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ABSTRACT

The friction sawing of wood by a high speed rotating disk has been
studied. The present experiments wefe carried out by sawing two commoqu
used timbers; namely, Douglas fir and Western red cedar of different mois—
ture contents, A 14 inch diameter, 14 gauge steel disk.with a smooth edge,
driven at a rotating speed of 4,620 rpm was used for the research. A theo-
retical analysis of heat transmission characteristics and temperature dis-
tribution in the sawing disk is presented.

Experimental results showedAthat the frictional forces, power con-
sumed and cutting temperatures increased as feed speeds increased, The
results also showed that the moisture content of the wood had no noticeable
influence on the sawing action. A narrow kerf, straight, smooth and po-
lished cut surfaces are some of the advantageous features of the process,

At low feed speeds the calculated cutting edge temperatures were
well below the ignition temperature of the wood specimen. However at high
feed speeds the experimental horse power values increased and high calcula-
ted cutting edge temperatures consequently obtained. Excessive power con—
sumption and high cutting edge temperatures were believed to be related to
the difficulty of disposition of cut material with a smooth edge disk,

Reasonably high feed speeds were evident in cutting plywood and
veneer, For these materials clean, smooth and polished cut surfaces were
evident. The method may be ad%antageous in the cutting of plastic sheets,

When cutting thicker lumber with this method the feed speed was
confined to an impractical low level and power consumed was far higher than
that required for ordinary sawing, Thus, whether this method of sawing can

be put into practical use or not is determined by the possibility of having
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an effective means to dispose of cut material. In this connection several

methods of modifying the disk for more efficient cutting and waste disposal

are presented.
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CHAPTER I.
I.1 INTRODUCTION

Friction appears as a resistance to the relative motion of two
solid bodies in contact, _Frictional energy may be converted into heat thus
raising thg temperature of the contacting surfaces. In most engineering
applications temperature effects associated with friction are considered to
be undesirable but for friction sawing the heat may be usefully employed for
cutting materials,

Friction sawing of metals has been successfully applied by utili-
zing the frictional heat to soffen the metal and then sweep it away by the
saw blade [1]. Friction sawing of wood is based on similar principles, A
theoretical analysis of temperature distribution in the sawing disk and the
relation between the cutting edge temperature and power consumed can be made
by considering heat transmission in é rotating disk with heat generated at

the periphery., To raise the cutting edge temperature and then maintain it,
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a sufficient amount of heat must be gengrhted in order to balance the losses.
Heat loss through the wood specimen is negligible, This method of sawing
wood by the use of frictional heat, insofar as can be determined, has not
ﬁeen previously studied.
| The frictional heat utilized for sawing is related to the coeffi-

cient of friction at the cutting edge., Furthermore, the‘feed speed may
influence the valués‘of the fofces involved. Therefore the first purpose of
the experimental invéstigation was to establigh the force values and their
interrelationshiﬁs during actual cutting. The measﬁrement of the temperature
.near the cutting edge was also included in the invpstigation. Power con-
sumed, wood saving and the condition of the cut surface are important
economic factors and received attention in the present investigation. Mois~-
ture content affects the strength of the wood and influences ordinary toothed
sawing processes [2], hence it was treated as a variable in the present re—

search,



CHAPTER II..
I1.1. THEORY

During friction sawing heat is generated at the interface between
the edge of the sawing disk and the wood specimen, The amount of heat
generated at the interface and the heat transmission characteristics deter—
mine the temperature distribution in the system, The majority of the heat
generated is transmitted to the disk since the ratio of the thermal conduc-
tivity of wood to that of steel is as small as 1:13 to 1:26 (average thermal
conductiviiy of Douglas fir - 1.0 to 2.0 Btu./hr. ft, °F [3] and the thermal
conductivity of steel — 26 Btu./hr. ft. °F [4]))-

The system under consideration is actually a rotating disk with
heat generated at the periphery. As the amount of heat generated is a
function of the frictional force the relation between the cutting tempera—

ture and the frictional force may bé obtained as follows,



Assumgtions:

1.

3.

The disk is thin compared with its diametgr; hence the temperature
variation normal to the plane of symmetry may be neglected.

Heat is only generated at the portion of the disk where it is instan-
taneously rubbing on the wood. vHowéver, with the disk rotating at
high speed ( 4,620 gpm ) the period 27/w is only a small fraction of

6

a second ( 0.013 sec. or 3.6 x 107" hr. ), the radius of the disk

r, = 7/12 ft. and diffusivity of steel K = 0,48 ft.z/hr. [5] hence the

product
2m K
X3 <1
. r
-0

Therefore we may éonsidér the periphery of the disk to be isothermal at
a quasi-steady state condition, [8] |
The amount of heat transfer by radiation is small in comparison with

convective and conductive processes and may be neglected. A theoreti-

cal justification is given in Appendix G,

( . .
[ | 0

b_|

Fig. 1 Sawing Disk and Collars,



Consider the heat balance in an annulus having inner radius r and
outer radius r + &r (Fig. 1).

Heat inflow through the outer circumference of the annulus per unit
time is given by:

BT

Q =+ KA a (T + 55 dr) cevanennnnn. (2-1)

where Ks thermal conductivity of steel

Al cross-section area of outer periphery of annulus

= 27 (r + 8r)b
T = local temperature
b = thickness of disk

Heat outflow through inner circumference per unit time:

Q'2—+KA aT '....'.'.O.'..v..ll'...l... (2-2)

where A2 cross section area of inner periphery of annulus

= 2mrb

Heat convected through side surfaces per unit time:

QV =+ Sha (T - Tam) AR RN R RR NN E RN Y] (2-3)

where S = area of two side surfaces of annulus
= 2n.[(r + 6r)2 - r2]
ha= coefficient of heat transfer at the side surfaces

of the disk.

Tam=ambient temperature

Under steady conditions the rate of heat inflow to the annulus must
be equal to the heat outflow, and as defined in the assumptions (1), (2)
and (3) we may neglect temperature variation normal to the plane of symmetry;

the periodicity of heat input and transfer of heat by radiation, we may have
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Ql = Q2 + ‘Qv P E P PP SOOI IS OGO IAION S IPON OGN OIS (2"‘4)

From equations (2-1), (2-2), (2-3) and (2-4) the diffusion equation

. 2
for the system is obtained (neglecting (dr) <terms) .

