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ABSTRACT

A theoretical study was mndg of the preasure distribution, rate-
of-flow, and stream patterns in\tho flow of viscous liquids through the
nip region between the surfaces of two external rotating cylinders.
Application of viscous flow theory to the roll nip problem led to the
prediction that pressure in the bank should be proportional to the cube
of the rsciprocal of the distance from the point of roll tangency, This
relationship provided, for the first time, a rational basis for specifi-
cation of the nip inlet boundary condition nocol;ary for solution of the
flow rate problem by hydrodynamic lubrication theory. A second boundary
condition was provided by knowledge that real liquids, not specially
purified, can withstand only mcderate levels of tension without fail-
ure by cavitation. The hydrodynamic problem was solved for the case
of constant viscosity flow between cylinders rotating at differential
speeds, and a method for the rapid computation of numerical results was
developed and programmed for digital computer solution.

An experimental investigation was conducted to test the validity of
the theory, and to determine the limitations of its applicability. Eleven
viscous liquids with viscosities in the range from 17 to 240 poise were
tested on pairs of four-inch and six-inch diameter rolls, with roll
sresds ranging from 35 to 300 rpm and speed ratios of 1, 2, and 3, The
theory was found to agree with experimental data for fluids with
viscosities below 90 poise and total roll surface volocit;ol of 10 °
feet per second or less. Under these conditions, 95 percent of the data
fell within limits of =25 to +35 percent deviation from the theoretical

flow rates. Greater deviations were observed for higher viscosity fluids,
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but 95 percent of all measured flow rates fell within limits of =52 to
+110 percent deviation from the predicted values. Deviations are attrib-
uted to uncertainty of the actual fluid viscosity in the nip regior, and
to viscosity variations induced by temperature and pressure gradients
within the nip. With high viscosity fluids and with high roll surface
speeds, these factors cause the experimental system to deviate from the
constant viscosity assumptions employed in derivation of the flow theory.

A theoretical solution for the relative tranafer of fluid to the
faster roll was obtained. Experimental observations indicated that the
theoretical transfer fraction is a limiting value which is attained
under ideal conatant viscosity condi‘ions. Greater than theoretical
transfer is obtained when the liquid viscosity is subject to variation
during nip passage.

When the fluid between the rolls contained a low concentration
of small glass beads, the size of the largest bead passed without
fracture was proportianal to, but not equal to, the theoretical nip clear-
ance. Differences between bead size and calculated clearances are |
atiributed to viscosity variations due, in part, to the presence of the
teads themselves. In accordance with theoretical predictions, beads are
not captured and fractured by the the rolls until the nip clearance is
opened to some critical value dependent on the bead size and the roll

speed ratio.
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I. INTRODUCTION

Fluid flow between the surfaces of mutually external, rotating
cylinders is of practical importance in & number of instances. Al-
though this investigation is directed primarily at the flow between
cylinders such as those used in the printing ink and paint manufactur-
ing industries for dispersion mills, similar Phenomena are encountered
in the flow between calendering rolls for plastics, coating rolls for
films and paper, and distribution rolls in printing presses. The flow
of viscous liquids between moving surfaces separated by small clearances
h’s been investigated extensively for the geometrical aystems encounter-
ed in bearing design, and the theory involved in this type of flow serves
as a basis for modern lubrication theory. However, very little experi-
mental work has been reported for the geometrical system represented
by two external cylinders separated by a thin film of viscous liquid,
and previous theoretical papers in this field have failed to apecify
adaquate boundary conditions for solution of the problem. Extension of
the previous theory, spec;fication of boundary conditions, and experimen-
tal determination of the range of applicability of the theory has been
undertaken in order to provide an improved basis for the design and
operation of three-roll dispersion mills and to extend the general fund
of knowledge of the high shear-rate flow behavior of viscous fluids.

Roll mills of two, three, and five roll design are in common use.
Heavy duty two-roll batch operation mills are g¢merally used for compound-

ing rubber and plastics, but continuous or semi-continuous three-roll



mills enjoy wide popularity in the mamufacturs of printing inks, The
wide application of roll mills to pigment dispersion in viscous fluids

1s due to several factors; among these are ability to process materials
with & wide range of rheclogical properties » 8ase of cleaning, ability to
gogregate and reject large, undispersable pigment agglomerates or trash,
and high ratio of heat transfer area to volume of material being sheared,
The latter feature permits high levels of dispersion energy input with-
out undue temperature rise in the product, and permits dispersion of
heat sensitive organic pigments in viscous media without deterioration

of pigment properties, On the other hand, roll mills have relatively
high initial coste and, unless care is taken to obtain maximum efficiency,
have high operating costs,

A three-roll mill, such as that showm schematically in Fig, 1, .
consists of three hardened steel cylinders with parallel axes which nay,
or may not, lie in the same plane, The two end rolls rotate in the same
angular direction while the center roll turns in the opposite direction.
The speed of rotation is increased progressively from the first or
feed roll to the take-off or aprom roll, The largest present day mills
have rolls sixteen inches in diameter by forty inches long, with
apron roll speeds as high as 40O rpm, Roll speed ratios of 2¢l and
31l are commonly employed, Mills with independently driven, variable
speed feed rolls are also available, In operation, a mixture of
incompletely dispersed pigment and wehicle is fed to the bark rog:l'cn above
the nmip between feed and center rolls, As the rolls turn, the mixture is
drawn into the nip where it is subjected to shear and pressure which

disperses the agglomerated solid particles and wets them with liquid,
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Some of the larger particles are erushed by the rolls as they enter

the nip. The film of fluid splits after passage through the nip,

Part remains on the slow roll and returns to the réed bank, The
remaindsr travels forward to the apron nip, where it is subjected to
shear and pressure gradients even more severe than encountered in the
feed nip, The film splits again after the apron nip passage, and again,
part returns to the feed bank. The portion of fluid transferred to the
apron roll moves farward to the take~off knife, where it passes from the
roll to the apron as product,

Production rate through the mill depends on three factorss

l. The rate of fluid flow through the feed nip between the first
and second rolls;

2, The relative split of the fluid between slower and faster rolls
at the feed and apron nip outlets;

3¢ The effectivemess of the take-off knife in removing product from
the apron roll,

In turn, these factors depend on fluid and mechanical variables asso =
ciated with the mill and with thé material being processed,

The degree of dispersion produced during passage through the mill
depends on the nature of the solid and liquid as well as upon the
operatiné conditions of the mill, It is obvious that no solid particles
larger than the minimum clearance betwesn center and fast roll surfaces
‘can appear'in the pu'oduct;. Most of the material processed through the

'mdll is dispersed to a particle size much smaller than this maximum
liniting value,
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Modern roll mills have rolls ground to tolerances measured by the
wave length of light, They are equipped with gages and controls that
permit accurate and reproducible determination of operating conditionu.»
Yet the relationship between these operating conditions and mill perfor-
mance remains poorly understood, If the full potentialities of these
precision machines are to be realized, a better understanding of the
basic principles governing their operation must be obtained, A quan=-
titative understanding of the behavior of viscous fluids passing
between rotating cylinders can also serve as a basis for rational design
of improved milling equipment, Outside of the field of dispersion
equipment, knowledge of the behavior of fluids during passage between
rolls can aid in understanding the operation of coating machines and
ink distribution systems,

The purpose of the research reported in this dissertation was to
develop a2 mathematical method of predicting the rate of fluid flow
through the feed nip of a mill as a function of measurable and controle
lable variables. A further objective was to determine experimentally the
accuracy of the theory and to evaluate the limitations of its applica=-
bility. The final objective of this work was the determination of the
relationship between the velocity ratio of two rotating cylinders and
the relative transfer of a Newtonian fluid flowing between them,



II, LITERATURRB

The literature pertinent to the present in'_vastigation may be
divided conveniently into experimental and semi-empirical inves-
tigations of roll mill behavior, mathematical investigations of the
fluid dynamics of viscous flow between rotating cylinders, and studies

of the mechanism of film split between séparating surfaces,

Studies of Roll Mill Operation

Data on production performance of commercial and laboratory sime roll
mills have been published by a number of lnvestigators. Notable among
these have been the reports of the New York Paint and Varnish Production
Club on techniques of roll mill dispersion of titanium dioxide, toluidine
red, and phthalocyanine blue pigments (1,2,3,4), Fisher (5) measured the
throughput rate of laboratory mills and presented an empirical equation
for production rate as a function of mill speed, clearance setting, and
fluid viscosity. Maus (6) correlated mill power consumption with operate
ing variables by a semi-empirical equation of the form,

(Power Number) = Const (Reynolis N_nnber)‘ (Froude Nunber)b .

