of cuts a machine makes per cubic
foot of solid roundwood chipped is as follows:

X =6912/LwD? (19-44)
where:

X = number of cuts per cubic foot of solid wood chipped
L = chip length, inches
D = diameter of bolt, inches

Thus, when cutting 94-inch-long chips, about 35 cuts per cubic foot are
required for a 10-inch log, and 880 cuts per cubic foot are required for
a pulp stick measuring 2 inches in diameter, or 3.5 and 88 revolutions,
respectively, for a 10-knife disk.
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The productiveness of a chipper is determined by the size of workpiece
it will admit and the number of cuts it makes per minute. Therefore, the
following relationship expresses the output of a chipper.

V=nN/X (19-45)
where:

V' = cubic feet of solid wood chipped per minute

n = revolutions per minute of chipper disk

N = number of knives in the disk

X = number of cuts per cubic foot (from equation 19-44)

According to Rogers (1948) and Fobes (1959), specific cutting energy

for disk-type chippers is proportional to wood specific gravity as follows:

Horsepower-seconds
per cubic foot of

Specific gravity solid wood chipped
0.3 195
0.4 300
0.5 430
0.6 570

CHIPPER TYPES

Chippers are designed specifically for the wood to be chipped, e.g.,
pulpwood bolts, long logs, sawmill residues, or veneer residues. Spout shapes
are tailored to the raw material and may be rectangular, square, V-shaped,
round, or modified round. Rim speed on disk chippers is commonly
12,000 f.p.m.

For interested readers, McKenzie ( 1970) briefly reviewed the advantages
and disadvantages of several types of chippers other than disk chippers.

Cordwood chippers at pulp mills.—The usual pulpwood chipper for
southern pine receives wood in short lengths as it comes from the drum
barker. These machines usually have vertically inclined spouts, are gravity-
fed, will accommodate sticks up to 24 inches in diameter, and discharge
from the bottom. A typical machine carries 10 to 12 knives in a 104-inch
disk that rotates at 400 r.p.m. and is driven by a direct-connected 1,250-hp.,
wound-rotor (or synchronous) motor. When efficiently fed, output of the
chipper is approximately 40 to 50 cords per hour.

Longwood chippers.— At many locations in the South, long-log chip mills
have been installed in conjunction with a ring barker (commonly 26 to
30 inches). Disk chippers for these mills are chain fed horizontally;
typically, the 75- or 84-inch disk carries eight knives and is rotated at
500 to 450 r.p.m. by a synchronous, 500- to 1,000-hp. motor (fig. 19-105).
Assuming that operation is reasonably continuous, output should be about
30 cords per hour if wood averages 6 inches in diameter.
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Chipping headrigs.—The development of the chipping headrig (sec.
19-6) is greatly changing chip procurement patterns in the South. Usually
saw logs are more valuable than pulpwood, and veneer bolts are more valu-
able than saw logs. The chipping headrig can be the center of a wood con-
version system that diverts each section of the tree to its most valuable use.
Trees are logged in tree length; at the mill, tops are chipped as round-
wood; 7- to 12-inch-diameter logs are converted on the chipping headrig
to dimension lumber; 12-inch and larger sections are diverted to veneer
mills. For each ton of green lumber manufactured, more than a ton of
pulp chips is simultaneously produced.

Residue chippers.—Disk chippers for slabs and edgings usually carry
three to six knives; smaller disks turn at higher rotational speed than
larger disks to achieve comparable outputs. A mill equipped with saws
and edgers (as contrasted to a mill with chipping headrig and chipping
edger) that produces 10,000 bd. ft. of lumber per hour might chip all
its residues in one chipper. Typically the 58-inch disk would carry six
knives, turn at 720 r.p.m., and be driven by a 150-hp. squirrel-cage induc-
tion motor. Such a chipper would normally produce about 15 tons of
green chips per hour of mill operation.

A veneer plant with two 8-foot lathes could have three chippers. Cores
and lathe spinouts might be chipped on a horizontal-feed, top-
discharge, 66-inch, eight-knife, 250-hp., 600-r.p.m. disk chipper. Waste
veneer requires a special horizontal feed with crushing rolls; a typical
installation would discharge from top or bottom, carry eight knives in an
84-inch disk driven at 500 r.p.m. by a 250-hp. motor. The trim ends of
the veneer bolts (lily pads) require a special chipper that cuts chips in
the 0-90 mode by an action somewhat similar to that illustrated in figure
19-54A. The 40- to 60-inch drum that carries the knives rotates at 205
to 100 r.p.m. and is driven by a 30- to 150-hp. motor. Productivity is in
the range from 10 to 20 tons per hour.

Rechippers.—Oversize chips are objectionable to the pulpmills. They are
screened out and either recycled through the chipper or rechipped on
equipment specifically designed for this job.

_ Portable chippers.—Because it is becoming increasingly difficult to find
labor to harvest southern pine pulpwood in the traditional cordwood
lengths, much effort has been expended to improve the processing of
tree-length material. Some mills do not have large consolidated timber

-

Figure 19-107.—Cutting action of knives in disk chipper. (Top) Cross section through one
type of disk. A, chip length; B, side bedknife; C, workpiece; D, bottom bedknife; E,
helical face plate; F, knife; G, shim; H, chips; 1, face plate stud and nut; J, chipper disk;
k, knife carrier; o, rake angle (approximately 50°); v, clearance angle (2° to 8°), 4, angle
between rake face of knife and grain direction of workpiece. (Bottom) Cross section
through disk in common use on southern pine. (Drawing at top from Sumner Iron Works;
drawing at bottom from Bush Manufacturing Company.)
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holdings, but must rely on small woodyards scattered throughout an area
200 or 300 miles in diameter. Such chip users may find it economically
feasible to use mobile chip mills to process tree-length wood.

Several designs have been developed and are under test in the South,
including some that are self-mobile with all the components on one chassis.
A hydraulic loader places long logs in the infeed conveyor, which carries
them at speeds up to 100 f.p.m. through an 18-inch ring barker and di-
rectly into a close-coupled chipper (disk or twin-cone—see fig. 19-59).
The chipper is fan discharged to a chip truck. In locations where bark
has high value, it may go to a pulverizer (bark hog)—also equipped with
a fan discharge. Total power for the unit is commonly in the range from
300 to 600 hp. Production capacities vary, but 15 to 20 cords per hour
on logs having an average diameter of 6 inches is considered attainable.
The features, performance, and cost of seven different designs of mobile
chip mills have been reviewed by Grant (1967).

19-12 BORING

Machine boring is a common operation whenever dowels, rungs, or
screws are required in assembling wood components. Holes are also
needed for bolted connections in poles, crossarms, trusses, and structural
timbers. With appropriate selection of bit type and feed speed (chip
thickness) it is possible to bore the required holes rapidly and smoothly
in southern pine.

BIT TYPES AND NOMENCLATURE

Although there are many specialized bit designs, six types are most
important. Figure 19-108A shows a double-spur, double-lip, single-twist,
solid-center bit on which the spurs cut ahead of the lips. This bit may
have a threaded or brad (plain) point.

Figure 19-108B illustrates a double-spur, double-lip, double-twist bit
which may also have a threaded or brad point. The flat-cut, double-lip,
double-twist bit (fig. 19-108C) is similar in design except that outlying
spurs are not used. With the flat-cut bit, the side cutting spurs sever the
end surface of the chip simultaneously with the cutting action of the lips.

Holes in excess of 6 inches deep are frequently bored with a ship auger
(fig. 19-108D), a single-twist design with one cutting lip and one side
cutting spur. The four types of bits described above are sharpened by
filing on the rake face of the cutting lips and the inside surfaces of the
spurs. The lips are commonly filed with a rake angle (a) of 30 to 35
degrees and a clearance angle (y) of 10 to 15 degrees.

In contrast to the foregoing types, the spur machine bit illustrated in
fig. 19-108E is sharpened by grinding on the clearance surface, or back
side, of the lips. The rake angle therefore continuously varies along the
cutting lip from about 0 degrees near the axis of rotation to about 45
degrees at the bit periphery.
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The twist drill illustrated in figure 19-108F is also sharpened by grinding
on the clearance surface of the lips. It has neither spurs nor point, and
is most frequently used to drill in end grain and to bore dowel holes.

The symbols used in subsequent text of this section are defined as shown
in figure 19-108 and the following tabulation.

a  Rake angle, degrees P Power required at the spindle,

B  Sharpness angle of lips, degrees horsepower

B, Sharpness angle of spurs, degrees T  Torque on spindle, inch-pounds

B, Sharpness angle of side cutting n  Spindle speed, revolutions per
spurs, degrees minute

v  Clearance angle of lips, degrees f  Feed speed, inches per minute

8§  Skew angle of lips, degrees E  Energy, kilowatthours

¢ Angle of lead (spur to lip meas- E_; Specific cutting energy, kilowatt-
ured at circumference), degrees hours per cubic inch
horsepower t  Chip thickness, inches

D Diameter of bit, inches N  Number of cutting lips

h, Height of point above lip, inches v Velocity of cutting edge of lip,

h, Height of spur above lip, inches feet per minute

L  Length of spur at root, inches d Depth of hole, inches

r;  Radius of bit, inches V  Volume of hole, cubic inches

r, Effective radius of point, inches

Table 19-38 lists typical geometrical specifications for all types except
the twist drill.

FUNDAMENTAL ASPECTS

The velocity of the cutting edge varies with the spindle speed and the
distance (r;) from the axis of rotation.

v=27r;n/12=0.5236r;n (19-46)

A l-inch diameter bit rotating at 3,600 r.p.m. has a maximum cutting
velocity of 942 f.p.m.

The thickness of the undeformed chip (t) is directly proportional to
the feed speed and inversely proportional to the number of cutting lips
and the spindle speed.

t=f/nN (19-47)

The tabulation below gives feed speeds required to yield 0.010, 0.020, and
0.030-inch thick chips at spindle speeds of 1,200, 2,400, and 3,600 r.p.m.
for bits having two .cutting lips. For bits having only one cutting lip,
feed speeds are one-half those shown.

Spindle speed

Chip thickness 1,200 r.p.m. 2,400 r.p.m. 3,600 r.p.m.

Inches  — — — — — — — Inches [minute — — — — — — —
0.010 2 48 72

.020 48 96 144

.030 72 144 216
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Figure 19—108ABC.—Bit types. (A) Double-spur, double-lip,
double-twist bit. (Drawings after Woodson and McMillin.%)

single-twist, solid-center bit. (B) Double-spur, double-lip, double-twist bit. (C) Flat-cut, double-lip,

02% HV HDOM—SINId NYZH.LNOS THL IO NOLLVZITILA
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TABLE 19-38.—Geometrical specifications for five bit types

Bit type and diameter (inches) o B B B2 v b} € hy he L 11 re
——————————— Degrees — — = — —— — — — — — - == — === Inches — —— = — - a
Spur machine bit! E
0.50 . 20.2 54 .4 37.3 ... 154 .. ... 0.10 0.03 0.21 0.250 0.07 I
1.00. 19.3 60.6 35.1  ______ 10.Y . __ o ___ .20 .10 .53 .500 .09 S
1.25 . 18.6 61 .4 36.3 __.___ 10,0 ___.__ ... .20 11 .62 .625 1 5]
Double-spur, double-twist 4
0.50_ o 30.6 44.9 31.9 33.2 14.6 18.2 161.8 11 .05 .23 .250 .08 8
1.00 . 33.5 45.6 29.6 32.4 10.9 14.8 164.9 .21 .11 .45 .500 .14 -
1.25 .. 31.8 47.7 29.7 35.9 10.4 12.1 167.9 .22 12 .55 .625 .14 E’
Flat-cut, double-twist »
0.50 o 29.6 45.1 ... 31.1 15.3 17.8 ... A3 L .250 .08 o
1.00 - 35.7 40.9 __.____ 35.2 13 .4 13.2 ... 23 L - .500 11 S
1.25_ oo 33.3 42.7 ... 33.7 14.1 10.9 ... 24 . . .625 .12 E,
Double-spur, single-twist, solid-center g
0.50 . . 30.0 47.8 29.8 _____. 12.2 15.5 151.5 .10 .04 .25 .250 .09 o
1.00. e 27 .4 51.6 28.2 _____. 11.0 12.8 148.3 .22 .12 .46 .500 .13 Z
1.25 e 31.8 46.1 27.8 ... 12.1 11.7 152.3 .23 .12 .58 .625 .15 E
Ship auger, 12-inch twist |
1.00_ o 37.5 45.2 . ___. 35.0 7.3 15.1 ... 29 L . .500 .15 g
3
1 For the spur machine bit, «, B8, and v were measured at the midpoint of the bit radius. >
ol
'S
N
o
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The net horsepower (P) requirement at the spindle is a positive linear
function of the torque and the rotational speed of the spindle.