2 ) .
'q-_g""'% '_T‘-)\2T=O PPN CeLIses st s 9PN sOGOIRERES (2"5)
dr dr :

This is the form of a modified Bessel equation of order 0 with

parameter A. The complete solution of (2-5) is

T(r) = CIIO(Ar) + czxo(xr)...................... (2-6)

Where Cl.and 02 are constants to be determined by boundary condi-

tions.

I0 = modified Bessel function, order 0, lst kind

K0‘= modified Bessel function, order 0, 2nd kind

Boundary Conditions

(a) Since r = 0 is included in the range, but xlimo Ko(x) - ®, we must
have
C2 =0
giving

T(r) ; Cllo(hr)

b) At the outer periphery where the heat is generated, the temperature
p p

is a maximum

T( ro) =LT .



Thus, for instance, Io(?\ro) = 2,200 (Appendix F). at r = 0

A Tmax
T(0) = "5.';'20_0 i.e, less thfm 0.5%0A Tmax

At r = 3 inches, the part of the disk in contact with the collar

I (4. 17) = 13,09 (Appendix F)

T (3/12) = 52503 i.e. slightly more than 0.5% AT

Differentiate (2-7) with respect to r

I.(Ar)
dTSr[ dar 1 : .
dr ar _W. ,}\Afrmax ceveserensociaene. (2-8)

where I1 = modified Bessel function, order 1, 1lst kind

Hence the temperé,ture gradient at the disk periphery

ro ) W }‘A'fmax ®ev 0000000000000 00 0 (2"9)

Substituting (2-9) in (2-1) gives the expression for heat flux at. the .. -

disk periphery

° aT
Ulr, =~ 2™®PToar|r
(kr) -
or Q = ~ 21K br 1 MAT o eseseccnns (2~10)
1jr 8 _Ioix oi . _

Heat generated at the .disk periphery is

_ N 0 . ,,;.a;, P Ry ’
U =3 s (1]




where i = coefficient of friction between the disk and the wood

w = angular velocity of disk
J = mechanical equivalent of heat
FN= normal force exerted on the wood

+ (Heat input to disk) = (Heat flux at periphery)

pF, wr I (Ar)
N o _ | 0\ "o
+ T = + 2nKsbro T;TX?;Y AAFmax

Rearranging terms,

" 2K b I,(Ar )

N~ W I (Ar)) MAT (2-11)

Evaluation of the Parameter A :

The experiments were carried out with a 14 inch diameter sawing
disk rotating at 4,620 rpm. (w = 483,9 rad./sec.). The rotational Reynolds

number is given by

where r = radius of disk
w = angular velocity of disk
v, = kinematic viscosity of surrounding air

In the present case

r, = 0,5835 ft.

w = 483,9 rad./sec.

v, = 0.,00018 £t%/sec. [8]
Hence

R = 915,200



Results for the coefficient of heat transfer, at the side surface
of the disk,ha may be obtained from data by Cobb and Saunders [9]. By the
value of the Reynelds number we see that the present condition is at the
tupulent end of the transition region, Thus using Cobb and Saunders! Fig.4

(9], we found that the mean Nusselt number (Nu = 0.15R0’8)

N_ = 875
u
haro
Slncg . Nu =%
a
Ka
Hence h = 875 —
a r
o
2ha
and since AN =
b
s L
Ka
= 4 -
A 41,83 | = seeenienes (2-12)
s o
Power Consumed:
Power = Jdl
To

. Il(kro) AA
.. Power = szKsbroW Tnax (2—13)

and

A IO(-)\rO) Power Ry (2_14)
T =
max Il(kré) 2nJK br A
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CHAPTER III. -

.- IIT.1. APPARATUS

The apparatus cénSistéd of three subéassemblies:
i The sawing_disk and drive;.
i, The:tablé'énd'guideg_
iii., ' The féed mechanism,

Figs 2 and 3 show the general arrangement of these three sub-
assemﬁlies; The saWing,disk énd its shaft was driven by an induction motor
through a V-belt dfiye; Thé table éarrying the wood specimen pivoted about
the axis of thevdisk shaft. The specimen-feéd mechanism was driven by
another induction motor through an hydraulic transmission unit. The wood
specimen on:the tab1é was fed ihto the.saw by the push rod of the feed
mechanism,” The feed speed of the specimen could be set to desired values by

adjusting the hydraulic speed control unit.
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i, THE SAWING DISK AND DRIVE (Fig. 2)

(ia) The Sawing Disk and Shaft

The 14 gauge sawing disk was made of SP plate steel of hardness
Rockwell_C48. The outer periphery of the disk had a smooth surface without
teeth. The disk had an outside diameter of 14 inches and an inner bore of
14 inches. The disk was mouﬁted on an one inch diameter, SPS Atlas steel
shaft bétween two supporting collars 6 inches 0.D. and 1% inches I.D. which
were retained by a loék nat (Fig; 4); The shaft ﬁas mounted on three bear-

“ings,

'(ib) The Motor and the V-Belt Drive

A 15 H.P.? 3,540 R,PM. induction motor was used to drive the disk
shaft. The power was transmitted by four size B, V-belts. A 9-3/8 inches
0.D. pulley waé attached to the disk shaft. With this pulley arrangement
the speed of tﬁe disk was stepped up to 4,620 R.P.M. giving a peripheral disk

speed of 282 ft./sec. (16,920 ft./ﬁin).

ii, THE TABLE AND GUIDE (Figs 4, 5, 6 & 7)
(iia) -The Table '