The analysis of Maus was applied to the case of two nips in a Floating _
Center Roll type of three-roll mill by Taylor (7). Gamble and Sparta (8,9)
employed electrical plug stopping to halt mill ro].'l:s far thie measurement
of film thickness on the roll surfaces, These latter workers employed
fluids conta:ln:ing 2 dye which could be measured colorimstrically after
extraction from a cotton pad onto which the fluid from a known area of
roll surface had been wiped,



Viscous Flow Theary

The fundamental squations of viscous fluid flow theory were first
developed by Navier (10) and Poisson (11)j and independently, by
St. Venant (12) and Stokes (13). The Navier-Stokes differential equations
express the zeneral motion of a Newtonian viscous fluid as a function of
the forces acting upon it. So]_.utions for f;hese equations have been found
only for certain special cases, and usually with a number of simpli-
’ying assumptions. The two-dimensional theory of viscous flow between
an inclined block and a moving plane surface was treated by Osborne
Reynolds in 1886 (14) and was confirmed experimentally in connection with
lubrication prbblems by Lord Rayleigh (15) and others (16). The method
of Reynolds involved solution of the equation,

dP/dx = p Pu/ay? ,
together with the equation of continuity,
Q = b dy .
For the case of cylinders rotating in a viscous fluid, Frazer (17)
obtained analytical solutions to the more gereral equations »
dF/ax = p (fu/dy® + du/ax’)
dP/dy = p (&v/ayP + d*v/&xP)

Although Frazer's work was quite extensive, his equations have received
little application to the roll mill problem because of computational
difficulties associated with their solution thn the cylinders in
question are separated by only a thin film of fluid,

Less complicated analyses of the pressure distribution in the nip
between rotating rolls were presented by Ardichvili in 1938 (18),
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Kley in 1946 (19), and by Gatcombe in 1945 (20), Eley sssumed that the
material passing between the rolls acted as a plastic solid, and tased
his calculation on the rate of compression in the nip. It was showm by
Bergen and Scott (21) that Eley's results differed from those of
Ardichvili only by a constant factar, R/ 2VZ , Gatcombe applied the
lubrication theory of Remnolds to the roll gemetry with the boundary
conditions of vanishing pressure at points infinitely far from the nip
center. Oatcombe extended his theory to comsider the effect of fluid
viscosity change caused by pressure increase in the nip, Gatcombe's
results, like those of Ardichvili, Eley, and Frazer, predicted that the
pressure on the inlet side of the nip would increase to a maximm and
then drop to zero at the center or point of minimum clearance,

'In 1949, Gaskell (22) employed an approach similar to that of
Gatcombe to calculate the pressure distribution in the calendering of
plastic materials. The boundary conditions employed by Gaskell were that
both the pressure and the pressure gradient vanish at the point where
the calendered sheet leaves the rolls., To use these conditions, the
roll speed and thickness of the calendered sheet must be known. These
boundary conditions involve the assumption that the sl;oet separates
from the rolls when the pressure becomes mmro, i,e, there is no adhesion
between calendered product and roll, Gaskell extended his theory to the
case of a material with Bingham plastic flow properties having a stress,
shear-rate relationship of the form,

T Wy (w/ay) o
Gaskell's results differed from those of Previous investigators in
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that his theory predicted a finite, positive pressure at the nip center,
and the point of exit from the nip was recognized as being dowhstrean
from the center,

Theraal effects involved in calendering a viscous fluid were studied
in a theoretical investigation by Finston in 1950 (23), and the theory of
calendering a viscoelastic fluid was treated by Paslay in 1957 (24).
Experimental measurements of the pressure distribution in the nip between
calendering rolls were reported by Bergen and Scott (21). It was obser-
ved by the latter that their results were_in qualitative agreement with
the predictions of Gaskell, but differed considerably from those of
Ardichvili and Eley. The greatest deviations from Yaskell's theory were
found in the region of the nip entrance, and it was stated that these
deviations were probably due to the fact that the Gaskell equation
presenis no rational physical method of defining thé true point of nip
entrance, Hummel (25) derived equations for the pressure distribdbution in
a roll mill nip with differential roll speed, using the same basic theory
u3 Gaskell and Gatoombe. Like previous investigators, Hummel did not

specify a method of defining the points of inlet and outlet to the nip.

Film Split and Cavitation

The theories of both Frazer and Gatcombe predict that, in a complete-
immersed.ayatem, the pressure on the outlet side of a nip will fall to
negative values equal in magnitude to the positive pressures encountered
on the inlet side. Since real liquids, containing even trace amounts of

impurities to serve as nuclei, are incapable of withstanding large tensile



stresses, Banks and Mill (26) hypothesized that cavitation would occur

in & liquid film contained between two rapidly separating surfaces. By
using a glass roll system, these authors (27) were able to observe and
photograph the cavities or bubbles formed in the outlet region of the
nip. Miller and Myers (28,29) mada & systemetic study of the formation
of cavities in the nip of an apparatus consisting of a steel cone held
against a rotating glass plate. It was cbserved that the split of film
between the separating surfaces was prezeeded by cavitation whenever the
product of fluid viscosity times surface velocity exceeded a critical
value, characteristic of the material being sheared. At lower than criti-
cal valuea of the viscosity x viscosity product, the film split smoothly
at the air-liquld interface with out cavitation. At higher than critical
values, the number of bubbles observed was proportional to the viscosity-
velocity product.

The relative quantity of fluid remaining cn each of two surfaces after
shearing and separation was investigated experimentally by Sparta (8) for
tne case of roll mills, and by Fetsko and Walker (30), Scarr (31), Hammel (32)
and Lin (33) for the case of ink transfer in printing. Sparta demons-
trated that the relative transfer depends or the rheological properties
of the fluid and on the relative speeds of the iwo surfaces. The largest
quantity of fluid was always transferred to the faster moving surface,
Fetsko and ¥alker developed an equa‘ion which permits separation of the
total quantity of ink tranaferred from the printing plate to stqgk into
two portions: that initially immobilized by the printing stock during
impression; and that portion of the remaining ink film which splits

toward the paper as the surfaces separate., Scarr found a correlation
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between the position of film split and the ink "shortness", or ratio of
ink yield value to plastic viscosity. High shortness values were
associated with inks that split close t§ the surface of the stock. Hammel
found tiat the position of film split was affected by the nature of the
pigment and vehicle as well as by the shortness of the ink., It was also
cbserved that, when unpigmented vehicles were "printed", the position

of split moved closer to the stock as the vehicle viscosity increased,
Lin measured the variation of transfer with changing printing speed and
pressure. Increasing printing speed appeared to decrease the quantity
" the free ink film split to the stcck when printing on aluminum
laminated paper board, but to increase the split to stock when printing
on polyethylene film. Changing printing pressure did not affect the
results with polyethylene, but with the aluminum laminated board,

increased printing pressure appeared to increase the transfer split.