2mnT

= 35.000) 05~ (1.587) (10~)n T (19-48)

Since equation 19-48 neglects no-load idling losses of the motor and
spindle assembly, actual power demand is somewhat higher than that indi-
cated. Neither does the equation include power (normally only a fraction
of a horsepower) to overcome thrust when advancing the bit.

Least energy is consumed boring a hole if bits cut thick chips. The net
cutting energy (E), consumed in boring a hole can be calculated in kilo-
watthours from the following:

5 0-746Pd_ (12.43)(10-)Pd

60f inN (19-49)

Specific boring energy (Eq), an expression of efficiency of the cutting
action, is defined as follows:

- Net cutting energy Kilowatthours

= - ovE (19-50)
Volume removed  Cubic inches
Since the volume of wood removed in boring a hole of depth d is
2
y =4 (19-51)
4
.83(10¢ . 3
then: Ex=l58 (107%)P _(15.83)(10-%)P (19-59)

fD? inND?

BORING DIRECTION AND CHIP FORMATION

Holes are usually bored in one of the three primary directions illus-
trated in figure 19-109. For southern pine, torque and thrust require-
ments do not differ significantly for holes bored in the tangential and
radial directions; both directions may therefore be regarded as boring
across the grain (Woodson and McMillin®). Generally, torque is greater
and thrust is less when boring along the grain (longitudinal direction)
than when boring across the grain. The tabulation below compares the
effect of direction for a double-spur, double-lip, single-twist, solid-center

% Woodson, G. E., and McMillin, C. W. Machine boring of southern pine wood.
ITL. Effect of six variables on torque, thrust, and hole quality. USDA Forest Service,
Southern Forest Experiment Station, Alexandria, La., Final Report—Phase III FS—
80-3201-2.30 dated December 30, 1971.
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RADIAL

GRAIN DIRECTION

/
LONGITUDINAL

Figure 19-109.—Designation of the three main boring directions: feed longitudinal along the
grain, and feed across the grain in radial or tangential direction.. (Drawing after
Woodson and McMiliin®.)

bit boring dry southern pine (Pinus spp.) at 2,400 r.p.m. and removing
0.020-inch thick chips.

Along the grain Across the grain
Bit diameter Torque Thrust Torque Thrust
Inches Inch-pounds Pounds Inch-Pounds Pounds
0.50 16.6 73.5 13.7 106.3
1.00 56.6 137.3 37.7 183.1
1.25 71.3 161.4 53.6 197.5

Woodson and McMillin® found that thrust is related to the force re-
quired to advance the spurs and brad into the work and, to a lesser
extent, to the normal force component exerted by the cutting lips. When
drilling across the grain, the spurs and brad stress fibers perpendicular to
their long axes. When driling along the grain, fibers are separated parallel
to their long axes. Since fibers are stronger when stressed in a direction
perpendicular to their axes, greater thrust forces would be expected when
drilling across the grain than when drilling along the grain.

Torque is primarily related to the parallel tool force component of the
lips and the spurs and brad. When drilling along the grain, the lips sever
tracheids perpendicular to their long axes. In contrast, tracheids are cut
in a plane parallel to their axes when drilling across the grain. Since
tracheids are stronger when stressed in the perpendicular direction, greater
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torque would be expected when boring along the grain than when boring
across the grain.

When drilling in the longitudinal direction, the action of the lips (the
cutting edges generating chips) approximates orthogonal cutting across
the grain. For across the grain boring, cutting continuously alternates
from the veneer cutting direction to the planing direction. (See sec. 19-2
for a discussion of the basic modes of chip formation in orthogonal
cutting. )

0%

10 %

80 %

ALONG THE GRAIN ACROSS THE GRAIN

) ] ) F-520988
Figure 19-110.—Typical chips formed when boring in two directions at three moisture

contents. The scale shown in A is applicable to B and € as well; the scale shown in D is
applicable to E and F. (Photo from Woodson and McMillin®,)
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Woodson and McMillin® have described some general trends in chip
formation with changes in wood moisture content when boring with a
l-inch diameter spur machine bit at 2,400 r.p.m. and removing 0.020-
inch-thick chips. Typical chips are illustrated in fig. 19-110.

For along the grain boring, at 0- and 10-percent moisture content, chips
similar to McKenzie Type II are generated (fig. 19-110A and 19-110B).
Chips formed above the cutting plane (upper portions of the figures) were
sheared into numerous, small subchips at O-percent moisture; they were
longer and more continuous at 10 percent. Chips formed below the cutting
plane (lower portions of the figures) were somewhat smaller for holes
bored at O-percent moisture than for holes bored at 10 percent. At 80-
percent moisture, typical McKenzie Type I chips were formed (fig. 19—
110C). Although shear failures were present, most particles remained
relatively intact. (For definition of McKenzie Type I and Type II chips
see figures 19-16 and 19-17.)

For across the grain boring at 0- and 10-percent moisture content,
Franz Type I chips were generally formed when the lips were cutting in
the planing direction (lower portion of fig. 19-110D and 19-110E). The
chips generated at O-percent moisture were considerably shorter and less
curled than those produced at 10 percent. At 80-percent moisture, chips
similar to Franz Type II were most frequently formed (fig. 19-110F).
(For definition of Franz Type I and Type II chips see figures 19-3 and
19-5.)

Cantilever beam type failures were generally observed when boring at
0- and 10-percent moisture content with lips cutting in the veneer direc-
tion (upper portion of fig. 19-110D and 19-110E). Failure occurred
closer to the cutting edge for wood at O-percent moisture than for wood
at 10-percent moisture. At 80-percent moisture, chips appeared to form
by failure in compression tearing (fig. 19-110F). (For definition of com-
pression tearing see figure 19-12.)

FACTORS AFFECTING TORQUE AND THRUST

Woodson and McMillin® examined in detail the effects of seven variables
on torque and thrust when boring 3%;-inch deep holes in southern pine
(Pinus spp). Variables in their factorial experimental design were:

Bit diameter—0.50-inch ; 1.00-inch; 1.25-inch.

Spindle speed—1,200 r.p.m.; 2,400 r.p.m.; 3,600 r.p.m.

Chip thickness—0.010-inch ; 0.020-inch ; 0.030-inch.

Wood specific gravity (ovendry weight and volume at 10.4-percent moisture
content)—Less than 0.52 (avg. 0.48); more than 0.55 (avg. 0.60).

Moisture content—Dry (avg. 10.4 percent); wet (avg. 73 percent).

Boring direction—Tangential ; radial; longitudinal.

Depth of hole—1-inch; 2-inch; 3-inch.

5 Woodson, G. E., and McMillin, C. W. Machine boring of southern pine wood.
I. Effect of moisture content on tool forces and chip formation in machine boring.
USDA Forest Service, Southern Forest Experiment Station, Alexandria, La., Final
Report—Phase I FS-SO-3201-2.30 dated October 30, 1971.
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TABLE 19-39.—Torque demand for four bit types when boring along the grain®

~ Bit type and diameter Chip thickness (inches)
(inches)
0.010 0.020 0.030
—————————— Inch-pounds — — — — — — — — — =

Spur machine bit

0.50 .. 9.1(11.8) 14.1(16.6) 19.1( 22.9)

1.00 . 27.9(36.8) 40.5(52.7) 50.8( 64.9)

1.25 . 47.5(65.1) 64.3(92.2) 81.8(112.3)
Double-spur, double-twist

0.50___ . 9.2(13.0) 11.8(14.2) 14.2( 18.7)

1.00____________________ 35.1(44.8) 44 .0(53.4) 52.7( 70.7)

V.25 .. 44.1(60.0) 67.5(85.7) 73.6(103.0)
Flat-cut, double-twist

0.50 ... 7.5(10.4) 11.7(14.6) 16.5( 21.0)

1.00. L. 22.7(31.2) 40.1(45.7) 44.1( 57.2)

Y.25 L. 34.4(46.4) 51.0(66.7) 55.3( 75.1)

Double-spur, single-twist,
solid-center

0.50 .. 9.2(14.9) 13.2(20.0) 20.3( 28.5)
1.00 .. 31.6(43.8) 45.2(61.8) 54.5( 70.2)
125 .. 45.6(63.0) 63.0(83.4) 79.6(103.1)

! The first number in each entry is the torque for wood of low specific gravity (avg.
0.48); the number following in parentheses is the torque for wood of high specific gravity
(avg. 0.60).

Four types of bits were evaluated: spur machine bit; double-spur,
double-twist; flat-cut, double-twist; and double-spur, single-twist, solid-
center. Schematic drawings are provided in fig. 19-108; geometrical speci-
fications (based on a 3314-percent sample of the bits used) are given in
table 19-38.

Boring along the grain.—When boring along the grain (longitudinal
direction) torque was primarily correlated with bit diameter, wood specific
gravity and chip thickness; it did not vary with spindle speed when the
thickness of chips was held constant. Table 19-39 compares torque
demand for each bit type when the data were averaged over all levels of
depth, moisture content, and spindle speed. From the table, torque was
a positive curvilinear function of diameter for all chip thicknesses and
specific gravities. For a given bit diameter and wood density, torque
increased with increasing chip thickness; the slope of the relationship
between torque and chip thickness increased with increasing diameter.
For a given diameter and chip thickness, torque was greater when boring
wood of high density than when boring wood of low density. The magni-
tude of the difference increased with increasing diameter.

For 0.50-inch diameter bits, torques were essentially the same for all
types. However, with 1.00- and 1.25-inch bits, the flat-cut, double-twist
bit required less torque than did the other types.
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With the exception of the double-spur, single-twist, solid-center bit,
torque increased somewhat with increasing depth when holes were bored
in wet wood with 0.50-inch diameter bits. Torque was unrelated to depth
for the 1.00- and 1.25-inch diameter bits. Chips formed in dry wood
are fragmented into small particles while those formed in wet wood remain
relatively intact (fig. 19-110). When boring wet wood, it is probable
that the increase in torque with increasing depth is associated with difficulty
in exhausting such intact chips from deep holes.

In some cases, wet wood required less torque than did dry wood,
although generally the effect of moisture content was slight for holes
bored along the grain (Woodson and McMillin®$).

Table 1940 summarizes the results for thrust along the grain; the
values shown are averages for all levels of depth, chip thickness and
spindle speed. For most bits, the effect of chip thickness was small. Thrust
was unrelated to spindle speed.

From the table, thrust increased rapidly with increasing diameter for
all types except the flat-cut, double-twist bit. For a given diameter and
moisture content, thrust was less when boring wood of low density than
when boring wood of high density. For a given diameter and density,
thrust was less for wet wood than for dry wood.