The 30 inches x 16 inches x 4+ inch aluminum table was mounted 4
inches above the centre line of the disk. Along the longitudinal centre
line a 14 inches by 3/8 inch slot was cut to permit the disk to emerge 3
inches above the table, The table was supported by two aluminum arms at
each side of the disk (Fig. 4), A short spindle was attached to each
supporting arm, The spindle between the two left hand bearings shown in
Fig. 4 was made héllow in order tq‘permitvaccess for the disk shaft. The

spindle bearings were flanged mounting ball bearings and were fixed on the

two upper guard stands, The concentricity of the disk shaft and the table
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supporting arm spindles simplified the calculation of the table forces by
elimination of the moments of supporting reaction forces when taking moments
about the axis of the disk shaft.
(iib) Guide

On the front part of the table a guide consisting of three aluminum
blocks were attached (Fig. 5). The two side blocks with slots cut for the
positioning bolts could be moved laterally in order to compensate for the
variation of specimen width. The upper block could be adjusted vertically

to suit a variation of wood thickness,

(iic) Arrangeménts to Reduce Frictional Forces Between Wood Specimen and
Table/Guide

The frictional forces between the wood specimen and the table and

guide were reduced to negligible values. The inner walls of the two side
blecks of the guide were lined with Arborite sheets, Fig., 6 shows that at
the far end of the upper block of the guide a steel roller was installed in
order 1o prevent the wood specimen from tilting up too far and to reduce the
frictional force between the specimen and the upper guide block., A 9%
inches x 2 inches x 1/16 inch Teflen strip was attached from the front edge
along the centre line of the table, A tail piece with two Teflon rollers
fixed at the rear corner was fastened to each specimen, Fig. 6 shows that
during cutting the contact boints between the specimen and the upper guide

and between the specimen and the table were A and B respectively.

(iid) Arrangement for Measuring Table Forces

A strain ring was mounted on a stand under the table and was 13,95
inches in front of the vertical centre line of the sawing disk, The ring
was made of mild steel with 3-3/16 inches 0.D and 3 inches I.D. (i.e. 3/32

inches thick). (Fig. 7).
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A weight pan at the rear end of the table was used for balancing.
Sufficient weights were applied'td the pan in order to give zero load on the

table strain ring (Fig. 2)

iii, THE FEED MECHANISM

(iiia) The Driving Motor and the Transmission

The feed mechanism was driven by an one horse power, 1,750 r.p.m.,
single phase induction motor through a hydraulic transmission unit. (Vickers
Double Power Unit, Model AA-16801)., The speed of the output shaft of the

transmission could be varied continously from 0-550 r,p.m..

(iiib) The Carriage and its Power Screw

The output shaft of the hydraulic transmission was coupled to a
single start 4 threads per inch power screw which in turn drove the carriage,
A split nut on the éarriage enabled it to he engaged and disengaged from the
pover screw. The speed of the power screw and consequently the feed speed
of the carriage could be changed by adjusting the output shaft speed of the
hydraulic transmission. The speed of the outputAshaft of the hydraulic tran-
smission had a continuous variation in the range from 0-~550 r,p.m., hence

the feed speed had a continuous variation from 0 to 137.5 inches per minute.

(iiic) Push Rod and Thrust Measuring Strain Ring

The push rod was mounted on the front face of the carriage (Fig. 9).
The push rod M was rigidly fixed to the lever arm K which was pivoted at O,
The reaction of the feed thruét, FT,applied to the push rod, was transmitted
through the lever arm K and the steel ball J to the strain ring N, which
measured the feed thrust FT. The mild steel strain ring had the same dimen-
sions as the table strain ring} (Fig. 7)

II1.2 MEASUREMENTS

. e A
The following quantities were measuredgor calculated from measured

data:
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i, Disk speed;
ii, Table force;
iii, Feed Thrust; ;
iv. Feed speed;
Ve Cutting temperature;
vi., Specimen weight;
vii, Specimen cenfre of gravity;.

viii, Coefficient of Friction between the Wood
Specimen and the Sawing Disk.

i. Disk Speed
The disk speed was measured by a "Smith" tachometer. The ranges of

the tachometer were 0-5,000 and 0-50,000 r.p.m.

ii. Table Force

A mild steel strain ring was attached underneath the table 13,95
inches from the axis of the disk shaft. (Fig. 2) The table was pivoted about
the axis of the disk shaft, hence mﬁltiplication of the load at the strain
ring by the distance between the ring and the disk centre line gave the re-
sultant moment on the table about the axis.

The deflection of the strain ring was detected by a "Daytronic"
103A-80 liunear displacement transdgcer. The transducer was calibrated to
read directly the load applied to the ring in pounds, The method of calib--
‘ration is described in Appendix A.

Excitation of the transducer was supplied by a "Daytronic" differ-
ential transformer indicator (Model 300BF). A visual display of strain
ring deflection in milli-inches was shown by the indicator. (Fig. 8)'

The centre of gravity of the wood specimen was moving during sawing;

hence continuous variation of forces resulted and thus a chart record of
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force versus position or displacement of-the specimeh was réquiredQ

The output from the differential trahsfdrmer indicator was amplie
fied by an "Edin" modulafor amplifier, The amplified &oltage was used to
drive a "Brush" oscillograph (Model RD-2622-02) , A.marker éwitchAwas fitted
to one side of the carriage. Along the surface of a.strip‘attached to the
rail'stand,'buttons.wére fitted atwone inch intefvélsg The buttons actuated
the marker switch which was connécted to the marker recorder pen in the
oscillograph., Hence a chart record of tablevforce versus displacement of
wood specimen could.be obtained,

iii, Féed‘Thrust

:<%hrust was transmitted from fhe push rod to a mild steel strain
ring by a lever arm and a steel ball (Fig. 9), The strain ring was mounted
on the leading edge of the carriage, The deflection of the ring was detec-
ted by a "Daytronic" 103A-80 linear displacement traﬁsducér. The transducer
was calibrated to read directly the force applied on the push rod in pounds.
The method of calibration is described in Appendix B,

In the same way as described in the prgvious section, excitation of
the transdﬁcer was supplied by a "Daytronic" differential indicator (Model
300BF)'which also gave a visual indication of the deflection of the strain
ring,

The output of the "Daytronic" differential transformer indicatbr
was amplified by a "Brushﬁ D.C. amplifier (Model BL-932) and was used to
drive the other channel of the "Brush" oscillograph described in the pre;
vious section, Frdm the two channels of thg oscillograph ,chart records of
feed thrust and table férce versus displacement of wood specimen could be

obtained (Fig. B),
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ive Feed Speed

The feed speed was obtained by timing the carriage over a known
travel distance,

ve Cutting Temperature

Temperature was measﬁred by means of a measuring probe which con-
gisted of a 3/16 inch 0.d., 11 inches long brass tube holding two chromel-
constantan thermacouples, The thermacouples were connected in series with
the cold junctions being placed in an ice bath., The tip of the brass tube
was insulated by a Teflon ring (Fig. 10).