1II. THEORY OF VISCOUS FLOW IN NIP

BEPWEEN ROTATING CYLINBERS

The theory of roll mill operation may be simplified by subdividing
the question of overall throughput rate into two phases and by
considering each in twn. This subdivision is aocompliahe@ through a
material balance which permits separate analysis of:

1. Rate of fluid flow between rotating oylinders as a funotion of
machanical and fluid variables;

2. Relative position of split in a fluid f£ilm between separating
surfaces moving at different speeds.

Approximate solutions of the Navier-Stokes equations for viscous
fluids serve as the basis for the analysis of the fluid flow rate
through the nip between feed and center rolls. A solution to the
lubrication theory problem for the nip geometry is used to egtablish
the shape of the nip pressure gradient, Appropriate boundary conditions
are established by consideration of the bank pressure distribution
derived from Frazer's solution for the rolls-in-contact problem and
by recognition of the existance of a minimum nip outlet pressure at
which real liquids cavitate, From the basic nip flow theory, equations ‘
are derived for calculation of the nip pressure distribution, shear-
rates, flow rate, minimum nip clearance, power cornsumption, location of
point of f;o' stagnation, and relative quantities of flow associated with
the slow and fast rolls. The location of the stagnation point, that
point beyond which all fluid travels in the forward direction through
the nip, is related to the ability of the nip to acoept or reject

particles of a given size that may be suspended in the fluid. This



point is also related to the relative quantity of fluid associated with
the two rolls, since under constant viscosity conditions, the same
stream line passes through the stagnation point and the point of

divisier between the sepsrating fluid surfaces a% the nip outlet,

Rell Mill Mater:ial Balance

The total rate of fluid flow thrcugh three-roll mills is related to
the flow rate through the feed mip, G, the fraciion of fluid transferred
to the faster roll at‘the feed »ip, £, ani the apron nip, a, and to the
fraction, t, of fluid removed frcm the aprorn r:11 by the take-off knife,
A material balance, giver in detail in Apperndix I, leads to the following

equation.

+ £
M1l throughput rate = (—22i—-) ¢ , (1)

This equation reduces the problem of predizting roll mill production
rate to that of determining the relationship between fluid properties,
mzchanical variables, and the transfer fractions and rate of flow

between feed and center roll.

Basic Viscous Flow Theory

The Navier-Stokes equations serve as the etarting point for deri-
vation of the nip flow hydrodynamic thecry. Using the nomenclature of

Schlichting (34), these equaiions, for a constant viscosity, non compres-

sible fluid, are writien as follows,



b_u_+ u+vau+ u n_}_Q_I_’_+))f32u+)2u bzu)+x (2)
ot X dY d2 2 dx alc2 3)’2 322
v dV dv DV 1 p ?s?'v v fv
—_— + v— 4 w— - - T o )]( + ) + Y . (5)
t x 3y 0z Py %2 ayz 3 2
2 2 2
2, pv, 2w, v i, yw 2w, X
at+\%+vg?+r’—z- = -ﬂax+ "bx?#ayz + az2)+Z . (4)

Another condition is supplied by the aquatinr of continuity, which
for . rwu-compressible fluid ig,
dqu A7 2w
TAEYAE YR (5)

Symbols used in these equations have the fcllowing significance:

Xy Yy 2y rectangular orthogonal coordinates
u, v, w, velocity components in x, y, z, directions, reapectively’
X, Y, Z, components ¢ b:dy forces ir x; y, z, directions,

respectively ,
P hydrostatic pressure ,
P coefficient of viscosity .
A~ fluid density 9

) kinematic viscoaity = )1//0 ,

t time,

Although the arrangement of rolls in a mill is normally in a
horizontal plane with flow in the ver:ical direction as shown in Fig.2,
the geometry and coordinate system shown in Fig. 3 will be used in the
following derivations to maintain confcrmity with the nomenclature

used in previous investigations in this and related fields. Where

gravity is a factor, it is assumed to produce an acceleration in the

positive x direction,



Figure 2. Flow of Material Through Roll Mill
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Figure 3.

Coordinate System Used in Nip Flow Theory
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Application to Region Distant from Nip. By making certain simplify-

ing assumptions, it is possible to reduce the Navicr-Stokes equations to
a linear form amenable to solution. Tne approximations made in the
present case are those which apply to conditions of very low Reynolds
number where the forces due to viscosity greatly exceed those due to
inertia. Where these assumptions are valid, the terms to the left of the
equality sign in equations 2 , 3, and 4 may be neglected in COmMpAT=
ison with those on the right, If flow in the z direction is absent,
further simplification is possible, since all of equation 4 and the
terms involving z in equations 2 and 3 drop out. The latter
approximation applies when the cylinders are soc long compared with their
diameter that flow in the axial direction may be neglected. In actual
roll systems, the conditions of this approximation are not completely
satisfied; however the presence of end-plates at the cylinder ends
does restrict axial flow to a small component of the total motion.
The conditions taken and assumptions made in reducing the Navier-Stokes
equations to the case of two-dimensional, purely viscous flow are
swanarized here.

1., Forces due to inertia are negligible compared with viscous
forces., This implies relatively high viscosity and low speeds.

.2. Body forces are negligible compared with viscous forces.

3. The flow is in a steady state,

4. The cylinders are long compared with their diameter, and
flow in the z direction, parallel with the roll axis, is negligible.

S5 As with the full set of Navier-Stokes equations, the
boundary condition of no slip at the walls is assumed,

When these conditions apply, the Navier-Stokes equations reduce to the
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form given in equations 6 and 7 .

, 2 2
Zo.p(ip.dy (6)
x Jy
f=) S ,,(22.1+32_v) 1)
The equation of continuity becomes,
%E%4rg§} - 0 . (8)

A general solution of these equations for viscous flow associated
with two rotating cylinders was treated extensively by Praser (17).
Frazer's results, as applied to the roll mill problem, are described in
Appendix II, It is unfortunate that these results become very incone-
venient to apply when the distance of separation between cylinder
surfaces is small compared with the cylinder radii. This inconvenience
originates from the presence in the stream function of slowly converging
series and hyperbolic functions of arguments of very small magnitude.
One of the special cases considered by Frazer does lead to a relatively
simple expression for the .tieam function in the bank region distant from
the vicinity of the nip. This special case is that of two rolls in
actual contact. The results of this theory do not apply in the vicinity
of the nip, but should be valid in the bunk region where the influence
of the small nip clearance is negligible. As shown in Appendix II, this
special stream function can be differentiated to give an expression for
the pressure gradient along the x axis. Assuming that the free fluid
surface is located at a distance of one roll radius from the nip center,

and including the effect of fluid head, the bank pressure distribution
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is given by equation (9);
A [w -7 . 1,0
P = Rf [§+ 1] -5 (Nl + H2) }1[1 +(-,E)J , (9)

wheres

= pressure at point ,

o W

roll radius 9

1 * Tpa of slow roll R

o ™ TP of fast roll

}l
T xm.

The first group of terms on the right of equation 9 expresses the

fluid viscosity

pressure contribution of the hydrostatic head of fluid, while the

socond group is due to the motion of the rolls.

Application of Viscous Flow Theory to Nip Region. Equation 9

is indeterminate at the nip center where x is zero. Approaching this
point from negative values of x, the pressure approachescc j; while
approaching zero from positive values of x, the pressure approaches
«00 ¢+ The applicat;on of equation 9 is therefore restricted to
negative values of x, out of the nip zone. In order to treat flow
through the nip itself, additional l;mplifying agsumptions are made,
and the Navier-Stokes equations are reduced to an even more eimple
form than given by 6 and 7 ., The additional assumptions and
conditions are:

l. In the narrow passage comprising the nip, the vertical pressure
gradient, JP/3y vanishes, and flow in the y direction may be neglected.