TABLE 19-40.—Thrust requirements for four bit fypes when boring along

the graint
Bit type and diameter Specific gravity
(inches)
Low (avg. 0.48) High (avg. 0.60)
—————————— Pounds — — — = — — — — — —

Spur machine bit

0.50_ . 48.9( 40.3) 67.8( 49.8)

100 . 107.2( 71.2) 149.1( 79.0)

V.25 . 145.0(105.0) 224.6(133.5)
Double-spur, double-twist

0.50 .. 48.5( 31.3) 62.3( 44.6)

1.00 . 106.0( 82.1) 148.7(108.8)

.25 . 138.8(100.6) 199.7(133.6)
Flat-cut, double-twist

0.50 .. 28.5( 24.7) 49.9( 25.6)

Y.00____ o ____ 44.0( 38.8) 62.3( 35.7)

.25 . 43.0( 30.2) 56.7( 33.3)
Double-spur, single-twist,

solid-center

0.50 . ___.___. 60.2( 47.8) 91.9( 70.9)

1.00___ .. 108.2( 81.5) 150.2(105.3)

V.25 . 124 .4( 96.8) 179.5(128.6)

! The first number in each entry is the thrust for dry wood (avg. 10.4-percent moisture
content); the number following in parentbeses is the thrust for wet wood (avg. 72.5-
percent moisture content).
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With the flat-cut bit, thrust did not meaningfully differ with diameter;
the average was 39.4 pounds. Thrust was less when boring wet wood
(avg. 31.4 pounds) than when boring dry wood (avg. 47.4 pounds). It
was also less for wood of low gravity (avg. 34.8 pounds) than for wood
of high gravity (avg. 43.9 pounds).

In general, thrust also decreased with increasing depth of hole although
the effect was slight. It is probable that frictional forces develop between
the surface of the hole and the severed chips. These forces exert a com-
ponent in a direction which lifts the workpiece. The lifting effect would
be greater in deep holes since the total area in contact increases with
increasing depth.

Of the four types of bits studied, the flat-cut bit required least thrust.
Since this bit does not have outlining spurs, the result was expected.

Boring across the grain.—Woodson and McMillin’s® factorial experi-
ment revealed that torque and thrust requirements do not differ between
the tangential and radial boring directions; therefore, their data for the
two directions were pooled and regarded as boring across the grain. As
when boring along the grain, they found that torque did not differ with
spindle speed for chips of constant thickness. Torque demand did vary
with bit diameter, chip thickness, moisture content and specific gravity.
Their results are summarized in table 19-41.

From the table, torque increased with increasing diameter for all chip
thicknesses, specific gravities, and moisture contents (except there was no
significant difference in torque between the 1.00- and 1.25-inch diameter
double-spur, double-twist bits when removing 0.010-inch-thick chips in
wet wood). Torque increased with increasing chip thickness when boring
wet or dry wood of all specific gravities. For a given diameter, chip
thickness and moisture content, torque was greater when boring wood of
high density than when boring wood of low density.

‘The variation in torque with changes in moisture content were less
consistent. For the spur machine bit, torque was greater for wet than for
dry wood when boring with the 0.50-inch diameter bit. It is probable
that the intact chips formed when boring wet wood clogged the bit flutes.
With the 1.00- and 1.25-inch bits, the trend reversed and torque was less
for wet than for dry wood. For the double-spur, double-twist, and the
double-spur, single-twist, solid-center bits, torque was less for wet than for
dry wood. The effect of moisture was small and inconsistent when
holes were bored with the flat-cut machine bit.

While not shown in table 19-41, torque also increased with increasing
depth for all 0.50-inch diameter bits; the effect was greatest for holes
bored in dense dry wood. For most combinations tested, torque was least
when holes were bored with the flat-cut machine bit.

Values for thrust when boring across the grain are summarized in
table 19-42. The values are arrayed by combinations of diameter, chip
thickness, moisture content, and specific gravity.




TapLE 19-41.— Torque demand for four bit types when boring across the grain*

0¢6

Chip thickness (inches)

Bit type and -
diameter 0.010 0.020 0.030

Double-spur,
single-twist,

solid-center

0.50 e 9.5(12.9) 6.7 (7.5) 12.8(15.8) 9.9(11.4) 14.5(19.1) 12.8(14.9)
1.00_ e 292.3(29.8) 20.7(23.8) 32.8(42.5) 28.3(36.1) 40.1(49.7) 32.9(38.7)
1.25 e 36.7(41.3) 29.1(34.9) 48.0(59.2) 38.0(45.4) 56.5(70.5) 46.4(53.3)

1 The first number in each entry is the torque for wood of low specific gravity (avg. 0.48); the number following in parentheses is the torque for

(inches)
Dry Wet Dry Wet Dry Wet

————————————————————————— Inch—pounds R e - |
Spur machine bit =
0.50 e 8.0(10.6) 11.6 (9.7) 11.3(15.0) 14.9(19.2) 15.1(19.8) 19.2(26.2) E
1.000 oo 22.3(28.7) 18.3(20.0) 30.3(38.1) 24.6(31.6) 38.3(45.8) 33.5(38.6) >
1.25 e 34.7(41.5) 31.6(37.1) 52.4(64.0) 47.2(55.4) 62.4(78.8) 57.7(71.5) g
Double-spur, z
double-twist g
0.50_ oo 12.4(20.6) 12.8(15.5) 19.1(26.2) 13.6(20.0) 21.7(30.0) 16.5(23.4) >
1.00_ e 28.7(34.0) 29.2(33.0) 34.0(41.0) 33.3(36.8) 41.9(54.2) 36.3(45.0) o]
1.25 cceeeee- 34.7(42.2) 28.7(33.4) 45.7(56.1) 37.6(44.1) 56.3(68.4) 44.9(53.7) ®
Flat-cut, g
double-twist 5
(0 00 T — 13.1(19.3) 13.0(14.8) 14.2(22.2) 18.6(19.1) 17.1(24.3) 21.0(24.3) E
1.00 e 16.0(20.2) 21.6(24.6) 25.2(32.6) 28.0(34.4) 32.7(39.4) 34.7(42.2) =
1.25 o 24.8(29.6) 25.9(29.0) 32.0(39.4) 33.8(40.6) 42.7(47.7) 42 .8(48.5) 2
E
=
i
bl
Q
Q
m
>
b
>
N
o

vg. 0.60). The moisture content of dry wood was 10.4 percent; for wet wood moisture content averaged 72.5 percent.
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TABLE 19-42.— Thrust requirements when boring across the grain* E
2
Chip thickness (inches) Z
Bit type and %
diameter .010 .020 .030
(inches)
Dry Wet Dry Wet Dry Wet
—————————————————————————— Pounds — — — — = — ~ = — =~ — o — o~
Spur machine bit
0.50____________ 52.9 (78.4) 46.3(50.2) 65.1(100.1) 55.5 (82.2) 75.7(112.7) 61.5 (96.4)
1.00._______.___ 109.5(175.1) 72.0 (88.7) 125.2(183.0) 76.1(111.9) 151.2(206.6) 96.7(132.5)
1.25_ .. 141.0(193.0) 92.7(125.3) 195.7(274.4) 118.5(164.6) 209.2(297.3) 128.2(194.0)

Double-spur,
double-twist

0.50. . ________ 79.4(118.8) 59.2 (76.2) 109.2(150.7) 58.3(102.0) 117.4(169.2) 61.1(105.7)
1.00.__________. 105.0(163.0) 75.0 (94.7) 136.3(211.8) 85.4(128.8) 170.6(249.7) 99.2(149.5)
1.25 . 145.2(205.6) 89.1(122.3) 181.0(261.9) 110.0(154.6) 215.0(307.2) 131.1(174.8)
Flat-cut,
double-twist
0.50___________. 56.4 (90.6) 30.3 (43.2) 53.2 (88.9) 34.6 (48.9) 50.9 (90.9) 32.3 (52.2)
1.00____________ 41.3 (62.4) 33.1 (44.2) 67.9 (93.0) 33.0 (48.0) 83.0(110.6) 41.5 (64.2)
1.25._ . ___ 43.5 (63.5) 26.7 (39.6) 59.6 (85.6) 38.3 (60.3) 74.1(101.7) 39.5 (54.5)

Double-spur,
single-twist,

solid-center
0.50___________. 63.9 (87.0) 35.0 (45.9) 78.7(113.1) 42.8 (62.2) 86.1(129.3) 55.2 (77.9)
1.00__ . _______. 93.4(143.8) 64.7 (90.9) 137.6(217.9) 91.2(137.2) 142.6(216.7) 86.9(131.7)
1.25 . 147.5(185.6) 89.1(120.4) 176.6(244.5) 106.6(144.6) 195.6(282.9) 122.4(162.9)

! The first number in each entry is the thrust for wood of low specific gravity (avg. 0.48); the number following in parentheses is the thrust for wood Q
of high specific gravity (avg. 0.60). The average moisture content of dry wood was 10.4 percent; the average for wet wood was 72.5 percent. =
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For all types except the flat-cut machine bit, thrust increased with in-
creasing diameter; the trend was curvilinear. For a given diameter, thrust
increased with increasing chip thickness in wet and in dry wood of both
densities. For a given diameter and chip thickness, thrust was less for
holes bored in wet than in dry wood and was less for wood of low than
for wood of high specific gravity.

Thrust was unrelated to diameter for holes bored with the flat-cut bit.
For the 0.50-inch bit, thrust did not differ with chip thickness, but with
the 1.00- and 1.25-inch bits, it increased with increasing thickness. For
a given diameter and chip thickness, thrust was less for holes bored in
wet than in dry wood and less for wood of low than for wood of high
specific gravity.

While not shown in table 19-42, thrust increased slightly with increasing
depth for holes bored with the 0.50-inch bits. The trend reversed with
the 1.00- and 1.25-inch bits and thrust decreased with increasing depth.

Except for the flat-cut machine bit, Woodson and McMillin’s results
indicate that, for chips of constant thickness, thrust was somewhat greater
when holes were bored at 3,600 r.p.m. than when bored at 1,200 r.p.m.
To cut chips of a given thickness, the plunge rate must increase with
increasing spindle speed. It is probable that thrust may be greater at high

plunge speeds because the strength of wood increases with increasing rate
of loading.

HOLE QUALITY

Woodson and McMillin® evaluated the smoothness of holes using a
subjective rating scale of 1 to 3. Good quality holes were rated 1, fair
quality rated 2, while poor quality holes were rated 3. Thus, holes of
better quality had low numerical ratings. Figure 19-111 illustrates repre-
sentative surfaces for wood bored wet and dry in each direction.

Table 19-43 tabulates the results in terms of smoothness units; the
data are arrayed by bit types, boring direction, moisture content and
diameter. In those cases where smoothness of the machined surface is of
primary importance, the bit or bits having the lowest numerical ratings
should be given preference.

Although not shown in table 19-43, Woodson and McMillin’s data
generally indicated that hole quality improved with decreasing chip thick-
ness. Quality was unaffected by spindle speed (for chips of constant
thickness) and wood specific gravity.

BORING DEEP HOLES

Thrust, torque, hole quality, and chip clogging were studied by Woodson
and McMillin? when boring 10%4-inch-deep holes in southern pine (Pinus

7 Woodson, G. E., and McMillin, C. W. Machine boring of southern pine wood.
I1. Boring deep holes. USDA Forest Service, Southern Forest Experiment Station,
Alexandria, La., Final Report—Phase II FS-SO-3201-2.30 dated February 26, 1971.
(See also 1972 For. Prod. J. 22(4) : 49-53.)
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DRY
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F-5
Yy ratings (smoothness) for the three principal boring d
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follows:

They used a factorial experimental design with variables as

Bit type—1-inch diameter double-spur, double-twist machine bit with
two cutting lips. I-inch diameter ship auger, with one cutting lip.

| (See table 19-38 for geometrical specifications and fig. 19-108 for
| schematic drawings.)

.
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Spindle speed—1,200 r.p.m., 2,400 r.p.m.
Chip thickness—0.010-inch, 0.020-inch, 0.030-inch.

Wood specific gravity—Less than 0.52, More than 0.55 (ovendry
weight and volume at 10.4-percent moisture content).

Moisture content—10.4 percent, Saturated.

Direction of boring—Along the grain, Across the grain.

Figure 19-112 illustrates typical clogged chips when boring deep holes
with the ship auger (left) and double-spur, double-twist (right) bits. The
maximum depth of hole attainable without evidence of chip clogging
differed with boring direction—it was unaffected by other study factors.
For both bits, clogging occurred at a shallower depth when boring across
the grain (avg. 6.5 inches) than when boring along the grain (avg. 10.1
inches). There was no significant difference between bit types for a given
boring direction.