A 9/32 inch diameter hole was drilled through each wood specimen
along its longitudinal axis. The probe was inserted through this hole and -
was fixed in position by a copper clamp fastened to the front edge of the
table, The tip of the probe was adjusted so that if was 1/8 inch from the
cutting edge of the disk, Since the probe was fixed on the tabel, the hot
junctions of the thermocoupies remained in the same position during cutting.
Fig, 10a shows that outer edge of the Teflon ring was tapered in order to
e@ualize the distance between the sawing edge and the two thermocouples.

The signal from the thermocouples was amplified by a "Brush" D.C.
amplifier (Model BL-932) and the resulting voltage was used to drive a
"Brush" oscillograph (Model RD-2622-02), The marker switch on the push rod
carriage was also connected to this oscillegraph in order to operate its
marker recorder pen (Fig. 8). By this connection a chart record of cutting
temperature versus displacement of the wood specimen could be obtained. The
thexrmocouple chart was calibrated to give a direct reading of the cutting
temperature in degrees F. The method of calibration is described in Appendix C.

However, it should be stated that the temperatures measured were

not entirely representative of true interface values,



/
Bross Tibe ‘3761 OC.D.

= ) T ——————

P77 222222220 i 2222 TR LTI T2 222 T T

N

/)7514/57/0"

ZNzznzizZzizZ]
%&Jg epper Clomp ' ;
/ ‘ Chrome/ ondl Corastars fan
lece Bath-— ; Wirres ~{ At Tery 70 Forr,

7o Awmyo!rFiar

F/9 /Oa

Fig. 10 Detail of Temperature Measuring Probe

m,._,..q—‘" .

49



23

vi, Specimen Weight

The weight was determined by a Howe scale having a range from 0 to

1 pound.

vii. Specimen Centre of Gravity

The distance of the centre of gravity of a specimen from its rear

edge was determined by the use of a knife edge.

viii, Coefficient of Friction (p) between the Wood Specimen and the Sawing
Disk (F1gﬁill).

X - o[ X

ly-
Fig. 11 Forces on Wood Specimen.

FN ='Norma1.force on the cutting edge;

gy
[l

P Friction force on the cutting edge;

Fq

Feeding thrust;

R = Table support strain ring reaction;

W = Weight of specimen;

14 =Distance between tail edge of wood and y-y*.

1G = Distance between tail edge and centre of gravity'of wood ,
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The coefficient of friction between the wood specimen and the
sawing disk was calculated by the following equations. The force analysis

and derivation of these equations are described in Appendix E,

(a) Normal force exerted on the cutting face of the wood specimen by

the sawing disk:
EN = 0,789 FT + 0,614 K
(4 =40 + 13.95 R

Where K = 553

(b) Frictional force between the wood specimen and the sawing disk:

F, = 0.614 FT - 0.78 K

f

(c) The coefficient of friction:

F 0.614 F, - 0,789 K

I T _
=% = 7.789 F, - 0.614 K

=z

iII.3 SPEC IMENS
Edge grain green fir and red cedar were selected for the specimens,
The dimensions of each specimen were 8 inches x 2 inches x 1 inch., Half of
ﬁhe spécimens of each type of wood were cut with the wood grain along the
8 inch side of the specimen, The remaining specimens were cut with the grain
along the 2 inch side of the specimen, The former specimens were uéed for
along—the—grain cutting and the latter were used for across—the-~grain cutting.
In order to investigate thé influence of moisture content on sawing,
the specimeﬂs were seasoned to six Qifferent moisture conten£s. The average
moisture contents were 11%, 19%, 2§é, 324, 34% and 72%., The method of sea-

soning is described in Appendix D.
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After seasoning a 9/32 inch dia. hole was drilled through each
specimen along the longitudinal axis (Fig. 12). A tail piece was fastened
to one end of the specimen. The tail piece was made of Formica fibre board
with Teflon rollers affixed at the lower corner in order to minimize the

friction between the table and the specimen,

Hble ﬁér'ﬁéﬂzocvz7£m%f '

ﬁvea@az&g7fanmbe
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Fig. 12 Wood Specimen and Tail Piece

I1T1.4 EXPERIMENTAL PROCEDURE

At the beginning of each set of experiments the electronic instru-
ments were warmed up until they were stable, .When there was no load on the
table and the feeding push rod the correct‘reading of the force measuring
instruments was ;ero; the reading of temperature measuring instruments was
32°F with the probe tip being immersed in ice, The adjusting procedure was
repéated every three hours in order to correct for instrument drift.

Before each experiment the rim of the sawing disk was cleaned with
a strip of copper in order to remove the residue composed of resin, carbon
and sawdust which had adhered.on the rim from previous cutting.

The experiments were carried out under five different feeding
speeds in order to study the influence of feeding speed on cutting. The

speeds used were 4, 8, 12, 16 and 18 inches per minute.
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The specimen weight and centre of gravity was determined immediately-

before each test. The carriage was then engaged to the power screw and was

stopbed automatically after 5 inches of cutting by a stop switch, The cut
spepimen was detached from its tail piece and weighed, thus giving the weight
Wc before kiln drying. The specimen was then placed in an oven maintained at
a temperature of 2560F and was dried until constant weight was obtained ~

this weight was the oven dried weight, WD, of the specimen, The actual

moisture content was determined as follows:

Wy - Wy
%

Moisture Content = x 100%

=
]

c weight of specimen after being cut and before being dried;

=
|

b oven—~dried weight of specimen.
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CHAPTER 1V

IV.1 RBESULTS

(1a) Friction Force (F) versus Feed Speed V;)_and Normal Force (FN)
versus Feed Speed Vf Fig. 13 to 24 inclusive)

The forces increase as the feed speed increases independently of the

moisture content. In general, cutting forces for fir are greater than those
for cedar, The slopes of the curves for the normal forces (FN) increase at.
a greater rate than the curves for frictional forces (Ff).