2. In this same region, the second derivative of u with respect



to y is so much larger than the second derivative of u witn respact tc x
that the latier may be neglected. Gatcomve (20) presented an order of
magnitude analysis showing the conditions under which these approxima=
tions are justified, and concluded that they are reasonable so long as
there are regions in the nip where the distance, x, from the rip center
is much larger than the corresponding value of h, the separation between
surfaces. When these assumptions and conditions are applied, the

Navier-Stokes equations are reduced to the single expression;

3z _ Y4
X - P)y2 . (10)

Since dP/Jy is negligible compared with JP/dx, the pressure may be

considered a function of x alone, in which case 10 is written;

2
d™
- p— (11)
) a2

fl

The condition of continuity is satisfied by an equation which expresses
the fact that the total quantity of fluid passing each point in the

nip is a constant. ‘This condition is satisfied by,

b/
¢ '_{ u dy (12)

Derivation of Nip Flow Equations

Equations 11 and 12 and their underlying assumptions are the
basis of the lubrication theory of Reynolds (14), and the nip pressure
theories of Gatcombe (20), Gaskell (22), and Hummel (25). Since these

equations, and the results obtained from them, serve as a basis for the
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presert work as well, the derivations will be shoun here in detail,

Equation 11 is integrated twvice, giving:

[}% S , (13)
"—“-é(%)y»fc1 : (14)
f(§§y+cl) y (25)
ig’; + C1y+C2 . (16)

The constants, cl, and cz, are evaluated from the conditions that at
the surface of the slow roll (y = -h/z) the velocity is Ul' and at the
surface of the fast roll (y = h/2) the velocity is Use It follows

that:
ul.%%% - cl% +c , (17)
c2'01+c1%°)\l%% ' (28)
¢, -(u2 -0,)/n . (20)

Inserting the values for the constants into equation 16 gives
the expression for fluid velocity as a function of position and pres-
sure gradient in the nip. This is,

2
u - 01+L.§ yz-(%)] + (uz-ul)(§+%) . (21)



—22-

Geometrical Approximation for Nip Region, The separation between the
roll surfaces, h, can be related to position in the nip, x, by considerae

tion of the geometry of the system as shown in Figure 4. If the minimum

nip clearance is h,, the total clearance at any point is h, + 2§, where,

§=R-L , (22)
L VETRE @)
6 = R - (nz -xz)i" (24)

h o= b, +2m-2 (82 -5 | (25)

Equation 25 may be simplified by expanding (112 - x2) t in a binomial

expansion and neglecting terms of small magnitude., This expansion is;

2
& - 2P . B-%'%f‘*"' , (26)
2
2 2
(R -x)izn-% ’ (27)
5= % : (2e)
2

-3

)
s

+

X
R

(29)

The approximation given by equation 28 differs from the correct
value of § by only one percent at a value of x of 0.2R, and is much
closer at smaller values of x. The relationship between local nip clear-

ance and x coordinate given by equation 29 is employed in the follow-
ing derivations.
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Figure L. Geometrical Relationship
Between Nip Clearance and Location
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Pressure Distribution. The expression for velocity, 21 , may be

substituted into the continuity equation, 12 , giving;

" f’ + u][ l] i & )[ '(%)j}"’

(30)
Integration of 30 gives,
Q'j( )h'lz}a() . (31)
where U, is defined as (Ul + Uz).
Solving 31 for the pressure gradient gives,
dp 3 |9
& - 2pk’ |Fn-q . (32)

Integration of equation 32 gives pressure as a function of location in
the nip. In performing this integration, x is related to h through

equation 29 . The result is;

_3pgx
h, 2%% (33)

In equation 33 , Ca,is the pressure at nip center, and is usually
unknown. If the pressure, Pl, at some point, Xy is known, equation

32 may be integrated from limits Xy to x, giving;

P - P1+%Elt-1.5§'][%-%+ \/B/_h:(tm-lﬁ-m-é]

e n,
h, 2 -2
1

(33-a)
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Boundary Conditions. Equation 33 contains two unknown factors,
&, and CB; or, Q and Pl, as in 33-a ., Evaluation of these tonstants
requires two appropriate boundary conditions. One boundary condition
is supplied by the fact that at some point on the ocutlet side of the nip,
the pressure passes through a minimum value, P*¥, which will be determined
by the cohesive or adhesive properties of the fluid., At the point of
minimum pressure, designated x*, the clearance is h*, and the pressure
gradient, dP/dx, is zero. The velocity gradient between roll surfaces
is therefore linear at x*, and the rate of flow, Q, can be expressed as,
Q - %1::' . (34)
If the value of P* is known, or can be estimated, only one further condie
tion is needed to solve equation 33-a at a given value of h,.

Gaskell assumed that G was known and evaluated h' and x' from
equations analagous t¢ 34 and 29 . Gatcombe employed different
boundary conditions, assuming that pressure was zero at what amounted to
X = +5 « These conditions gave the result that P = 0 at x = O,

By solving for the point at which dP/dx = 0, Gatcombe calculated Q
from equation 34 . This analysis led to the result,
h" = 4/3h, , (35)

and

Q = 2/30U, h, . (36)
The boundary conditions chosen by Gatcombe are subject to question on
the following grounds.
1, For the pressure to equal zero at x = O and at x = £00, the
fluid would have to withstand large tensile stresses. Gatcombe realized

that real fluids would not withstand such stresses, but instead of



«26m

modifying the entire pressure profile, he agsumed that pressure wag
atmospheric where the equation predicted negative values,

2, The geometrical approximation, x = h, + xz/h, breaks down at
large values of X, and the equation based upon it is not valid at the
points where the boundary conditions were invoked,

While Gatcombets pressure distribution involves the assumption that
the fluid i, capable of resisting tensile stresses of any magnitude that
might be developed, Gaskell assumed that the fluid would sustain no
tensile stress and that the pressure, P*, would be zero at x*, Reither
agsunption can be strictly correct, because real liquids can actually
withstand some moderate amount of tensile stress. Where special
Precsutions have been taken to remove disturbing influences, tensile
stresses of several hundred atmospheres have been observed before fluid
rupture occurs. Vincent and Simmonds (36) reported rupture in a mineral
oil at -119 atm., and Trevenna (37) observed a stress of =300 atm. in
water, Ordinary fluids, not subjected to special purification Procedures,
contain impurities which serve as nuclei for cavitation, and are unable
to withstand appreciable tension before rupture., Banks and Mill (26)
were able to account for the force and time required fo separate two
smooth-ended brass cylinders originally stuck together with a viscous
liquid, by assuming that cavitation occurred when the absolute pressure
in the 1liquid reached Zero. On the basis of these data, the assumption
of P* a O employed by Gaskell appears to be a reasonable approximation of
the cavitation pressure. The assumption that P* is zero will also be
employed in the present investigation.