When the data were averaged over all study variables for a given
boring direction, thrust and torque (average values prior to evidence of

TaBLE 19-43.—Results of quality ratings for four bt types'

Bit type and diameter Boring direction
(inches)

Longitudinal Tangential Radial

Spur machine bit

0.50___ .. 1.6(2.5) 1.1(1.4) 1.0(1.6)

1.00_ oo 1.2(2.1) 1.0(1.0) 1.1(1.1)

1.256 .. 1.4(2.2) 1.1(1.1) 1.3(1.2)
Double-spur, double-twist

0.50_ ... 1.7(2.3) 1.1(1.4) 1.6(1.6)

1.00 .. 1.6(2.6) 1.1(1.2) 1.1(1.3)

1.25 .. 1.6(2.2) 1.1(1.1) 1.2(1.3)
Flat-cut, double-twist

0.50 ... 1.6(2.6) 1.5(2.7) 1.6(2.8)

1.00 .. 1.7(2.2) 1.3(2.5) 1.5(2.5)

1.25 . 1.5(2.1) 1.3(2.3) 1.5(2.4)
Double-spur, single-twist,

solid-center

0.50_ . 2.1(2.9) 1.0(1.1) 1.2(1.3)

1.00________________._.__ 1.6(2.6) 1.1(1.4) 1.3(1.4)

V.25 . 1.6(2.6) 1.3(1.4) 1.3(1.4)

1 The first number in each entry is the quality rating for dry wood (avg. 10.4-percent
moisture content); the number following in parentheses is the quality rating for wet
wood (avg. 72.5-percent moisture content).

2 A quality rating of 1 indicates a smooth hole; a rating of 3 indicates a very rough
hole; 2 is intermediate.
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Figure 19-112.~Typical clo
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Along the grain Across the grain
Bit type Torque Thrust Torque Thrust
Inch-pounds Pounds Inch-pounds Pounds
Double-spur,
“double-twist
bit___________ 67.1 132.9 50.4 157.8
Ship auger______ 39.9 61.1 29.0 38.6

Generally, torque and thrust were positively correlated with chip thick-
ness and specific gravity for both types of bits studied. Neither torque nor
thrust differed with spindle speed when chip thickness was held constant.
When boring in either direction with the double-spur, double-twist ma-
chine bit, wet wood required less thrust than did dry wood.

Although the ship auger required less horsepower than the machine bit,
it was slightly less efficient; i.e., more energy was required to remove a
unit volume of wood with the ship auger than with the machine bit.

For dry wood bored to 101/4-inch depth along the grain, quality was
best when holes were drilled with the ship auger. There was no significant
difference between bit types when boring wet wood. When boring across
the grain, the double-spur, double-twist machine bit yielded holes of
better quality in both wet wood and dry wood than did the ship auger.

19-13 MACHINING WITH HIGH-ENERGY JETS

Exploratory studies have been made (Bryan 1963a) on the cutting of
wood with jets of water under a pressure of 35,000 pounds per square
inch or more. At this time, the process is not competitive with conven-
tional cutting methods for southern pine.

Development of continuous pumping systems, improved nozzle designs,
and incorporation of additives that improve the cohesiveness of the water
jet are all contributing to advancement of the technology, however. It is
anticipated that in the near future water-jet cutting of certain products—
e.g., corrugated board—will be practical and economically competitive
with other methods (Franz 1970).

19-14 MACHINING WITH LASERS

Lasers (acronym for light amplification by stimulated emission of radi-
ation) generate photon energy through an internal amplification process
in which stimulated emission plays a dominant role. They emit a coherent
beam of highly collimated monochromatic light that when focused to
minimum diameter can produce power densities sufficient to vaporize most
materials. Lasers offer a number of advantages over conventional machin-
ing processes, as follows:
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® No residue (sawdust) is formed.

® Narrow kerf reduces waste.

® Ability to cut complicated profiles.

® No tool wear.

® Produces a smooth surface.

® Little noise.

@ No reaction force exerted on the workpiece.

Bryan (1963b) investigated the feasibility of machining wood with a
beam of highly collimated monochromatic light emitted from a pulsed
ruby laser. Because of the low power output and single pulse nature of
this type of laser, cutting was limited to 0.030-inch-diameter holes about
Ye-inch deep.

A greater potential for laser cutting was realized with the development
of the carbon-dioxide molecular gas laser. The collimated beam from this
laser is continuous and output powers in excess of 1,000 watts are possible.
The cutting action of the carbon dioxide laser can be further improved
by using a co-axial jet of gas, usually air, to assist in removal of vapor and
particles from the cut region and cool the top surface (Lunau and Paine
1969; Harry and Lunau 1971). With the gas jet, it is possible to produce
deep, uniform cuts with square edges in a variety of materials.

Carbon-dioxide laser profile cutting machines have recently been de-
veloped for industrial use (Anonymous 1970ab; Doxey 1970; March
1970). These machines are used to prepare steel-rule die blocks of the
type used for cutting and/or creasing paper cartons, gaskets and cloth.
In this application, an intricate and accurate pattern of narrow slots is
required in 34-inch plywood (fig. 19-113); steel rules are inserted into
the slots. At a cutting speed of 8 inches per minute, laser preparation of

Figure 19-113.—Pattern of laser-cut kerf
slots in steel-rule die block of 34-inch
birch plywood. With steel rules inserted
in the kerf slots, the die is used to cut
and crease stock for a cardboard box.
The pattern es about 7 inches in
length; the kerf, which penetrates through
the block, measures about 0.028 inch
wide. (Photo from British Oxygen Co.,
Ltd., London, England.)
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the die blocks is reported to be 10 times faster than conventional methods.

McMillin and Harry (1971) demonstrated that southern pine lumber
can be cut with a carbon-dioxide laser and explored factors which affect the
maximum rate of cutting. The laser used contained a mixture of carbon
dioxide, nitrogen and helium and emitted radiation at a wavelength of
10.6 um. The beam emerged horizontally from the laser tube and was de-
flected downwards by a 45 degree mirror (fig. 19-114). It was then focused
by a lens which formed the upper sealing surface of an air-jet nozzle. The
focused beam passed concentrically down the axis of the nozzle and was
at minimum diameter about 2 mm. outside the nozzle. An air-hydraulic,
variable speed feed system was used to traverse the workpiece past the
focused beam. All cuts were made at 240 watts of output power.

The maximum feed speed at full penetration of the laser beam differed
with workpiece thickness, wood specific gravity and moisture content. There
was no significant difference in feed speed when cutting in a direction
along the grain as compared to cutting across the grain.

As tabulated below, maximum feed speed at which southern pine wood
could be cut decreased with increasing workpiece thickness in both wet
and dry samples; the trend was curvilinear. For a given thickness, slower
feed speeds were required for wet than for dry wood. The magnitude of
the difference increased as the thickness of the workpiece decreased.

| OUTPUT WINDOW

pd

- - 45° MIRROR
CO, LASER LASER BEAM—

-
N

FEED DIRECTION ——

Figure 19-114.—Diagram of experimental air-jet-assisted, carbon-dioxide, laser-cutting
device. (Drawing after McMillin and Harry 1971.)
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Workpiece thickness (inches)
Moisture content

(percent) 0.25 0.50 1.00
————— Inches [minute — — — — —
Dry
(avg. 12-percent)_.. 111.0 46.4 17.2
Wet
(avg. 70-percent).__ 87.1 36.1 12.0

When cutting wet wood, maximum feed speed was unrelated to spe-
cific gravity. For dry wood, slower speeds were required when cutting
wood of high density than when cutting wood of low density. The dif-
ference was greatest for the 0.25-inch-thick samples.

Specific gravity Workpiece thickness (inches)
(green volume and
ovendry weight) 0.25 0.50 1.00
————— Inches [minute ~ — — — —
Low (avg. 0.45)______ 123.9 49.9 22.0
High (avg. 0.54)______ 98.2 42.9 12.5

The width of the kerf produced by the laser beam is extremely small
(avg. 0.012 inch) compared to the kerfs produced by conventional saws.
McMillin and Harry’s data showed that kerf width was unrelated to
cutting direction, moisture content and specific gravity but increased with
increasing workpiece thickness. Kerf widths were 0.009, 0.012, and 0.015
inches for 0.25-, 0.50-, and 1.00-inch thick samples respectively.

Wood-based materials and paper products may also be cut with the

carbon-dioxide laser. McMillin and Harry provided the following ex-
amples:

Material Thickness Power Feed speed
Inch Watts Inches /minute
Southern pine plywood____. 0.50 240 20
Southern pine particleboard _ .50 240 16
Tempered hardboard.______ .25 240 13
Hardboard _ . _____________ .25 180 12
Fiber insulation board_ _____ .50 180 14
Corrugated boxboard_______ 17 180 236
Tlustration board._________ .10 180 91
Kraft linerboard.__________ .02 180 207

Scanning electron micrographs prepared by McMillin and Harry (1971)
show that laser-cut surfaces—while blackened—are far smoother than con-
ventionally cut surfaces (fig. 19-115). On laser-cut surfaces, there is little
evident damage to wood structure (fig. 19-116); some carbon deposits,
however, are evident on cell walls and in lumen cavities.
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Figure 19-115.—Scanning electr

(teft column) and along the grain (right column) by (from top to bottom) bandsawing,
d laser cutting. Scale mark shows 0.1 inch. (Photos from McMillin and
Harry 1971.)
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20
Drying

For most uses, wood must first be dried. There are important reasons
for drying wood prior to use:

® Because wood shrinks as it loses moisture, it should be dried to the
moisture content it will have during use.

® Wood is dried to substantially reduce its shipping weight.

® Drying reduces the likelihood of stain or decay developing during
transit, storage, or use.

® Dry wood is less susceptible to damage by insects than wet wood.

©® Most strength properties of wood increase as it is dried below a
moisture content of about 30 percent.

® Nailed and screwed joints are stronger in seasoned wood.

® Glued wood products perform better when assembled from dry
wood.

® Prior drying usually makes treatment of wood with preservatives
more successful.

® Dry wood takes finishes better than green wood.

® The electrical resistance of dry wood is much greater than that of
wet wood.

® Dry wood is a better thermal insulating material than wet wood.

While it is possible to dry many southern pine products in “cook-book”
fashion according to published schedules, some knowledge of wood-water
relationships is helpful. A discussion of these relationships is contained in
chapter 8 under section headings as follows: (8-1) MOISTURE CON-
TENT IN LIVING TREES; (8-2) FIBER SATURATION POINT;
(8-3) EQUILIBRIUM MOISTURE CONTENT; (8-4) SHRINKING
AND SWELLING; (8-5) HEAT OF SORPTION; (8-6) PERME-
ABILITY; (8-7) MECHANISM OF DRYING. References describing
techniques for measuring and computing the moisture content of wood
are listed in the opening pages of chapter 8.

Discussion in this chapter (chapter 20) is confined to the methods,
schedules, and equipment required to dry various classes of southern pine
products.

20-1 AIR-DRYING

Although most southern pine lumber is kiln-dried green from the saw,
many timbers and poles, and sizeable amounts of lumber, are air-dried.
The process depends upon air circulation within the pile, and is greatly
affected by precipitation and the temperature and relative humidity of
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outdoor air. Air entering a pile cools because it loses energy as water in
the wood is moved and evaporated; vertical air movement—generally
downward—is caused by increase in density of the air as it is cooled.
Horizontal air movement is induced by this vertical flow. Of course,
natural wind currents increase the velocity of horizontal airflow.

Drying conditions in the southern pine region are best from approxi-
mately April to October because of the high air temperatures (fig. 20-1).
Equilibrium moisture content values are relatively constant at about 15
percent throughout the year. Because of seasonal and local variations in
precipitation and climate, the time required to air-dry southern pine of a
particular dimension can only be approximated.

Air-drying yards should be located on high, well-drained ground. Air
near low ground, swamps, or bodies of water is likely to be damp. Nearby
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trees, buildings, or hills are detrimental if they restrict air movement
across the yard site.