(1b) Coefficient of Friction versus Feed Speed (Fig. 25 to 30 inclusive)

There are two different shapes of curves, One group of the curves
are concave upward, high values of u occur at very low and very high feed
spéeds. Another group 6£ curves are just the reverse — they are concave.

downward with low values of at'very low and very high feed speeds,

(1c¢) Frictional Force'(Ff) versus Moisture Content (Fig. 31 to 34 in-
clusive) o

No significant variations of frictional force (Ff) with moisture

content are evident. However, it may be stated that the forces are slightly
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smaller at the high moisture contents.

(1d) Power Consumed versus Feed Speed (Fig. 35 to 40 inclusive)

The values of power consumed was obtained from the follbwing

equation:
FfﬂDN
H,Py = oo
et 33,000
Where Ff = frictional force in lbs,
D = disk diameter in ft,
N = rotating speed of disk in rpm,

All the horsepower curves rise as feed speed increases.

(1e) Cutting Temperature versus Feed Speed (Fig. 41)
The cutting temperature rises as feed speed or thrust increases.

(1f) Power Consumed versus Moisture Content (Fig. 42 and 43)

There is no significant change in power consumed for variation in
moisture content.

(lg) Appearance of Cut Surfaces

Examination of the wood specimens after being cut revéaled that the
width of the kerf was almost the same as the thickness of the disk., The cut
surfaces were smooth and polished and were of a dark brown colour.  .Examina-
tion of the cut surfaces at a magnification of 10x showed that the whele
surface was coverad with a layer of resin which appeared to have melted and
then set. In comparison with the ordinary sawn. surfaces the friction cut

surface was far more smooth. (Fig. 44 and 45) .
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Fig. 44 Appearance of Cut Faces — Five Different Speeds.

Fig,45 Comparison of Cut Faces Between Ordinary Sawing and Friction Sawing.
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CHAPTER V.

V.l DISCUSSION

Frictional heat raises the temperature at the cutting edge. Experi-
mental results suggest that at low feed speed cutting the temperature may be
less than the ignition temperature of wood. However, an elevated tempera—
ture, which is less than the ignition temperature, may substantially modify
the structure of the wood, whereby it becomes fragile and may be removed by
attrition.

Examination of Figs. 13 and 14 and Figs., 41 to 52 indicates that
the frictional force (Ff), the normal force (FN), and power consumed in-
crease as the feed speed (Vf) increases. The explanation is related to the
- disposition of cut material. When the feed speed is low the cut material
removed per unit time is small and the smooth edge of the sawing disk can
dispose of the refuse with no accumulation on the kerf, But when the feed
speed is high the disposal action of the smooth disk edge is not fast

enough to meet the requirement with the result that cut material accumulated
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on the kerf, The only wa& to dispose of the material is to burn it tho-
roughly.: From Graf's "Ignition Temperatﬁre of Various Papers, Woods and
Fabrics" [10], the ignition témpérature of Douglas Fir is 489°F and that of
Western red cedar is 468°F based on rates of temperature rise of 16°F per
hour and 17°F per hour resbectively. The rate of témperéture rise influences
the ignition temperature significantly; the higher‘the'rate of temperature
rise, the higher the ignition temperature. In the present work the rates
of temperature rise wefe up to 3,0000F per hour or more, thus the ignition
temperature in the cutting zone will be highef than thé above mentioned
values, Therefore far greater power is required when.fhe wood in the kerf
- has to be removed by ignition,

It is interesting to note that at low feed sbeeds, the values of
frictional force Ff are somewhat lower:than the predictions of theory. Using
the experimental reéults on power .consumed and equation.(2-l4) from Chapter
II, it was found'that the temperatures near the cutting edge vary:with the
feed speed. Appendix F shows that at low feed speed (4 inches per minute)
the cutting edge témperatures aré‘lower than the ignition temperature of the
wood while at high.feed speeds, 8 inches per minute or higher, the cutting
edge temperafure; were extremely high, Thé low cutting edge températures at
low feed speeds suggests that the wood becomes brittle and is removed by
attrition before the ignition temperature is reached. At high feed speéds
the calculated cutting edge temperature exceeds the ignifion point of the
wood, In some cases the calculated temperatures exceed the meltiﬁg point of
steel, Since no tracé of molten metal was found on the rim of the disk it
appeared that the actual cutting temperature was below the melting point of
steel ( c=1,400qc [11].) The results suggest that a part of the energy is

ugsed to raise the cutting temperature and some energy goes to fragmenting
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and removal of material.

There are two general types of curve for coefficient of friction
versus feed speed (Fig. 25 to 30). One general form is concave upward and
other form is flatter and concave downward. The concave upward‘curves are
due to pinching action which occurs when the wood bends inward after being
cut, thus gripping the two side faces of the sawing disk and creating side
frictional forces, The additional frictional forces add to the value of the
cutting edgé frictional forces and.influence the shape of the p- Vf curves.
This“side frictional force is a function of the spring constant of wood but
independent of feed speed. Therefore it may be considered to be constant
through all changes of feed speed. Since the values of Ff and FN at low
feed speeds are far less thaﬁ that at high feed speeds then the influence of
side frictional force adding to Ff at low feed speed to increase the value
of 1 is far greater than its influence on high fegd speed. This behaviour
is revealed by the high values of éoefficient of friction at low feed speeds.