In order to solve equation 33 without the boundary conditions of

Gatcombe or the independent knowledge of Q uged by Gaskell, a new



-27-

condition or relationship must be employed. This relationship is provided
by equation 9 , It is assumed that there is a point, X,y Dear the
entrance to the nip region where both equations 33-a and 9 are
applicable. Equation 9 , based on the assumption that h, is zero,

is used to calculate the pressure at point X, This pressure is then
taken as a boundary condition for equation 33-a . The second boundary
condition, P = O at x* where dP/dx = O, is the same as that employed
by Gaskell. Ir more exact kmowledge of the pressure at which cavitation
occurs were available, this cavitation pressure could be taken as the
boundary value at x¥%,

The point, Xy Wwas chosen as, X, =~ 0.1 R. At this point,

hl = hy, + 0.01 R from equation 29 . Under most operating conditions,
h, is a small rfaction of hl’ and the assumptions leading to .equation

9 are not seriously violated. Further, at x = 0,1 R, the approximation

given by equation 29 1is 99,75 percent of the actual value of h,

Features of Nip Flow Theory and Method of Calculation

The solution of equation 33-a for the nip pressure distribution,
and equation 34 for the nip flow rate, permits additional features of
flow through the nip to be derived. The procedure followed in solving

33-a , and the additional derived results will be presented here,

Location of Coordinate of Film Split, x*, Equation 33-a was

solved by a trial-and-error procedure which is outlined below,
l. Equation 9 is solved for the value of Pyat ¥ =-0.1

2. A trial value of x* is assumed from the relationship,

x* X 0.474 Vii hy .
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5+ A value of h* ig calculated from equation 29 .,

4. A trial value of Q is calculated from equation 34 ,

5 Pl’ X1 hl' x*, h*, and Q are substituted into equation 33-a
in order to evaluate P¥,

6. If P* calculated in step 5 is not zero, a new value of x* is
selected, and steps 3 through 5 are repeated.

7. The value of x giving P* equal to zero is the correct x*,

w Rate. The value of x* found by the procedure outlined above

is subetituted into equation 34 to calculate the throughput rate, Q.

Force between Rolls., The force acting on the rolls is found by

integrating the pressure - area product between the bank entrance and the

point of film split. In terms of force per unit roll length, this

integral is, x*

F/L -[ Pdx . (37)

=R
The integral is conveniently divided in two parts; the force due to the
bank and the force due to the nip. The bank pressure is taken from

equation 9 , and the nip pressure from equation 33-a , Combining

these equations gives,

-0.1 -0,1
F/L = / 32/’[§+ 1]d§- /%R(N1+N2))a[.%3+1]d§
A -1

x* x. —1
+ P }-EEJ -159-:|E—-—*+ 2 (tan - tan
-0/1R{1+h, t b~ & \/;T. T_ ’5—_]

- %(ﬁ-%)}u (38)
l [ J
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Integration of equation 38 gives,

2 197,1 R h#* Rl 1
/L = G405 RP - I +5) mp+al log,3) + 3§ [3, - 31]
2

x x
+D |x* tan~? —x—L-xltan'l i, @ log.(R—g'*—lz) +C (x* - x,),
VE h: vﬁ h, R h, + x¥

(39)
wheres
A - }B{l(ut-l.sﬁ.) ,
B - 3RR
D = AVEAM, ’
e R -1, 5

C = Pl - A,E;'+ B ;3-- D tan T .

The terms of equation 39 are calculated in a straightforward
manner after x* has been evaluated. For given conditions of roll apeed
and size, and fluid viscosity and density, the equations developed here
permit calculation of total roll force and throughput rate for given
values of nip clearance. A curve of production rate versus roll force
can be constructed by repeatirg the calculations for a series of values
of clearance. The calculation of x* from equation 33-a and the subse=
quent calculation of throughput rate and force were programmed for
solution on a Royal-McBee LGP-30, atored program digital computer in
order to facilitate comparison of theory with experiment. Details of the

computer program are given in Appendix IV,
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Maximum Pressure. The maximum pressure in the nip is located on the
inlet side of the nip at the point, -x*. The points of maximum and min- .
imum pressure are equidistant from the center, because at these points
the pressure gradient vanishes, the velocity profiles are linear and equal,
and the clearances must be equal in order to provide a constant flow rate.
To calculate the maximum pressure, a value of -x* is substituted for

x in equation 33-a , once the flow rate and x* have been evaluated,

Maximum Shear Rate. In its passage through the nip, the fluid is

subjected to shear rates which range from zero to more than 105 sec'1

in some cases, The maximum rate of shear is found at the slow

roll surface at the point, x = O. The value of this maximum shear rate
can be calculated by substituting values of C1 from equation 20 and
dP/dx from 32 1into eyuation 14 , and setting h equal to h, and y

equal to -k,/2, This gives,

1) U, -0
du t, h* 2 1
(dy max = 3 (ho)(h—o - 1) + h, . (40)

Power Dissipation. Power supplied to turn the rolls is dissipated
as heat due to viscous shear in both the bank and nip regions. Only
power dissipation in the nip is considered here. The rate of energy
dissipation per unit volume in a fluid subjected to simple shear is the
product of the viscosity and the square of the shear rate. Thus the
power consumed per unit length of roll is given by,

}?‘ h/2 >

P du

T o= p () dy &x . (41)
L % _g;z dy
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Carrying out the integration indicated in equation 41 yields the

following expression for nip power consumption;

Q(U ) 2 " -
'LL "l/F 4 @)% - ¢ et + 2R ]Ean‘l iii"xh" - tan™ —é_]

2 x
2(9,) - IE 1}1.9..2-.1-. . (42)
[: Byl | Be ||ne® h§

Equation 42 may be further reduced, giving,

; b an”) -
L P Ut2 [ h ][ VE h.]
2 x 2 x
Q(h* h* || x* 1 h#™ | x# 1
8 h.) = 3u||B - hll + ‘}{ hy [pa2 " hi ’ R (42-2)

Stagnation Point. In the bank region of the mill, fluid near the

roll surfaces is carried toward the nip while fluid distant from the
surfaces flows away from the nip. The stream lines obtained from
Frazer's solution, equation (A II 40) of Appendix II, show the general
features of this flow in regions remote from the immediate vicinity of
the nip. Since this equation is based on the assumption of no clearance
between the rolls, it breaks down in the immediate vicinity of the nip,
and is unable to predict the point of ultimate flow reversal, or
stagnation point, beyond which all fluid moves forward through the nip.
On the other hand, the equations based on equation 10 do apply in the
nip region, and provide a method of estimating the location of the
stagnation point.

By requiring du/dy and u from equations 14 and 16 to vanish

simultaneously, the coordinates of the stagnation point may be determined.
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From this derivation, shown in detail in Appendix III, coordinates of the

stagnation point are given by:

xs .- - v,R ((Xh* - hJ ] (45)
y' -ﬁh* ) (44)
The values of O and /G are functions of the roll speed ratio, r, and are
given by:
X = 3/2 1+71 l+2r+ 2r , (45)
l+r+r
°L2 l -2

L - IE-Daes . (46)
The clearance between the rolls at the stagnation point is,
by = Xh* | (47)
For six-inch diameter rolls at equal roll speeds and a minimum
nip clearance of 100 microns, the h*/h, ratio is equal to 1,229, and
the point of flow reversal given by equation 43 4is -0.0146 ft.,
or 4450 microns. This corresponds to a value of -0.0885 R, For the
gsame roll diameter and roll speed ratio, the theoretical point of
flow reversal moves to -0.1 R when the minimum nip clearance increases
1o 280 microns. Since a clearance of 280 microns corresponds to an
unusually wide operating clearance, the point of flow reversal usually

falls between the nip center and the the assumed boundary of the nip

flow equations,

Fraction of Flow Associsted with Fast Roll. A portion of the total
flow pasaing through the nip comes from a layer of fluid near the surface
of the fast roll, and the remainder comes from a layer near the slow roll,

The fraction of the total flow in each of these layers can be calculated
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if the velocity distribution and thickness of these layers is known. The

quantity of flow associated with the fast roll is given by

h
s/2

Qf'j/ud:r , (48)
]

where Ve is the point of division between slow and fast roll streams,
and h./2 is the surface of the fast roll at Xge Substituting the
expression for u from equation 21 into 48 , and integrating between

tae limits, y_ =Qh*, 44 , and ns/z = A h*/2,47 , gives,

2 *
Qf . UIE% 'ﬁh"] + EJZ-U]] [:2“1h*( 4h* _/_32h*2) + ( .h2_u 'Ah*)__l

1 4P, [1,&ns o2 x2
‘35 (s [‘5'(—8— -8°n%%) - __(!'E‘-‘i ,ohfgl . (49)

Equation 49 may be reduced to,

2
'Uh*[("'ﬁ)+(r-1) 2 -42-55)
3
rEen-pH LAY (50)

The total flow, Q, from equation 34 is,

Q = Uth*/2 = U, h* (1 + r)/2.