A good yard surface is smooth, firm, well-drained, free from vegetation
and debris, and preferably, paved. The yard layout for forklift operation
includes main alleys, cross alleys, and rows of 6 to 12 piles having lateral
spaces between piles and spaces between rows. Figure 20-2 illustrates this
terminology (Peck 1961). The width of the main alley is determined by
the length of the longest material to be stacked; 30 feet is suitable in
yards designed for forklift handling of southern pine lumber. When main
alleys are oriented north-south, the sun has best opportunity to dry up
rainfall quickly. Alternatively, the main alleys can be lined up with the
prevailing wind to stimulate airflow through the stickered packages.
Lateral spaces and spaces between rows should be sufficient to permit air
circulation. Wide cross alleys increase air circulation, reduce fire hazard,
and permit quick identification of blocks of piles for inventory purposes.

The foundations for yard piles (pile bottoms) should be well designed
and well placed. They must support the pile at least a foot clear of the
yard surface without undue deflection, permit access by the handling
equipment, and be durable.

Additional details on yard layout and operation have been given by
Rietz (1970).

LUMBER

The yard layout in figure 20-2 is designed for use with package piles,
whose essential features are shown in figure 20-3. While the outer two
crossbeams on each end of the pile are fixed—at a spacing sufficient to
permit the forklift to enter in the center—the center crossbeam is put
into place when the pile is built, and removed when it is razed.

0., 000000000~ O
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J0 =l D000 5 ¢
00 fooooooog
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Figure 20-2.—Diagram showing a section of
CROSS ALLEY - a yard with package piles for forklift
(FIRE BREAK) © handling. (Drawing after Peck 1961.)
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Stickers provide columns to support the pile, separate the courses of
lumber, and restrain warping by holding the boards in a flat position. They
should be perfectly aligned with the crossbeams and in good vertical align-
ment to prevent sagging of courses and warping of boards. Allowing end
stickers to project slightly beyond the ends of the lumber reduces end
checks and splits by retarding drying and sheltering the ends from sunshine
and rain. Stickers for packages are commonly a uniform 34-inch thick,
approximately 134 inches wide, and of uniform length (a couple of inches
longer than the width of the package) ; they should be straight. If lumber
is thin or prone to warp, it needs more crossbeams and more stickers
per course than lumber that is thick and less prone to warp.

The lower levels of a pile tend to dry more slowly than the upper
levels. For this reason—and because extreme pile height places excessive
weight on foundations and on stickers and boards in the lower part of
the pile—package piles are generally limited to 16 or 20 feet in height.

A good pile roof shields the upper courses of lumber, and to a lesser
extent the lower part of the pile, from precipitation and direct sunshine.
Figure 20-3 illustrates roof construction. Boards may be nailed to a
framework of 2x6’s and securely covered with roofing paper or corru-
gated metal. The panel roofs are placed on the top package while it is
still on the ground. While the roof for a package pile overhangs the pile
at both ends, it can project only on one side—that furthest from the mast
of the forklift. One successful operator uses precast concrete pile roofs
to provide shelter and reduce warpage; they are put in place with a
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forklift. Used on southern pine, the weight of the roof must be sufficiently
low to prevent compression of boards or stickers.

One-inch lumber.—Air-drying time for l-inch southern pine boards
varies with season and location. Mathewson® made limited observations of
l-inch No. 2 Common longleaf boards hand-stacked for air-drying at
Fisher, La. Piles were 6 to 16 feet wide and generally 80 courses high.
He tentatively concluded that, during the spring and summer, 2 months
is ample drying time for 90 percent of the l-inch boards to reach 19-
percent moisture content or below, with the remaining pieces not exceeding
22 percent. Because of high relative humidities and rains during the late
fall and winter, boards in piles razed during these periods may not meet
the foregoing specification even though the stock was sufficiently dry during
the preceding summer.

Peck® observed that in Malvern, Ark., a summer period longer than
2 months was required for 1-inch shortleaf pine boards to reach an average
moisture content below 19 percent (fig. 20-4).

Page and Carter (1957, 1958) studied variations in moisture content
of 1-inch southern pine air-dried in seven-package piles in Georgia during
the summer of 1956. Among piles dried 31 to 104 days, average moisture
content showed no relationship to length of drying time, but piles dried
longest were most uniform in moisture content. At the end of the drying
period, moisture content averaged 15.5 percent; one-fifth of the boards,
however, exceeded 19 percent. Lumber in the top of the piles averaged
slightly drier (14.3 percent) but varied more than lumber from the

.middle (15.8 percent) or from the bottom (16.6 percent).

In the study of Page and Carter (1957), stain was by far the most
important degrading factor, accounting for 72 percent of the degrade in
package piles. The cause and prevention of stain are discussed in chapter
16 and section 22-1. In brief, a suitable chemical dip within 24 hours
of sawing, prompt piling for air-drying, and prevention of rewetting will
control stain. Crook, bow, and cup made up the next most important
class of defects. These defects can be reduced by sorted-length piling
(or box piling so that packages have even ends if length sorting is not
practical), by adhering to good piling practices, and by using pile roofs
(fig. 20-3). Checking was not a serious problem in the l-inch lumber.
Pile roofs and placement of stickers overlapping board ends reduce
degrade from checking.

Peck? summarized the degrade during air-drying of No. 2 Common
mixed longleaf and shortleaf pine in hand-stacked flat piles as 1.8 percent
of the green value. When this lumber was planed, the loss was an addi-

t Mathewson, J. 8. 1936. Air seasoning periods for longleaf-pine lumber. Unpub-
lished report, USDA Forest Serv., Forest Prod. Lab., Madison, Wis. Project L257.
9 pp.

2 Peck, E. C. [1962]. Air drying of wood. Unpublished report, USDA Forest
Serv., Forest Prod. Lab., Madison, Wis.
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Figure 20—4.—Air-drying curves for l-inch shortleaf pine in flat piles built by hand at
Malvern, Ark. (Drawing after Peck®.)

tional 4.6 percent. The loss from rough-green condition to dressed-dry
condition was, therefore, equal to 6.4 percent of the rough green value.

Two-inch lumber.—A few data are available on the time required to
air-dry 2-inch-thick southern pine. Mathewson® tabulated information
taken in 1929 and 1930 at Fisher, La. on longleaf lumber hand stacked
for air-drying in piles 6 to 16 feet wide and 24 to 42 courses high. Table
20-1 shows that in April, May, June, July and August of 1929, 8/4 lumber
was dried to about 14-percent moisture content in 57 to 139 'days. In
1929 the precipitation at Fisher, La. was 1.06 inches in July and 0.26
inch in August; em.c. during late August was about 10 percent.

In February, March, and April of 1930—when the rainfall was 3.56,
3.69, and 0.43 inches, and the e.n.c. was 16, 15, and 13 percent—8/4
lumber averaged about 19-percent moisture content after 41 to 46 days
of drying.

TIMBERS

As with lumber—a well-drained yard location, a good yard surface, and
well-elevated, durable pile foundations are required for a good timber
drying operation. Some additional factors are also of importance to
timber drying.
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TABLE 20~1.—Air-drying data for 2-inch longleaf pine at Fisher, La.

Size Average Air- Moisture content of pieces sampled
(inches) piling seasoning
date period Maximum  Minimum Average
Month and Year Days - —-—-—-—-—-~- Percent — — — — — — —

2by4_ ___.._._ April 1929 139 18.4 12.4 13.7
2by4 ... May 1929 103 15.4 12.4 13.5
2by4 .. June 1929 70 15.6 12.7 13.5
2by4_________ June 1929 74 18.4 13.2 14.5
2by6_______.__ April 1929 121 16.1 12.5 14.4
2by 6. _.___ June 1929 57 15.2 12.9 13.6
2by 8 ... May 1929 110 14.6 12.3 13.3
2by 8. ______._ February 1929 203 15.5 12.4 14.3
2by4 . ______ February 1930 46 23 .4 17.5 19.2
2by4 _.___ March 1930 41 20.7 17.3 18.9
2by 6. _____ February 1930 46 19.2 16.6 18.2
2by 6. .= February 1930 45 22.5 15.9 18.5
2by 8 _____ February 1930 45 22.1 16.9 19.3
2by 8. ________ March 1930 42 22.6 15.0 20.2

Pile design.—Kempfer (1913) found that isolated piles of crossties per-
mitted rapid seasoning regardless of spacing between ties in the stack,
but if the piles were crowded together the influence of pile form became
evident. The effect of pile form was demonstrated by air-drying cross-
arms. Ten-foot, 3V4- by 4Y4-inch arms of loblolly pine sapwood were cut
in July and piled openly with 20 arms in each tier; after 60 days’ season-
ing they reached 30-percent moisture content. Similar crossarms were
stacked in the same size piles but with 28 arms per tier; after the same
60-day drying period they still contained 50-percent moisture content
(fig. 20-5). Where the climate is especially favorable to rapid decay, a
roof to provide protection against rainwetting may be desirable.

Sapwood vs. heartwood.—Figure 20-6 shows the average losses of mois-
ture from crossarms cut in the spring months, of heartwood, sapwood,
and heartwood mixed with sapwood. Because of initial differences in
moisture content, the heartwood arms weighed 42.6 pounds per cubic foot,
the mixed grade 50.3 pounds, and the sapwood 57.9 pounds. All had
seasoned to the same weight in a little over a month’s time. After further
seasoning, the relative position of the sapwood and heartwood arms was
reversed, the sapwood being considerably lighter than the heartwood.

Size of timbers.—The size of the piece influences the time required for
seasoning because cross-sectional dimensions control the relation of the
volume of a timber to its surface area, the total amount of water to be
evaporated, and the distance which the moisture on the interior must
travel to escape from the surface. This influence, according to Kempfer
(1913), is not as great as might be expected. Shortleaf pine 5- by 8-inch
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Figure 20-5.—Effect of pile form on drying rate of 10-foot-long, 3%- by 4%-inch, sapwood,
loblolly pine crossarms air-dried in Norfolk, Va. Crossarms on ends turned on edge so
that courses are separated by a 1-inch air gap. (Top right) Piled 20 to each course with
all faces exposed to circulation. (Bottom right) Piled 28 to each course leaving no spaces
for vertical ventilation. (Left) Comparison of time to dry. (Drawings after Kempfer 1913.)

beams attained only 3 percent lower moisture content after 15 months’
seasoning than 8- by 12-inch timbers.

Air-drying curves for timbers.—Crossarms shipped in spring months
from Montgomery County, N.C. were air-dried in Norfolk, Va. from an
estimated initial moisture content of 80 percent to a final estimated moisture
content of 26 percent as shown in figure 206 (Kempfer 1913). Arms
in piles established in June, July, and August dried more slowly.

Figure 20~7 shows the weight-time relation for 16-foot shortleaf pine
timbers measuring 5 by 8 and 8 by 12 inches. The curves show average
data for 6 timbers at each size. Initial moisture content averaged 47
percent and final moisture content after 15 months averaged 13 percent
(Kempfer 1913).

Air-seasoning rates for 8-foot-long, 6- by 8-inch southern pine crossties
were reported by Kempfer (1913). Ties cut in January and February
were fairly dry at the end of 4 or 5 months; weight loss was about 50
pounds per tie. Ties cut and piled from April to October seasoned so
rapidly that there was little loss of weight after the first 2 or 3 months,
even when the ties were held over to the following summer. The tests
were conducted at Silsbee, Tex., and Ackerman, Miss.

Southern pine heartwood timbers 24 feet long and 12 inches square
were air-seasoned to 20-percent moisture content in an open shed in
Madison, Wis. in 12 to 15 months. The timbers were piled on 2- by 4-
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Figure 20-6.—Weight changes during seasoning of 10-foot-long, 3%- by 4%-
inch, loblolly pine crossarms air-dried in Norfolk, Va. Piles were estab-
lished in spring months of 1906. (Drawing after Kempfer 1913.)

inch stickers and were spaced 2 to 3 inches apart. In two tests, relatively
little moisture was lost during winter months.

POLES

Poles are difficult to protect against fungus attack during air-drying.
There are indications that some early failures of treated poles in service
are indirectly caused by fungus; inadequate penetration of preservative
may result where permeability increases in infected wood and permits
excessive rainwater pickup prior to treatment. Section 16-7 (BARK-FREE
POLES AND TIMBERS) describes chemical treatment of poles to deter
attack by fungi. Later infection is possible, however, if checks provide
access to untreated wood still moist enough to sustain fungi. An alter-
native suggestion calls for brief pressure impregnation of the green mate-
rial with a waterborne preservative prior to air-drying.