.At high feed speeds another factor enters and céuses the coefficient
of friction to rise again, As previously mentioned the cutiting temperature
increases rapidly when the cut material in the kerf is burnt at high feed
speed. The high cutting temperature melts the resin in the wood and causes
it to cover the contact surfaces between thé specimen and the sawing disk,
especially on the side faces, vConsequentlyAthe value of the coefficient of
friction increases, Examination of the cutting edge of the disk and the side
faces of the specimen through a microscope clearly shows layers of resin
(Fig. 44 and 45). At higher speeds the resin layers are thicker and darker,

Wood is a natural product and its constituents are not homogeneous
hence consistent results are hard to obtain. The fiatter concave downward

curves are produced by the wood bending outwards after being cut. At low
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feed speed, when the cutting temperature is low, no melted resin is present
to increase the frictional force. When the feed speed increases the cutting
edge temperature also increases and the wood resin starts to melt, Further
increase of feed speed causés higher cutting edge temperatures which melt
the resin with the resulf that the frictional force is reduced.

Figs. 31 to 38 fevéal that moisture content has little effect on
friction cutting. Generally the moisture is only a small portion of the
total weight of the wood specimen. Invfriction cutting the energy required
for cutting wood of different moisture content is related to the heat re-
quired for evaporating the different amount of moisture in the wood. This
difference of heat required for evaporating moisture is insignificant when
compared with fhe total energy reqﬁired f&r cutting.

It was intereéting to ndte.fhat the cut faces of the specimen were
extremely smooth and polished. This finding suggests'that friction cut wood
may not require a secondary planing operation. This smooth and polished
cutting edge is specially noticeable in plywood and veneer cutting. Plastic
can be softened at a certain temperature hence it may be possibie to cut

successfully by this method.
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CHAPTER VI.

VI.1 CONCLUSION

The reaearch revealé that frictional heat can be utilized to saw
wood., At low feed speed frictional heat appears to raise the temperature
to a levei lower than the ignition temperature of wood., This findiﬁg sugg~
ests that heat modifies the structure of the wood whereby it becomes fragile
and is removed by attrition. The sawing performance was repeatable in the
low feed speed cutting experiments., At high feed speed when waste was re—
quired to be burnt and removed, very high power consumption was required and
the calculated cutting temperature was then higher than the ignition tempera—
ture of wood.

The cutting of plywood was attempted with successful results. The
faces after being friction cut were clean, unchipped and were of a far better
finish than produced by planing.

In all the experiments the cut edge was smooth, straight and the
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kerf was narrow, The narrow kerf indicates that wood waste is reduced by
friction cutting. Unfortunately the saving of wood cannot cover the dis-
advantages of high power consumption and low feed speed, These two dis—
advantages arise from poor removal of cut material. A smooth disk edge re-
quires excessive feedlpressure and cannot dispose of the cut material
effectively., If some means tn reduce the cutting edge contact area and to
disposé of the cut material effeétively can be found then the feeding
pressurevand,consequéntly the power consumed will be reduced and the feed
speed may also be increased._ In so doing the drawbacks of this method of
sawing may be eliminated.

Another factor giving excessive power consumption is related to the
pinching action of the wood on the side faces of the disk., The two iegs of
the specimen'after being cut bend inward and grip on the disk, If the outer
rim is made slightly thicker than the inner part of the disk the undesirable

pinching action may be eliminated.

V1,2 Recommendations

The main disadvantages of friction cutting of wood are high power
consumption and low feed speed.. These are probably caused by the smooth
cutting edge of the sawing disk., Two types of cutiing edge designed to
reduce contact area and to give more effective disposal of cut material are
recommended: (1) If several notches are introduced.in the rim of the disk
then the wood detritus can easily be carried away from the kerf by the
notches and disposed of by centrifugal force, At the same time the notches
would reduce the contacf area of the cutting edge. (2) A second suggested
type of sawing disk is shown in Fig. 46, Teeth ave provided in the middle
part of the rim having a diameter a little smaller than that of the two side

face edges. This arrangement will greatly reduce the contact area of the
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cutting

Recommended Saw Blade
) to Reduce Contact Area
Fig. 46 and with Inner Teeth

to Dispose Wood Waste.

edge while disposal of wood waste is carried out by the inner teeth.

In order to eliminate the undesirable pinch action the outer rim of

" the disk should be made a little thicker, (Fig. 47)

Fig, 47 Recommend Saw Blade to Eliﬁinéﬁe Pinch Action,
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APPENDIX A.

CALIBRATION OF TABLE SUPPORT STRAIN RING

(a) Compression.  Fig. 48 shows the strain ring in an‘upright position with
a "Daytronic" 103A80 li#ear displacement transducer being fixed on the trans-
ducér support. The instrﬁment_connection has already been described in
Chapter III, Section 2;' Load was placed on the toé of the strain ring and
'increased'gradﬁallyi(in'4 oz; incfgments for the 16w range and in 2 1bs,
increments for thevhigh rangé) until the maximum reading on the instrument
was‘obtained. The load then was reduced in the same increments as the load-
ing seduence until all the load was>removed.

~(b) Tension., The strain ring was calibrated for.tension by the use of the

pulley, string and weight system shown in Fig. 49.
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Fig, 49 Calibration of Table Support Strain Ring (Tension)
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APPENDIX B.

CALIBRATION OF FEED THRUST MEASURING STRAIN RING

After the table supﬁort strain ring was célibrated? it was solidly
~ clamped on one‘énd of the carriage track (Fig. 50), With the’push rod and
strain rigg fiké@vinHPASitioﬁ'thé carfiaée was engaged with fhe;pOWer screw
which was_fﬁén_ﬁﬁfnéd}élqwl&;ﬂntil}thé_push iod just contacted the table
support sﬁrain'ring; ‘A:éfadua1>inqréaée.of fhe'turning-force on the power
screw produced defieétion of both'rings. jFor each deflection reading on one
strain rinévthere would bé a'cérrespondiﬁg ieading on the othér. As the
table support'stfain riﬂg was alfeady calibrated the calibration curves for

the thrust measuring strain ring could then be plotted.
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- APPENDIX C

CALBRATION OF CHROMEL ~ CONSTANTAN THERMOCOUPLE FOR
' MEASURING CUTTING TEMPERATURE

The thermocouple was connected as described in Chapter III, Section

2. The cold junction (the t1p of the probe) was placed in a beaker contain-

ing water. The water was then heated until it was bo111ng and then cooled

down to room temperature, The temperature of the water was measured by a

mercury thermometer and the chart record was read at 10°F intervals, (for

increasing and decreasing temperatures) Fig., 50a shows the calibration curve

and the extrapolation employed.