The ratio QI/Q = f is therefore,

2 a r-1.34 4 1,,3A4 X
f =« (T5TGE-8)+ 2(1.—3)(}8—-3-%) +2(1 '5)(}'4'"§'Z) ‘
(51)
Values of f calculated from equation 51 for common roll speed ratios

are listed in Table I,



Table I, Estimates of Relative Flow Fractions
Associated with Fast Roll

Roll Speed Ratio Fraction of Flow Associated with Fast

T Roll, £
1 0.5

2 0.744
3 0.851
4 0.907

Relative Point of Flow Division, The coordinates of the point

at which the forward-flowing layer from the fast roll joins the

forward-flowing layer from the slow roll were given by equations

42 and 44 . The distance from the fast roll surface to this point

is hs/2 i and the ratio of this distance tc the total clearance

is (0.5 - ys/hs), or (0.5 -8 /x), & function of roll speed ratio

alone,



IV. EXPERIMENTAL INVESTIGATION

The experimental program was designed to test the validity and
range of applicability of the nip flow theory based on the hydrodynamic
theory of flow of a constant viscosity liquid. The greater portion of
the experimental work was directed at evaluation of the relationship
between force applied to the rolls and the total quantity of flow through
the nip., The maximum size of spherical glass beads passed through the
nip without fracture, and the relative transfer of fluid to the faster

roll were also investigated.

Aggggatul

The principle experimental apparatus consisted of pairs of rotating
cylinders. Auxiliary equipment consisted cf pressure measuring gages,

a temperature measuring pyrometer, a balance, a viscometer, and a
microscope.

Roll System. The roll system was mounted on a Kent laboratory three-
roll mill frame. During part of the investigation, the roll system
consisted of three, 4-inch diameter rolls, eight inches in length.

No take-off knife was employed, and the rate of flow through the

feed nip was determined from the quantity of fluid carried on the
surfaces of the slow and center rolls. To extend the studies to larger
size rolls, the 4-inch diameter rolls were replaced with two, 6-inch
rolls, five inches in length., All rolla were of hollow, hardened steel
construction. Plates at the ends of the rolls were employed to maintain

& bank of fluid between the rolls., Temperature control was provided by
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circulation of cooling water through the interior of the rolls. Roll
speed ratios of 1l-1, 2-1, and 3-1 were obtained by changing the ratio
of the driving gears. ‘Total roll speed was varied by use of different
ratios of chain sprocket sizes between the mill motor and the driven
roll, A photograph of the system with 4-inch rolls in place is shown
in Fig. 5.

The mill motor was equipped with General Electric Plug Stopping
Controls for quick stopping. When the plug-stop switch is depressed,
the phase relationship of the current to the two-horsepower, three-
phase, 220 volt motor is reversed. The reversing relay is held closed
by an electromagnet deriving its power from a plugging generator driven
by the mill motor., When the motor stops, the reversing relay is
spring opened, and all power to the motor is shut off. The sequence of
events from depression of the plug-stop switch to complete mill stop
is, for practical purposes, instantaneous. Since the rolls are
stopped without coasting, the film thickness on the stopped rclls is
the same as that on the rotating rolls, A diagram of the plug-stopping

controls is shown in Fig, 6,

Pressure Gages., Force was applied to the rolls through two oil
filled pistons equipped with pressure gages. The gages were calibrated
in pounds force and could be read with a precision of + five pounds.
The total force applied to the rolls was the sum of the two gigo
readings. The range of each gage was O - 1000 pounds force. The
gages were calibrated on a Tinius Olqen testing machine and were
found accurate within 4 percent. A calibration chart was used in

converting gage reading to true force values.



Figure 5.

Photograph of Roll Mill with Four Inch Rolls in Place
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Figure 6.
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Sqrfggo Pyrometer. The temperature of the fluid on the surface of
the rolls was measured with a type 4200 portable pyrometer manufactured
by Illinois Testing Laboratories, using a type 4090 sensing head.

The sensing element is & 4-inch wide bimetalic Junction in a strip

5u% inches lohg; The temperature was measured by holding this strip

-against the rotating roll with a force of approximately one pound. In

one geries of tests the temperature was also measured by inserting a
coppor-cénntantan thermocouple into the fluid bank until it nearly
entered the nip. The potential of the bank thermocouple was measured
with ﬁ Leeds and Northrup potentiometer, using a water-ice bath for
reference junction.

Ea;lnco. In the flow rate studies, cotton pads contaiq}ng fluid
scraped fron measured areas of roll were weighed on a Christian Becker
Chainomatic analytical balnnoo.- Weighings were estimated to be accurate
within t 0,2 milligrams, with sample weights ranging from a low of
0,02 graas to 1 gram of fluid scraped from the roll.

Yiscometer. A procilion rotational viscometer manufactured by
Sun Chemical Co. was used to measure the viscosity of the fluids used
in this study. A complete disoription of this instrument and itn
theory:of operation was given by Lower (30). The viscometer has a
rotating outer cup with 2.53 om radius and a fixed inner bod of 2.50
om radiuss The torque imparted to the bob through the fluid by rotation
of the cup is measured by the deflection of a calibrated spring. Tﬁo
ocup is lufroundod by a thor-oqtctod water bath p‘rmitting operation at
ooﬁtrpllo@, elevated tonporttufo-. The measurement of viscosity in this

instrument was limited to rates-of-shear below 200 -oo'%.
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Mioroscope. Glass beads passed through the nip between rolls were
observed and photographed with a Bausch and Lomb microscope mounted on
an optical bench. fho.oyopioco used was & 5 x Hyporplina. Two objectives
were used, a Bausch and Lomb 10 x with 0.25 N. A., and a 40 x
Carl Zeiss lens with 0,65 N. A. Together with the magnification given
at the photographic plate, these lenses gave magnifications of 74 x and
29§ X respectively. ?hotograph: were taken on Ansco type 282 pudchromntio
film. Measurement of bead size was performed by projecting the photo-
éruphio negatives on a screen and measuring the particles with a scale

calidbrated from a stage micrometer photographed under the same maginifi.

oation.

Materials

The materials used in this study were viascous liquids and glass
beads.