Figure 20-8 (Left) illustrates good piling practice in an air-drying yard
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Figure 20-7.—Weight changes during ing of shortleaf pine timbers cut
in Arkansas and air-dried (commencing July 15, 1907) in an enclosed shed
in Lafayette, Ind. (Drawing after Kempfer 1913.)

for southern pine poles. The installation would be improved if the creo-
soted piers and beams supported the lowest layer of poles about 2 feet off
the ground. Successive layers of poles are separated by treated stickers
about 4 inches thick. Stickers should be accurately aligned over the piers

48

MOISTURE CONTENT (PERCENT)

DISTANCE FROM SURFACE (INCHES)

Figure 20-8.—(Left) Well-piled poles in an air-seasoning yard. (Right) Moisture distribution
6 feet from the butt end of the wettest, the driest, and the average of 12, Class 5,
40-foot southern pine poles after air-drying for 96 days. Moisture content at surface was
approximately 11.3 percent. (Photo and drawings after Mathewson and Berger 1957.)
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to prevent bending of lower poles. Pile height should be limited so that
sticks are not crushed into poles of the lowest layer. A chimney 2 feet wide
is left in the middle of the pile from top to bottom. Alternatively, poles can
be stacked in a cross-hatch pile so that they act as their own pile stickers.
According to Mathewson (1930), about 2 months in the summer or 4
months in the winter is the usual seasoning period prior to preservative
treatment.

Mathewson and Berger (1957) made a study of moisture distribution in
12 class 5, 40-foot southern pine poles 96 days after they were shipped to
an air-drying yard in Finney, Ohio. Their data showed that the moisture
content at the surface (estimated at 11.3 percent) and Vs-inch in from
the surface (21 percent) were equal in the wettest and driest of the 12
poles, but 3 inches in from the surface, moisture content was 29 percent
on the driest pole and 45 percent on the wettest. Measurements were
taken approximately 6 feet from the butt of each pole (fig. 20-8 Right).

Burkhalter and Russell (1969) have proposed that air-drying of south-
ern pine trees cut for poles and piling can be accomplished easily if the
tops are not severed from the stem for a few weeks following felling. In
a study of loblolly and slash pine they found that some trees left on the
ground for a month and a half with crown intact lost as much as 30
percent of their green weight, whereas similar tree stems with crowns
severed from stems lost only 3 percent of total weight during the same
period on the ground (bark intact). More typically, 4 or 5 months was
required for a felled tree with crown intact to lose 30 percent of its green
weight (fig. 20-9). To make this drying system practical, a procedure to
protect the stems against fungus attack would have to be developed.
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Figure 20-9.—Percent weight loss from the green condition of entire loblolly pine tree
severed at ground level and left on the ground with crown intact for 6 months. Curve
based on data from six trees. Slash pine trees cut under the same condition lost weight at
virtually the same rate. (Drawing after Burkhalter and Russell 1969.)
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CONTROL OF END CHECKS

End checking can degrade poles, piling, and heavy timbers during
drying. In timbers, end checking can be reduced by prompt application
of suitable coatings to freshly cut end surfaces. If applied after checking
has begun, coatings rarely prevent deepening of the checks. Usually no
attempt is made to control checking in piles, poles, and posts.

Studies have shown that single hot coatings are more effective than
single coats of any of the cold coatings. McMillen (1961a) evaluated
various hot coatings by completely covering small blocks of green shortleaf
pine with the test coatings and exposing them to regulated conditions of
temperature and humidity. In figure 20-10 the results are expressed in
terms of the percentage of original evaporable moisture (above equilibrium
moisture content) remaining in the wood.

Hot coatings must be heated above their melting point when applied.
Among the hot coatings, paraffin, rosin and lampblack, coal tar pitches,
and asphalt are highly effective when applied in a single coat 15¢- to Y-
inch thick. Paraffin is generally suitable only for air-seasoning, rosin and
lampblack are suitable for kiln temperatures up to 150° F., and pitches
and asphalts can be selected for use at any ordinary kiln temperature.
Blends of coal tar pitches and petroleum asphalts of suitable softening
points form effective coatings that are tougher and more adhesive than
the pitch alone. The coating with the lowest softening point that will
safely withstand the drying temperatures used is recommended. Hot coat-
ings can be applied by dipping the ends of the pieces in the molten
coating, or more satisfactorily by means of a power-driven roller device.

Cold coatings may be of several types:

Type Comment
White lead in linseed oil Good moisture resistance
Aluminum particles in a phenolic- Three brushed (or sprayed) coats
resin, tung-oil varnish (2 pounds gives best results
aluminum per gallon of varnish)
Unfilled resin varnish Becomes brittle in final stages of

kiln drying. Not abrasive to
machine knives.

Asphaltic (in water emulsion or Water emulsion subject to break-
with petroleum solvent) down on freezing or exposure to
heavy rain.
Wax emulsions Can be clear or colored.

Economical. Subject to break-
down in heavy rain.
A list of manufacturers and distributors of both hot and cold proprietary
coatings is available (USDA Forest Products Laboratory 1966).
Another approach to the reduction of end checking is application of
mechanical restraint to the green wood. There are several forms of anti-
checking irons (S and C shapes are popular) that can be driven into the
ends of timbers and ties; they are most effective if placed to cross the
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Figure 20-10.—(Top) Moisture content of small green shortleaf pine blocks,
and pletely ted with test materials, when subjected to
accelerated drying conditions. Tested coal tar pitches are identified by
melting point. Evaporable moisture remaining, percent =

(100 [current moisture content — equilibrium moisture content

original moisture content — equilibrium moisture content
(Bottom) Dry-bulb temperatures during the é-day drying period; wet-bulb

temperatures were continuously adjusted to achieve a humidity appropri-
ate for 11-percent equilibrium moisture content in uncoated controls.
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(Drawing after McMillen 1961a.)
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greatest number of rays. Alternatively, crossties with end splits can be
clamped on the ends so that the splits are closed, then drilled transversely
across the split 3 inches from each end, and finally secured by driving
headless spiral steel dowels into the holes. Data specific to southern pine
on the necessity and relative efficiencies of these mechanical devices have
not been published.
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20-2 FORCED-AIR-DRYING

Shed-fan air-drying is the next step beyond conventional air-drying.
In this system stickered package piles are placed in a building with fans
on one side. The outdoor air is then pulled through the lumber in a
single pass, without recirculation. While surface evaporation is speeded
because of higher air velocity and because the air movement prevents
buildup of high relative humidity between lumber courses, drying is still
dependent on weather conditions.

LUMBER

Gaby (1959, 1961) dried l-inch, rough, green, southern pine lumber
in a wind tunnel simulating such an unheated drier. Fans were not
reversible. During the winter (Athens, Ga.) when temperatures averaged
42° F., drying times from 85-percent moisture content to an average of
25-percent were 12, 10, and 7.5 days respectively for air velocities of 300,
500, and 800 feet per minute (fpm.) (fig. 20-11). The following spring
when temperatures averaged 72° F., drying times from 91-percent moisture
content to. an average moisture content of 25 percent were 7.3, 5.6, and
4.0 days respectively, for similar velocities. Blue stain occurred when
air velocity was low or when outside humidity was high; in the most severe
case 44 percent of the boards had sufficient stain to cause degrade. Drying
rate dropped substantially as load width was increased beyond 8 feet
(fig. 20-12).
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Figure 20-11.—Effect of air velocity and season on drying time of 1-inch southern pine in an
unheated wind tunnel during spring and winter. (Drawing after Gaby 1961.)
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Figure 20-12.—Effect of length of air travel on drying rate of 1-inch south-
ern pine. Drying time 8 days; air velocity 500 f.p.m.; no fan reversal; no
control of drying conditions. (Drawing after Gaby 1961.)

The forced-air dryer, or predryer, has two added features—a confining
structure to permit recirculation of the air, and a source of heat to raise
the temperature somewhat above ambient. These dryers generally operate
continuously at one relatively low temperature (120° F. or less) and do not
control humidity except by this slightly elevated air temperature.

With dryer temperature constant at 80° F and reversing the fans at
3-hour intervals Gaby (1959, 1961) found that l-inch, rough, green
southern pine could be dried from green condition (110-percent moisture
content) to an average of 17 percent (with 95 percent of the boards at
20 percent or less) in 4 to 6 days (fig. 20~13). Two-inch pine required
about twice this time. Seasoning degrade was minor. Higher tempera-
tures (up to 110° F.) can be expected to reduce drying time without
increasing degrade. Fan reversal reduced drying time compared to one-way
airflow. Length of air travel across the load should be limited to 8 feet
or less if possible.

POLES AND ROUND BOLTS

Gaby (1967) dried freshly cut, peeled slash and loblolly pine short logs
in a forced-air dryer after first storing them 1 week under water. Bolts
were 18 inches and 55 inches long. Air circulation was reversed every 6
hours. The mean air velocity was between 600 and 700 f.p.m. Bolts were
not end coated and were piled in bins without stickers so that circulating
air travelled the length of the bolts. A mean dry-bulb temperature of
120° F. was maintained. Wet-bulb temperature was not controlled, but
with vents open atmosphere in the dryer reached an e.m.c. condition of
3 to 4 percent early in the cycle.
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Figure 20-13.—Moisture content of l-inch southern pine lumber dried at a constant 80° F.
and at three air velocities. Addition of heat not required during warm months. (Drawing
after Gaby 1961.)

Bolt diameter significantly affected drying rates. Time to dry 55-inch-
long bolts from 115-percent initial moisture content to a target 25-percent
was 4.8 days for 4- to 5-inch bolts, 10.2 days for 8- to 9-inch bolts, and
15.8 days for 12- to 13-inch bolts (fig. 20-14). Half-round bolts, origi-
nally 12 to 13 inches in diameter, dried in the same time as round bolts
8 to 9 inches in diameter.

Surprisingly, in diameter classes from 4 to 9 inches, 55-inch-long bolts
dried 1 to 2 days sooner than 18-inch-long bolts. Drying rates were not
affected by mixing large- and small-diameter bolts in the bins; bolts of
comparable diameters dried at very similar rates.
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Figure 20-14.—Drying curves for two lengths of round, peeled southern pine bolts at
120° F., 17-percent relative humidity, and air velocity of 600 to 700 f.p.m. {Drawing after
Gaby 1967.)

As would be expected, the outer shell of the bolts was substantially
drier (15 percent) than the interior (30 to 40 percent) at the end of the
drying cycle. Steam-equalization of these bolts (120° F. for 2 or 3 days)
is discussed at the end of section 20-3.

20-3 KILN-DRYING

Dry kilns differ from forced-air dryers; they operate at dry-bulb tem-
peratures generally in excess of 120° F. and with controlled wet-bulb
temperatures. This is true of both indirectly heated (steam) and directly
heated (gas-fired) kilns. The sensing elements for dry-bulb control are
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so located that regardless of direction of air circulation, the temperature
of air entering the stack of lumber is controlled. The wet-bulb thermal
element is conveniently located so that the wicks can be replaced readily.
Wet-bulb instrumentation controls venting, fresh air intake, and moisture
supply. When the wet-bulb temperature exceeds the set point, vents are
opened; they close when the wet-bulb temperature drops to near the set
point. The wet-bulb temperature has to drop somewhat below the setting
before moisture is injected into the kiln (usually as steam). Venting in
most southern pine kilns is accomplished through roof vents; differences
in static air pressure on opposite sides of the fan baffle draw in fresh air
and discharge kiln air to the atmosphere. Such venting wastes heat. Where
the cost of fuel is high, the newly developed pressure-venting process
should be considered (Dineen 1968).

Over the years, air circulation rates have been increased ; research has
shown that if lumber has moisture on the surface, high air velocity will
increase the drying rate. Today, circulation rates in the range from 200
to 400 f.p.m. are usual; equipment manufacturers have infrequently used
velocities in excess of 500 f.p.m. to dry lumber because of additional horse-
power required to drive the fans.