Data from [12] reveals that the e.m.f. versus

temperature curves for chromel and constantan are linear over an extended

range (00-- SOOOC) (Fig. 50b)
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Fig, 50a,
Chromel-Constantan Thermocouple
Calibration Curve

70

60
50
40

30
20
10

/ i

0 '100 200 300 400 500 600 700 800

Temperature °c

Fig. 50b.

‘Thermal emf of Chromel-Constantan Thermocouple.

(Date from W.D. Kingery: "Property Measurement
at High Temperatures.")
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APPENDIX D.

SEASONING OF WOOD SPECIMEN

The seasoning of the wood specimens was carried out in the Vancouver
Laboratory of the Forest Products Laboratory.. The specimens were placed in
“the kilns for one month. There were fouf kilns each with a different moist-

ure content. They were:

Room No,1

Dry bulb temperatufe 30°F

Relative humidity 90%

-Specimen average moistﬁre content after seasoning 32%
Room No,.2

Dry bulb temperature 75°F

Relative humidity 83%

Speéimen aVérage moisture content éfter seasoning 25%
Room No.3

Dry bulb temperature 70°F

Relative humidityA 65%

Specimen average moisture content after éeaéoning 19%
Room No,4

Dry bulb temperature 70°F

Relative humidity 30%

Specimen average moisture content after seasoning 11%



APPENDIX E.

FORCE ANALYSIS DURING CUTTING
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Fig. 51 Forces on spe¢imen and Table . .

From Fig, 51: ,
1 = Distance bétween R and Y-Y' = 13.95 inches

R1= Reaction exerted by tail edge of the wood specimen on the table;
R2= Reaction exerted on the wood specimen by the roller on the upper

guide block;

12= Distance between R2 & Y-Y' = 6.39 inches.

As the friction between wood specimen and table and guide was re-—
duced to a minimum by using Teflon, Arborite and rollers, this part of

friction force may be neglected (Chapter III, Section iic)
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M =0
Rlxll—Rxl_R2x12=O P PO PO OOPNOLLOLELIOISNLPNOINOIPELEES OSOE (1)

Taking the wood specimen as a free body (Fig. 52):

Fig. 52 Free Body of Wood Specimen ,

Lw = Length of the wood specimen
1w = Distance between cutting edge and tail edge of the wood specimen
1 = Distance between centre of gravity and tail edge of the wood
& specimen
TF_ =0
X
FN Slne+Ff COS e-FT =0 GO 600 O 00 PGB OO SO CPOSOOOSIOITTES (2)
ZF_ =0
y
FN Cos 6 _Ff Sin ) + Rl -R2 -¥W=0 e0e0000ss0s 0000 (3)
ZMA =0

Fy1, Cos 8 ~F.1 Sin 6 - 112(11 -1,) _W1g =0 seenees (4)



| 1
(4y&w Fy Cos 8 - F, Sin © - ( ) R,
W
(11'12)
(3) ~(5); By =Ry =W+ —5——
w w

(1 - L
_ w
Ry = 1
w

Substituting (7) in (1), we have
(1, = 1; + L)R,1; + (1, - ;g!yll

1
w

Arranging terms;

1L R - (1w,- 1g)11w

+ 1L,)Ry + (1 - ;EEK

1 )
Tﬁ W=0...(5)
w

1
R2 + —liw =0 ssevsces (6)

vesrnseeees (7)

=Rl - Ry, =

R2= - 2)(1 :1) R TI I EY (8)

Substituting (8) in (6) and arranging terms;A

i -.(11_- 1g)w

Rl - R

2-W= (1 _lw)* sveBsscecsvereR S (9)

(2) x Cos 6; F. Sin 8 Cos 8 + F Cos® 6 - Fy Cos 8=0.. (10)

N A

(3) x sin 8; F Sin 6 Cos 6 - Fe Sln 0 + (R

(10) - (11) |
Fy = F Cos 0 + (R1 - R,
(2) x Sin ©

F Sin2 ® + F, Sin © Cos € = F

N f T

R,-W)Sin € = 0.. (11)

~ W) Sin € .eeerereness (12)

Sin e = 0 TR X (13)
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(3) x Cosé

. 2 :
F,Cos ® - F SinfCos? + (Rl - R, ~ W) Cos® =0 .... (14)

’ (13) ; (14)

’ FN = FTSine - (Rl —R2 -W) Cose. oo.nnooooocoo..'o. (15)

L 5/_
T 25 '
o | \\ .
N R
hY
< @ R) ;
/;=7// ¢ f")
X - ) X
y/

Fig. 53 Direction of Normal Force Acting on the Specimen

From'Fig. 53 we see that

-1 3,781 -1

B = cos™ 8L _ Gos™ 0.5401
B = 57°18!
o = Cos™h LI - Cos™! 0.6830
o = 46° 55!



8 = o+ % (B-0) =9.’_%_§.

0 =52° 61+
Sind = 0,789
Cos® = 0.614
'11 -1 = 178in® = 5,53 inches
w ' .
: _ _ (1, = 1))W + 1R
Let - "K=R. -R. ~W=—2%
1~ % 1, = 1
e 1 w
1 = 1.)W + 13,95R
S K =,£_g M

5,53

Substituting the above in (12) and (15), we have

Ff =0.614 FT+ 0.789K oo-i;o-.o---o}ooo.oo-- (16)

and | - FN = 00789 FT - 0.614‘K ...o-ooo.,oov'o-ouu.oo (17)
Ff 0.614 FT + 0.789 K

also . M ='F""' = |s.0oooco.0..~oo.(18)’

0.789 FT - 0,614 K

Z

8



APPENDIX F.