Viscous Liquids. The fluids on which the forco-throughput_ltudiol

were performed are listed in Table II, along with their viscosities

at 30 °C and the constants of their temperature - viscosity relationships.
Lithographi; varnishes are refined, heat bodied linseed oils of the

type commonly employed in printing ink manufacture. The copolymer

H-2185 ink vehicle is an alkyd resin type ink vehicle. Polybutenes are
synthetic polymers obtained by the catalytic polymerization of normal

and branched chain butenes. Acroloid HF 825 is a solution of butyl
methacrylate polymer iﬁ di-2-ethylhexyl sebacate. Sucrose acetate
isobutyrate, SAIB, is produced by the controlled esterification of
sucrose with acetic and isobutyric anhydrides. It is notable for its

unusually high viscosity-temperature coefficient.
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Table II
Visc of Fluid 1. in Rate Studies
Material Source Viscosity MY 1) gg
at 30°C
‘ Poise
1. No 1 Pale Litho Varnish Superior(8) 16,86  1707.3 10,0531 0.957
2. No 2 Pale Litho Varnish Superior 27.20  14660.4 9.7728 0,960
3. No 3 Pale litho Varnish Superiar 39.40  1660.3 9.6283 0.962
k. Wo L Pale Litho Varnish Swperior 61.2 hl”oh 8.5600 0096!‘
S. No 5 Pale Litho Vamish 103,.L L48S6.0 9.5326 0,966
6. No 8 Pale Litho Varnish Supcria) 294 L335.1 B8.1515 0.966
'g. 33 18’;180 Dark LitI:: ;arnhh Braden 2?5.1 ggzh.o lg.gggg. gggl
. H21 opolymer hicle Superi 235.1 1.1 . 002
9 Po]atmtcnz sl!.xw:re (c’ Inch,;s) 122 5823.0 11.2413 0,871
10, mgm L R-H 101.6 5171.6 10.13589 0.978
11,

12, White Ink (k)

zumn{h; 972.2(9) 12269  21.LLSL 1.1L6
k) ")8 3997  8.3072 1.559

.
b.
C.
d.

..
f.
g
h.
J.
k.

Supericr Varnish and Drier Co., Merchantville, N. J.

Braden Sutphin Ink Co., Cleveland, Ohio

Mixture of Polybutene H-35 and 128

H-35 from Indoil Chemical Co., Chicage S, I1l.

and 128 Polybutene from Oronite Chemical Co., San Francisco L, Calir.
LO% Acroloid HF 825 in Plexol Solvent

Rolm and Haas Co., Philadelphia, Pa.

Sucrose Acetate Isobutyrate

Eastman Chemical Products, Inc., Kingsport, Temessee.
Viscosity at 4O° C

S0% by Weight Unitane OR3L2 Rutile T10; (American Cyanamid Co.)
in No 1 Pale Litho Varnish (Superiecr).

(1) Constants in Equation

*

logygpd = M - b

MM = viscosity, b-sec/ft?
T = temperature, degrees Rankine

Range L40-50° C.
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The viscosity of each of the fluids was measured at 20, 30, 40,
and 50 °C on a rotational viscometer. An empirical equation of the

fora, X
log}x - T-b, (52)

was fitted to the viscosity data for interpolation purposes. All of

the systems studied, including the 50 percent dispersion of Ti0, in

2
varnish, exhibited Newtonian viscosity behavior at low rates of shear.

At higher shear rates, the more viscous systems gave non-linear curves
of stress versus rate-of-shear, but this curvature was of the order
of magnitude that could be explained by the temperature rise in the
rotational viscometer. Ihoio curvature was evident, the slope of the

stress-shear rate curve at low shear rates was used for determination

of the viscosity.

Glass Beads. The glass beads used in determination of the minimum
nip clearance were type 140 standard reflective beads obtained from
the Flex-O-Lite Corporation. A photograph of a sample of the beads
at a magnification of 74 x is shown in Fig. 7. Many of the beads

apreared to be hollow, or at least, to have numerous air bubbles in

their interiors.

Experimental Procedure

The experimental procedure followed involved measurement of
the flow rate between the rolls, evaluation of the fraction transferred .

to the faster roll, and measurement of the size of glass beads passed

through the rolls,
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Unmilled Dispersion of Glass Beads

Figure 7.

74 X Magnification
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Measurement of Flow Rate. Rate of fluid flow through the mill

nip was measured, after equilibrium operating conditions had been
established, by plug stopping the rolls, scraping the fiuid from a measur-
ed area of each roll with a razor blade, wiping the blade on tared
cotton pads (a separate pad for each roll), and reweighing the pads.

The weight of fluid divided by the acraped area and fluid density,

amd multiplied by the surface velocity of the roll gave the flow rate on
that roll in volume per unit time per unit roll length. The sum of flow
rates on the two rolls gave the total nip flow :rate, It was necessary to
weigh control cotton pads when the sample pads were tared and reweighed,
since the pads sometimes gained or lost moisture between weighings.

The weight change of the control pads, which differed in handling from
the sample pads only in that no fluid was wiped on them, was used to
correct. the sample pads for any change due to moisture gain or loss.

Dimensions of the acraped area on the rolls were measured with
dividers and rule to within ¥ 0.05 cm. The chord of the width of the
scraped area was actually measured, but was corrected to the arc length
for the calculation of area, Weighings were carried out on an anaiytical
balance with an estimated accuracy of ¢ 0.2 milligrams. The minimum
fluid sample weight was 0.02 grams, and ranged up to one gram. Sample
areas scraped from the roll ranged from 40 to 70 sq-cm, and were usually
near 60 sg-cm.

When three rolls were employed, the flow rate on each was measured,
although only feed roll and center roll flows were used in the calcula-
tions reported here. No take-off-knife was employed, and the thickness
of fluid on the fast roll established an equilibrium with that on the

other two rolls, Fluid which accumulated at the ends of the fast roll
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was periodically removed and returned to the feed bank to keep the total
quantity of fluid in the system constant during each series of measurs-
ments, /

In establishing operating conditions for each series of tests, the
cooling water flow rate to the rolls was regulated to give equal surface
tonpo;gturcs on each roll. Although water rate was not measured, it was
observed that higher rates were required for the faster rolls in order to
maintain equal roll surface temperatures. In general, it was not
pouuiblé to keep roll temperatures constant as pressure was increased
in any givin series of measurements. For this reason the temperatures
were recorded, and the viscosities at operating temperature were

calculated from the viscosity-temperature equations of the fluids.

Nip Clearance Evaluation with Glass Beads. In order to obtain an

independent measure of the clearance between rolls for compariaon with
the calculated values, experiments were made with fluids containing

5 percent by weight of spherical glass beads of the type used in
reflecterized paint. The beads ranged in diameter from less than one,
to over 200 microns. Operating procedure for the glass bead experiments
was similar to that used in the flow rate studies with simple liquids,
except that samples of the bead containing fluid were removed while

the rolls were in operation. Samples of the fluid scraped from the
moving rolls with a rasor blade were placed in tared crucibles, weighed,
and ignited at 900 °C. The weight of glass residue in the crucidble was
used to calculate the concentration of beads 1nxtho fluid passed by the
nip. A locondifnmplo was placed in a flat, one-ounce can and allowed
to stand ovcrniéht while the beads settled. The sediment, containing

& concentrated sample of beads was examined microscopically to
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determine the size of the largest particles that passed through the roll
nip unbroken. Photomicrographs were taken of the bead samples using the
equipment and procedure described under "Microscope".,

Each set of experiments was performed in the order of decreasing
roll force. A fresh sample of fluid and beads was placed in the bank at
the start of each series, and the rolls were started at high roll fqrco.
When temperature equilibrium was established, operating samples were
taken, and the rolls were plug-stopped. Samples were scraped from the
rolls for flow rate measurement, and the rolls were restarted and ad-
Justed to the next lower force level in the series. Each sgrioa consist-
ed of runs at forces of 4320, 3360, 2880, 2400, 1920, and 1440 pounds
per foot of roll length,

The effect of glass content, at the measured glass concentration,
was taken into consideration in the fluid density used for calculation

of the volumetric flow rate from the gravimetric flow rate measurements,

Experimental Conditions. The ranges of principal variables used

in the force -throughput rate studies were:

1. Pluid viscosity, 17 - 240 poise;

2, Roll diameter, 4-inch and 6-inch;

3+ Roll speed ratio, 1-1, 2-1, and 3-1;