Most southern pine is dried on the basis of manually adjusted time
schedules for wet- and dry-bulb settings. The operator resets the recorder-
controller according to time in the kiln. There are few program controllers
in use that have precut cams or other devices for automatically adjusting
settings as a function of time in the kiln.

It is probable that kiln controls will become increasingly automated.
The USDA Forest Products Laboratory (1970) has developed a control
system that monitors and records conditions within the kiln and auto-
matically adjusts steam valves and air vents in response to moisture con-
tent of the charge so as to maintain programmed temperatures, airflow,
and humidity for each stage of drying.

Most kilns in the South are steam heated and may be fired by gas, oil,
or wood waste. Direct-fired kilns are also commercially available; those
not equipped with auxiliary steam or water-spray humidification are less
well adapted to equalization and conditioning treatments. Kilns may have
single or double tracks to accommodate 8-foot-wide loads on rails, or they
may be forklift loaded with smaller packages. Southern pine dries so
readily and uniformly that large kilns can be used to advantage. Details
of kiln construction can be found in chapter 2 of Rasmussen (1961).

LUMBER 3

Through their cooperative efforts, the USDA Forest Products Laboratory
and the Southern Pine Association (now the Southern Forest Products
Association) have greatly stimulated good kiln-drying practices for lumber.

3The kiln schedules tabulated for lumber under this heading are taken from
Rasmussen (1961).
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Teesdale’s (1930) USDA Technical Bulletin 165 was a landmark in this
program. Today, the ventilated, forced-air-circulation dry kiln is the most
economical equipment for drying lumber (Rietz 1965) ; its operation may
be separated into three phases, i.e., drying, equalizing, and conditioning.

Drying.—Section 8-7 explained that while removal of moisture from the
surface is the limiting factor, drying time is directly proportional to board
thickness; it is inversely proportional to wet-bulb depression and approx-
imately inversely proportional to air velocity over the surface. When
moisture diffusion is the limiting factor, drying time is approximately
proportional to board thickness squared; it is inversely proportional to the
water vapor pressure at saturation.

While all of the southern pines are relatively easy to dry, natural vari-
ability within the tree complicates the process. For example, the green
moisture content of sapwood is higher than that of heartwood (see sec.
8-1), but sapwood dries faster than heartwood. Because of this, either
one may be overdried before the other reaches desired dryness. This may
necessitate an equalizing treatment. Quarter-sawed boards generally dry
more slowly than plain-sawed, but they are less susceptible to surface
checking. Therefore, a faster drying schedule can be used on quarter-sawed
boards to reduce drying time.

Over a period of time the USDA Forest Products Laboratory has devel-
oped a conservative group of schedules for drying various grades and
thicknesses of a large number of commercial species. These schedules plus
a wealth of additional information on the kiln-drying of lumber are
available in handbook form (Rasmussen 1961). In general, the schedules
are divided into two groups.

In moisture content schedules, sequential steps of dry- and wet-bulb
temperatures are determined by observed moisture contents of sample
boards in the kiln charge. Changes in wet-bulb depression between 15
and 35° F. are made gradually—not over 5° at a time, and depressions
of 35° F. or more are avoided until the average moisture content of the
wettest half of the kiln samples (controlling samples) reaches 25 percent.
The initial temperature is maintained until the controlling kiln samples
have an average moisture content of 30 percent. A disadvantage of this
system is the difficulty in retrieving samples from a hot kiln, which should
be cooled to a wet-bulb temperature of 130° F. or lower before it is
entered to remove samples.

Moisture content schedules vary with lumber grade and thickness. Those
in the accompanying tables are designed to dry southern pine lumber
green from the saw without prior air-drying. Table 20-2 is for upper-
grade 4/4, table 20-3 for lower-grade 4/4 and upper-grade 6/4 and 8/4,
while table 204 is designed for 10/4 and 12/4 lumber.

Few southern pine lumber manufacturers use these kiln schedules based
on change in moisture content, but instead use schedules based on time.
With time schedules drying conditions are changed at convenient intervals,

vV
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TaBLE 20 -2.-—Moisture content kiln schedule for upper grades of 4/4 southern pine*

Moisture content  Dry-bulh  Wet-bulb ~ Wet-bulb Relative

at start of step  temperature depression temperature  humidity E.m.c.
(percent)

—————— °F. — — =~~~ — — Percent — —

Above 40 _______ 170 15 155 69 9.2
40_.____._ 170 20 150 60 7.8

35 .. 170 25 145 52 6.7
30_____.__ 180 30 150 47 5.7

25 .. 180 35 145 41 5.0

200 ... 190 35 155 43 4.9

15 . ___ 190 50 2 28 3.3

! Schedule T13-C6 from Rasmussen (1961).
% Close: control of wet-bulb temperature not necessary. Steam spray shut off.

TasLe 20-3.—Moisture content kiln schedule for upper grades of 6/¢ and 8/4,
and lower grades of 4/4, southern pine'

Moisture content  Dry-bulb ~ Wet-bulb  Wet-bulb Relative

at start of step  temperature depression temperature  humidity E.m.c.
(percent)

—————— °F. — - —— — — — — Percent — —

Above 40_ .. ____ 160 10 150 77 11.5
40________ 160 14 146 69 9.7

35 .. 160 20 140 58 7.9

30_ . 170 25 145 52 6.7

25 .. 170 30 140 45 5.7

20 . ____ 180 35 145 41 5.0

5. .. 180 50 2 26 3.3

1 Schedule T12-C5 from Rasmussen (1961).
% Close control of wet-bulb temperature not necessary. Steam spray shut off.

TaBLE 20 4.—Suggested moisture content kiln schedule for upper grades of 10/4
and 12/4 southern pine'

Moisture content  Dry-bulb ~ Wet-bulb ~ Wet-bulb Relative

at start of step  temperature depression temperature  humidity E.m.c.
{percent)

- == ==—=°F - == - == — — Percent — —

Above 40________ 140 7 133 82 13.8
40 _______ 140 10 130 75 11.9

35 . 140 15 125 64 9.6

30 .. 150 20 130 57 8.0

25 .. 160 25 135 50 6.8

200 _.__ 170 30 140 45 5.7

15 . _. 180 50 2 26 3.3

1 Schedule T10-C4 from Rasmussen (1961).
% Close control of wet-bulb temperature not necessary. Steam spray shut off.
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usually 12 or 24 hours. The schedules are guides developed from experi-
mental work and mill experience. They are geared to performance of
single-track (or booster-coil-equipped, double-track) internal fan kilns with
air velocities from 200 to 400 f.p.m. through the loads. Individual mills
may modify them to compensate for differences in lumber, kiln type, and
kiln performance.

Time schedules in commercial use vary with lumber grade and thickness
and are designed to dry lumber green from the saw without prior air-
drying. Tables 20-5, 20-6, and 20-7 apply to upper grades of southern
pine, and are for 4/4, 6/4, and 8/4 respectively. Tables 20-8 and 20-9
are for 4/4 and 8/4 lumber of the lower grades.

TABLE 20-5.— Time-based kiln schedule for upper grades of 4/4 southern pine'

Time Dry-bulb  Wet-bulb  Wet-bulb Relative
(hours) temperature depression temperature  humidity E.m.c.
—————— °F, — — — - — - — — Percent — —
20-12._________ 165 15 150 68 9.3
124 __________ 170 15 155 69 9.2
24-36___________ 175 20 155 61 7.7
3648 .. ____.__ 180 20 160 62 7.6
48-60___________ 190 25 165 56 6.4
60-72_____.____. 190 25 165 56 6.4
72-96%_ . ________ 200 30 170 57 6.2

! Schedule AS11-BK6 from Rasmussen (1961). Stock slightly air-dried on kiln trucks
before entering the kiln probably will dry to 8-percent average (11-percent maximum)
moisture content in approximately 96 hours.

% Conditioning may be desirable at conclusion of this schedule.

TABLE 20-6.— Time-based kiln schedule for upper grades of 6/4 southern pine'

Time Dry-bulb  Wet-bulb  Wet-bulb Relative Em.c.
(hours) temperature depression temperature  humidity

—————— °F. - — = - - - — — Percent — —

0-12___________ 160 7 153 83 13.4
12-24_ . _____ 165 10 155 78 11.4
24-36._ . _______ 170 15 155 69 .2
3648 .. 180 20 160 62 7.6
48-60___________ 180 25 155 54 6.5
60-72___________ 190 30 160 49 5.5
72-96___________ 190 35 155 43 4.9
96-120%_ .. ______ 190 35 155 43 4.9

1 Schedule AS10-AK4 from Rasmussen (1961). Stock slightly air-dried on kiln trucks
before entering the kiln possibly will dry to 8-percent average (11-percént maximum)
moisture content in approximately 120 hours. If the operator wishes to stop at a highre
average moisture content, equalization and /or conditioning should be started earlier.

% Conditioning may be desirable at conclusion of this schedule.
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TABLE 20-7.— Time-based kiln schedule for upper grades of 8/4 southern pine!

Time Dry-bulk  Wet-bulb  Wet-bulb Relative E.m.c.
(hours) temperature depression temperature  humidity

—————— °F, — — — — = - — — Percent — —
0-12__.__._____ 160 7 153 83 13 .4
12-24__________ 165 10 155 78 11.4
24-36__________ 170 15 155 69 9.2
3648__________ 180 20 160 62 7.6
48-60_________._ 180 25 155 54 6.5
60-72_ _________ 190 30 160 49 5.5
72-96_ . ________ 190 35 155 43 4.9
96-120.________ 190 35 155 43 4.9
120-1442_ _______ 190 35 155 43 4.9

! Schedule AS10-AK4 from Rasmussen {1961 ). Stock slightly air-dried on kiln trucks
before entering the kiln possibly will dry to 9-percent average (12-percent maximum)
moisture content ir. approximately 144 hours. If the operator wishes to stop at a higher
average moisture content, equilization and /or conditioning should be started earlier.

2 Conditioning may be desirable at conclusion of this schedule.

TaBLE 20-8.—Time-based kiln schedule for lower grades of 4/4 southern pine'

Time Dry-bulb  Wet-bulb  Wet-bulb Relative E.m.c.
(hours) temperature depression temperature  humidity
______ °F, — — — — — — — — Percent — —
0-24__.________ 165 10 155 78 11.4
2448__ _________ 170 15 155 69 9.2
48-68___________ 175 20 155 61 7.7

! Schedule BS11-BKD5 from Rasmussen (1961). Stock slightly air-dried on kiln trucks
before entering the kiln probably will dry to 15-percent average (19-percent maximum)
moirsjure content in approximately 68 hours.

TABLE 20-9.— Time-based kiln schedule for lower grades of 8/4 southern pine*

Time Dry-bulb  Wet-bulb  Wet-bulb Relative E.m.c.
(hours) temperature depression temperature  humidity

—————— °F, — = — — — = —~ — Percent — —

0-12__ . _._ 165 15 150 68 9.3
1224 _______.__ 170 15 155 69. 9.2
24-36___________ 175 20 155 61 7.7
36-48._____.____. 180 20 160 62 7.6
48-60___________ 190 25 165 56 6.4
60-72___________ 190 25 165 56 6.4
72-100__________ 200 30 170 51 5.4

! Schedule AS11-BK6 from Rasmussen (1961). Stock slightly air-dried on kiln trucks
before entering the kiln possibly will dry to 15-percent average (19-percent maximum)
moisture content in approximately 100 hours.
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While each table carries a footnote giving an approximate ending mois-
ture content, it is recognized that results will differ according to the initial
moisture content of the green lumber. It is usual practice to lengthen
or shorten the final step to obtain the desired final average moisture con-
tent. At some mills, however, when the lumber is quite wet the initial step
is prolonged or is preceded by a step with less wet-bulb depression; this
practice sometimes reduces kiln degrade. In any event, final moisture
content must be checked and the schedule lengthened or shortened ac-
cordingly.

It is sometimes necessary to kiln-dry lumber that has been previously
air-dried. Rasmussen (1961, p- 132) outlines the procedure for southern
pine.

® Sample representative slow- and fast-drying material and use the
average moisture content of the wettest half of the samples.