NUMERICAL RESULTS OBTAINED FROM THEORETICAL EQUATIONS

The following calculation is based on equations (2-11), (2-12),

(2-13) and (2-14) from Chapter II:

Now

by I,(Ar )
(2K by Iy (Arg
Wiy = w Io(?\ro) }‘A-Tmax

.,....;........... (2-11)

K,
A= 41083 m’ _00'.oo.f..to.olouo.._oocoo.oc.. (2—12)

. Il(lro) \
Power = 2T'Kbrol_ow ATmax ss00ceccssotosac (2—13)

AT - Io(h‘o) « Power , (2_14)
max I;(Xro) 2msbrox .'l...'.‘......‘..". "

J = 778 ft, 1b./Btu
r = 7/12 = 0,584 ft. (Actual disk radius)

b = 9:%%99 = 0,00638 ft. (Actual disk thickness, 14 gage)

w = 4,620 x 60 x 29T = 1,741,700 rad/hr. (Actual disk speed)

K = 26 Btu/br, £t. °F (Thermal conductivity of steel) [8]

Physical properties of air at 100°F (Prantdl number P = 0.72) [81:

0,0154 Btu/hr. ft. °F

Thermal conductivity Ka

0.00018£+.%/sec.

Kinematic viscosity Vv,

0.648 ftg/hr.

79
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Thus

A = AL 5 00638x0 584

1

v A =16.68 £t
Ar, = 0,74
1;(9,74) = 2,200

- 1,(9.74) = 2,084

When ¥ = 3 inches

Ar(r=3")

4,17

I,(4.17) = 13.09

11(4.17) 11,39

Hence substituting the numerical values into (2-11) we have

WFy = ) x 16.68AT

(2nx778#2610.00638)(2,084
1,741,700 2, 200

uFN = 0.00736An'max

Graf's data (10] shows that the ignition témperature of Weétern red
cedar is 468°F and that of Dduglas'fir,is_4899F with moisture content 7% and
a rate of temperature riée of:l5?~ 17°F/hr. .Tie ratéé of temperature rise in
the present system are much greater. Graf also found that the ignition
temperature was higher when the rate of temﬁefature rise was greater, The
cutting temﬁerature is difficult to assess but evidently it should be below
the melting point of steel (==1,4ooﬁd [11]). For illustrativé purpose we

assume the cutting temperature to be 900°F, then we have

AT 900 ~ 70 = 830°F (7 = 70°F)

max

MEy

0.00736 x 830 = 6.11 lbs,
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From (2-13):
i ek br I (Ar )
~ 60x33,000 T,(Ar )

HP hAnm

ax

_ 2mx778x26x0,00638x0.584 _ 2,084
i 60x33,000 x 5'3g0 * 16-68x830

HP = 3.15 h.p.
It is interesting to ﬁote that at low feed speeds, the values of
frictional force Ff are somewhat lower than the predictions of theory. Using

the experimental results on power consumed and equation (2-14) we found that

the cutting edge temperatures are as shown in the following tables:

From. (2-14)
60x33,000 2,200 .
. L LA oA — T Ao
AT ox = SrxTTBR26x0 006380 554x16.65 (o084
ATmax = 2640 W
32% moisture content_'
1, .Douglas Fir, along grain cutting
Feed Speed (V)
( in. / min, ) 4 8 12 16
Power Consumed
(Horse power) 1,235 2,93 5.4 10.12
o '
At (°F) 327 774 1,423 2,675
T = Aoy _
* Tom (°F) 397 844 1,493 2,745




2, Douglas Fir, across grain cuftiqg

82

Feed Speed (Vf)

( in, / min,) 4 8 12 16
Power Consumed
1.028 3.5 7.57 12.85
(Horse power)
()]
A“max( F) 272 _926 1,998 3,385
T = AT o ' ,
max 342 996 2,068 3,455
+ T (°F) .
am,
3., Western red cedar, along grain cutting:
Feed Speed (Vf) 4 8 12 16
(in,l/ min.)
- Power Consumed 0.925 2,06 3.5 5.66
(Horse power)'
. L))
LT ('F) 244 543 922 1,492
max
T = &pax 314 13 992 1,562




4, Western red cedar, across grain cuttin

(in,/min) B I L T FE L I

Power Cénéumed R B! :
S| 14028007 e,008 o 3.8 | 5.56
“(Horse power) - TR PR :

A“mégx(oF)»x'*ji cser o | ses o o oas | 1,408

Tﬂmmax”am -?-‘-1-2- S 825 _Lg_o..!ﬁ N 1,53§

(°F).
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APPENDIX G, Comparison of Heat Transfer by Radiation with those by Convective

and Conductive Processes

Heat transfer by radiation per unit area 81.

Q :
Rad _ 4 4
< =€ (Tab -»T )

where € = emissivity of saw disk

Tab

T

am

= 0,066 (the surface of the disk is polished) [4]

o =uStefan - Boltzmann cohstant

0.1714 x 10 Biu./hr. £t2 (°R)*

absolute disk temperature (qE)'

]

absolute ambient temperature (°R)

An upper bound upon the radiation flux will bé obtained by taking

the temperature of the disk adjacent to the rim to be 500°F and the ambient

temperature to be 70°F. Then the heat loss per unit area is

SRad 960 (330
—¢* = 0.086x0.1714 [(100 100)]
Q .
Rad - 87.12 Btu/hr, £t.°

From Chapter II and Appendix F, we have heat loss per unit area due

to convection

where h, = 875 ¢

QConv.
S

=hy (7~ Tam)

= 23,1 Btu./hr. £t° °F
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q

—Convs = 23,1 x (500 % 70)
Q

C;“vf = 9,990 Btu./ hr. f£t.°

Also from Chapter II and Appendix.F, we have the heat loss by con-

duction

- Qond. —iK Il(xro)
A - s-Ioer J-

0

=426 x %_;_9,?:1_

500 x 16.73 g 430

QCond, =4177,000 Btu./hr. £t,2

A

hence we have

éRad. _ 87,12
= 9980.3

5 = 0,00875 < 1%
Conv, .

“Rad, _ 87.12
Qcona, 177,000

= 0,000492 < 0.1%0
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