® If the controlling moisture content is above 40 percent, dry the
material as green stock.

® For moisture below 40 percent, use the suggested moisture-content
schedule beginning at the temperature step corresponding to the
moisture content as follows:

Dry-bulb temperature step

Above 30 25 20 15
Grade and thickness 30 percent percent percent percent  percent
__________ °E —_— - - — - -
Upper gradesof %4___________ 170 180 180 190 190
Upper grades of 94 and 8/; lower
gradesof 44 __________ 160 170 170 180 180
Upper grades of 194 and 124 ___ 140 150 160 170 180

® If the controlling moisture content is 40 percent or less, change
the wet-bulb depression as follows:

a. Use a depression of 10 to 15° F. for the initial 8 to 16 hours.
(For stock over 8/4 thickness, use the 10° F. depression during
the first 16- to 24-hour period and 15° F. for the second such
period.)

b. After this, if the controlling moisture content is between 15
and 25 percent, change the wet-bulb depression to 20° F.

¢ Use a depression of 30° F. or more after the stock reaches
15-percent moisture content.

Equalizing.—At the end of the drying schedule the moisture content may
vary considerably among boards in a kiln charge. Such variation may
cause serious trouble during storage, fabrication, or use. Too much vari-
ation also makes it difficult to relieve drying stresses (casehardening).
Equalizing treatment near the end of drying is desirable to reduce vari-
ation in moisture content.
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The procedure for equalizing a kiln charge of upper-grade lumber (in
the range of 5- to 11-percent moisture content) is as follows:

® Start equalizing when the driest kiln sample in the charge has
reached an average moisture content 2 percent below the desired
final average. If, for example, the target moisture content is 8
percent, equalizing would start when the driest kiln sample reaches
6 percent.

® Establish kiln conditions for an equalizing e.m.c. 2 percent below
target moisture content. In the example above, the equalizing e.m.c.
would be 6 percent. During equalizing, use as high a dry-bulb
temperature as the drying schedule permits.

® Continue equalizing until the wettest sample reaches the desired
final average moisture content. In the example, the wettest sample
would be dried to 8 percent. Samples on the outside of the load
dry faster than those on the inside (Hallock 1965, fig. 11).

For construction lumber (or laminating lumber) limited to a 15-percent
maximum moisture content, start equalizing when the driest material
reaches 9 percent and use a 9-percent e.m.c.

For a 19-percent maximum, start equalizing when the driest material
reaches 11 percent and use an 11-percent e.m.c.

If a conditioning treatment is to follow equalizing, it may be necessary
to lower the temperature to obtain conditions for the desired conditioning
em.c. When this is necessary, begin lowering the temperature 12 to 24
hours prior to the start of conditioning. Meanwhile, maintain the desired
equalizing e.m.c. by lowering the wet-bulb temperature.

Conditioning.—If the boards are to be resawed, ripped into thin strips,
or machined nonuniformly, a conditioning treatment is desirable. Such a
treatment accomplishes two things—it relieves drying stresses, and it pro-
duces a more uniform moisture content throughout the thickness of the
boards. Drying stresses and nonuniformity of moisture can result in serious
deformation during fabrication and use.

The conditioning treatment, whether or not preceded by an equalizing
treatment, should not be started until the average moisture content of the
wettest sample reaches the desired final average moisture content.

The procedure for conditioning a kiln charge of lumber is as follows:

® The conditioning temperature is the same as the final step of the
drying schedule or the highest temperature at which the condi-
tioning e.m.c. can be controlled. Set the wet-bulb temperature so
the conditioning e.m.c. will be 3 percent above the final average
moisture content. (This procedure applies to moisture contents of
11 percent or less; conditioning is difficult at higher moisture con-
tents; a 14-percent average moisture content can be approached in
kilns which will maintain the correct high e.m.c. at temperatures
of 140° F. or above.) A

® Continue conditioning until satisfactory stress relief is attained.
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The time required for conditioning varies considerably, depending upon
thickness of the lumber, the type of kiln used, and kiln performance.
- One-inch pine can be conditioned in as little as 4 hours. The least time
necessary to get stress relief is determined by prong tests (fig. 20-15).
Reversing of air circulation during’ conditioning is desirable for uniform
stress relief (Winkel 1956).

Average moisture content immediately after the conditioning treatment
will be about 1 to 1%, percent above the desired value because of the
surface moisture regain. After cooling, the average moisture content of
the lumber should be close to that desired.

Curves showing moisture content vs, time in kiln.— The foregoing por-
tion of section 20-3 has discussed and tabulated kiln schedules. Hopkins
et al. (1969) have published data specific to 6-inch-wide, flat-grain, No. 2
Common and better southern pine that show the change in moisture con-
tent of 34-inch, 1-inch, 1Y4-inch, and 2-inch lumber versus time in the
kiln when dried under various time-based schedules taken from Rasmussen

e /
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NOT CASE- SLIGHTLY CASE- CASE-~ REVERSE CASE-
HARDENED HARDENED HARDENED HARDENED
7 TR \ i
) ! \ !
NOT CASE-  SLIGHTLY CASE- CASE- REVERSE CASE-
HARDENED HARDENED HARDENED HARDENED
M-60300F

Figure 20-15.—Method of cutting specimens to determine degree of stress
relief. Material that is less than 1% inches thick is cut into three prongs,
and the middle prong is removed; material that is 1% inches thick or
thicker is cut into six prongs, and the second and fifth prongs are removed.
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(1961). In the kiln, air was cross-circulated at 450 f.p.m.; direction of
airflow was reversed every 4 hours.

In figure 20-16 the top two drawings show an average commercial
schedule for upper grades of 1l-inch lumber; it ends with a wet-bulb de-
pression of 30° F. at 200° F. and is designed to achieve rapid drying
with a relatively mild initial temperature (165° F. with 15° depression) .
The middle two drawings show 2 moderate schedule with initial tem-
perature of 170° F. and final wet-bulb depression of 50° F. at 200° F.
achieved after 72 hours. The bottom drawings depict the most severe
schedule; it starts at 170° F. with 20° F. depression and after 60 hours
finishes at 200° F. with a 50° F. depression. Average ending moisture
contents were as follows (Hopkins et al. 1969).

34-inch lumber 1-inch lumber
Moisture Time Moisture Time
Schedule content in kiln content in kiln
Percent Hours Percent Hours
Mild - 7 84 3 84
Moderate__ oo -~ 6 84 4 84
Severe . - ——-cc -—-- 3 72 4 72

In figure 2017, also from Hopkins et al. (1969), curves for 1¥5- and
92_inch-thick lumber are compared. Shown at the top is a mild schedule
starting at 160° F. with 7° F. wet-bulb depression; in the final step, made
after 72 hours, the ending temperature is 190° F. with depression of 35°.
The middle drawings show a moderate schedule beginning at 165° F.
with 15° F. depression; the final step—also reached after 72 hours—has
a 50° F. depression from a dry-bulb temperature of 200° F. At the bottom
is the most severe schedule; it begins at 170° F. with 20° F. depression
and reaches the final step 60 hours later to end with a temperature of
200° F. and a 50° F. depression. Average ending moisture contents were
as follows (Hopkins et al. 1969).

1-14-inch lumber 2-inch lumber
Moisture Time Moisture Time
Schedule content in kiln content in kiln
Percent Hours Percent Hours
Mild_ oo 10 72 12 96
Moderate._ - - _-- 11 60 13 84
Severe . - woocooan 13 48 10 84

Drying defects.—Residual drying stresses in lumber—in particular case-
hardening—may be considered drying defects. Casehardened lumber cups
when resawn, or when more is planed off one side than the other; cupped
boards tend to suffer degrade from splits when planed. In addition, end
checks frequently develop in freshly crosscut, casehardened boards that
are exposed to dry air.
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Figure 20-16.—Moisture content (dashed line) of 3-inch by é-inch (left) and 1-inch by
6-inch (right) southern pine lumber versus time in kiln when dried according to
time-based schedules from R (1961). (Top) Mild schedule AS11-BK6. (Middle)
Moderate schedule AS11-AK6. (Bottom) Severe schedule AS12-AK8. (Drawings and data
after Hopkins et al. 1969.)

The formation and effects of stresses in drying wood are influenced by
several factors (McMillen and Youngs 1960) :

® As any portion of a piece of wood loses moisture below the fiber-
saturation point, it tends to shrink.

® If the normal shrinkage is restrained, a tensile stress is developed
in that portion.

® Portions of the material that do the restraining tend to develop
compressive stresses.

® The tendency of one portion of the wood to restrain the shrinkage
of an adjacent portion produces shearing stress.

® When a material is stressed, it deforms or is strained. Stress that
develops slowly and continues for long periods produces some in-
elastic (or plastic) strain. Such strain remains after removal of
stress. This permanent strain is known as plastic deformation,
creep, or set.
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Figure 20-17.—Moisture content (dashed line) of 1'2-inch by é-inch (left) and 2-inch by
6-inch (right) southern pine lumber versus time in kiln when dried according to time-based
hedules from R (1961). (Top) Mild schedule AS10-AK4. (Middle) Moderate
schedule AS11-AK6. (Bottom) Severe schedule AS12—-AK8. (Drawings and data after
Hopkins et al. 1969.)

Quantitative information on drying stresses and strains in southern
pine is lacking. However, data on strains and sets for 2-inch ponderosa
pine (Pinus ponderosa Laws.) give some clue to the probable behavior
of southern pine during kiln-drying (McMillen 1968). When dried at
110° F., tension set in the outer portions of ponderosa pine planks built
up to a moderately high value during the first half of drying. Compres-
sion set in the interior portion of the planks developed mainly during
the middle third of drying and was generally small. Stress reversal (so
that the wood near the surface ended up in compression and the interior
wood was stressed in tension) occurred after average moisture content
was at or below 20 percent. Residual stress and set were relieved by a
6-hour conditioning treatment.

Warp defects—twist, bow, crook, and cup—can be reduced most effec-
tively by good kiln stacking practice. Lumber on each kiln truck should
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be of uniform thickness to reduce cupping of lumber and deformation of
kiln stickers. Preferably, lumber of a single length should constitute each
kiln pile. If this is not possible the lumber should be box piled (fig. 20-18
Left) with flush ends; a box pile is as long as the longest board, i.e., shorter
boards are alternately pulled to opposite ends so that package ends have
no projecting boards. A less desirable practice is step-back stacking (fig.
20-18 Right). Step-back koiln piles require extra baffling at the ends to
maintain ajr velocity through the lumber courses. Kiln piles need strong
foundation supports spaced not over 4 feet apart on the kiln trucks to
prevent the lower courses from sagging. Stickers should be dry, straight,
and of uniform thickness (usually about %-inch) and width ( usually about
134 inches). Preferably, end stickers should be flush with board ends; a
spacing of 2 to 4 feet between stickers is usual. Data from Teesdale (1930,
P- 57) shows that 16-foot longleaf pine developed almost no crook when
piled with 9 stickers per course, whereas, crook was very common in similar
lumber stacked with 4 stickers per course. Stickers should be placed directly
over pile supports and be in accurate vertical alignment.

Data from Hopkins et al. (1969) relate warp in 8-foot-long, 6-inch-wide
No. 2 Common and better, southern pine lumber to the kiln schedules
shown in figures 20-16 and 20-17 (see table 20-10). In Hopkins’ study,
1o space was left between edges of the lumber; courses were separated by
%4-inch sticks Placed on 2-foot centers. To reduce warping, especially in
the upper courses, each 4-foot-wide load had weights placed on top to
distribute a total weight of 4,000 pounds on the bottom layer. As Koch
(1969, 1971) has shown, southern pine lumber dried under restraint warps
less than unrestrained lumber.

The severe schedule (fig. 20~16 Bottom) caused greater bow and crook
in 34-inch and 1-inch lumber than the mild and moderate schedules; 34-inch
lumber had less twist and cup than l-inch. Lumber dried by all three

M-75804F, M-75793F
Figure 20-18.—Kiln piles with sample pockets and kiln samples shown. (Left) Box pile of

random-length lumber. (Right) Step-bac