4. Speed of fast roll, 155, 198, 245, and 300 Tpm}

5. Force on rolls, 255 - 4320 1b/ft,

Although all possible combinations of these variables were not
employed, force vs. throughput rate curves were obtained under 61
different combinations of conditions, which embraced a total of 404
experimental runs. Six conditions were explored with fluids containing

€lass beads in 41 experimental runs. A list of the different experimental
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conditions employed is given in Table III, along with the notebook and
page number where the original data were recorded. Fluid numbers in

Table III correspond to the list of fluids given in Table II,
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Table III Experimental Conditicas Tested

-In Roll Dismeter
~ Tast Noll RPN Fast Roll AN
155 2145
Ratio ~ Ratio "~ Ratio " Ratio "~ Natio " Hatle
3-1 2.1 1-1 3l 2-1 1.1
1-222-12)  1-222-90 1-222-112 | 1-222-130  1.222.10) 1.222-118
3-222-126  2-222-9) 3-222-132 3-222.11  3-222-106 3.222-120
10-222.1;2 3-222.96 10.228-8 10-222-118 3-222-140 10.228-6
11-231-30 9-222-102  12-222-116 | 11-231-34 10-222-106 12-222-122
12-222-128 10-222-1)) 12-222-13 12.222-108
11-231-36
12.222-110
12-222-138
6-1n Roll Diameter
Fast Roll R Fast Roll RPM
198 300
Ratio Ratio Ratio Ratio Ratio Ratio
3-1 2-1 1-1 3-1 2-1 1-1
1-228-28 1-228-34  1-228-)) 1.228-22 1.228-18 1.228-14
5.228-30 1.228-102 5.228-)2 1-228-74 3-228-80 6-228-16
6-228-32 3-228-10} 6-228-40 1-.228-1ly  6-228-20
11.231.30 4-228-110 1g-231-22 3-228-76 1-228-78
1g-231-16 5-228-3 6g-231-2) L-228-1)46
6g-231-20 6-228-38 5-228-26
6-228-106 6-228-2)
7-228-108 6-228-1L48
8-228-112 6g-231-10
11-231-32 6g-231-20
1g-228-122
1g-228-138
8g-228-12}

Numbers in table are given in order, Fluid, - Notebook Number - Page.

* Fast Roll RPM 10}



-49-
V. RESUITS

Experimental and theoretical results of the flow rate studies are
listed in Appandii VI, Table XXI. Glass bead study results are listed
in Akppendix VII, Table XXII. A graphical presentation of results is
given in Figs. 8 through 23.

Relationship of Roll Force to Throughput Rate

The rate of flow through the roll nip was calculated from the messure

eod fluid film weight per unit area and the known surface speed of the
rolls. The force per unit length of roll was caloulated by summing

the corrected gage force readings and dividing by the roll length,

The fluid viscosity at the measured film surface tomper;turo was
calculated from the appropriate viscosity-temperature equation. The
theoretical force-flow rate relationship was computed for a series of
values of minimum nip clearance for each condition of roll diameter,

roll speed, roll speed ratio, and average fluid viscosity. Since it

was not always possible to maintain the roll tctportturo constant as roll
pressure was changed in one experimental series, the computer calcula-
tions were carried out lt;the average of the experimental fluid viscosity,
In order to provide a valid comparison between the experimental and
calculated results, it was necessary to correct for the resulting
viscosity difference. The experimental results and the theoretical
equations both indicated that the throughput rate was nearly proportional
to viscosity when other conditions were equal. AdvuntagQ was taken of

this relationship to correct for viscosity differences within a single
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experimental series. In Figs. 8 - 19, the experimental flow rates,
corrected to the average viscosity of the series, are plotted versus

the reciprocal force per unit roll length on log-log coordinates. The
machine computed curves at the same avoragb viscosity values are plotted
in these figures for direct comparison with the experimental values.,

The theoretical curves are identified by circled symbols of the same
kind as used for the corresponding experimental points. The fluids are
identified in Figs. 8 - 19 by numbers corresponding to those found in
Table II, and the average fluid visoosity for each ourve is given in
poise units, Experimental values are tabulated in Appendix VI together
with theoretical flow rate values, The theoretioal values were corrected
to the experimental viscosities by interpolation between theoretical
curves. The experimental flow rate values for all the tests are plotted
versus the corresponding theoretical flow rates in Fig. 20. Since the
behavior of the No. 8 varnish and the SAIB differed somewhat from that
of the other materials, the data points for these materials are
identified separately in.fig 20, The theoretical line with unit slope
is indicated together with dotted lines representing the 95 percent

confidence limits of the best line through all of the points,

Transfer Fraction

Values of the fraction, f, of fluid transferred to the faster roll
are listed in Tables XXI and XXII with each experimental run, This
fraction is the ratio of the flow rate on the faster roll to the total
nip flow rate. In the 1-1 roll speed ratio tests, the driven or front

roll was considered the faster roll in calculation of f.
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FIGURE 8 - NIP FORCE AND FLOW RATE
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FIGURE 9 NIP FORCE AND FLOW RATE
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FIGURE 10. NIP FORCE AND FLOW RATE
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FIGURE Il NIP FORCE AND FLOW RATE
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FIGURE 12. NIP FORCE AND FLOW RATE
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FIGUREI3. NIP FORCE AND FLOW RATE
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FIGURE 14. NIP FORCE AND FLOW RATE
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FIGURE IS. NIP FORCE AND FLOW RATE
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FIGURE |16. NIP FORCE AND FLOW RATE
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FIGURE |7 NIP FORCE AND FLOW RATE
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FIGURE I8, NIP FORCE AND FLOW RATE
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OBSERVED NIP FLOW RATE
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Passage of Glass Beads Through Nip

Data obtained from experiments made with glass beads are listed in
Table XXII, Appendix VII, and are plotted in Pigs. 21, 22, and 23,
The observed maximum bead diameter palsid by the nip is compared with
the calculated minimum nip»ololr;nco in Fig. 21, the observed flow
rates with calculated flow rates in Fig., 22; and the observed flow rate
is plotted versus maximum bead diameter in Fig. 23. The theoretical
flow rate-clearance curves are shown in the latter figure for comparison
with the experimental values. Run conditions and data point symbol

nomenclature for the three figures are given in Pig, 21.
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FIGURE 21. OBSERVED MAXIMUM BEAD
SIZE COMPARED WITH CALCULATED
MINIMUM NIP CLEARANCE
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FIGURE22. MEASURED AND CALCULATED
FLOW RATE IN GLASS BEAD SYSTEMS
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FIGURE 23, GLASS BEAD DIAMETER
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VI. DISCUSSION OF RESULTS

An inspection of Pigs. 8 through 19 reveals that the experimental
flow rate measurements are in good general agreement with the predio-
tions of the viscous flow nip theory. In some cases almost perfect
sgreement was observed. In other cases there appeared to be divergence
of experiment from theory of a greater magnitude than appeared reason-
able on the basis of experimental error. In general, the experiments
with low viscosity fluids and 4-inch diameter rolls show better agresment
with theoretical predictions than do the high viscosity, 6einch roll
experiments. In most instances, the slope of the curves of log flow
rate vs. log reciprocal roll force follow the theoretical predictions
even when values differed in absolute magnitude. The mean of the logs
of all experimertal flow rates corresponded to a flow rate of 4.49 x ILO"4
cu-ft/ft-sec. This value was 6.2 percent below the theoretiocal mean
value of 4.78 x 104 cu-ft/ft-sec. The only theoretical troationt in
the literature that offers & method of oltinntiné the flow rate in such
systems is that of Gatcombe (20). By this theory, the flow rate is equal
to 4/3 times the proﬁuct of the average roll velocity and the minimum
nip clearance. Gatcombe's theory gives estimated flow rates approximately
8 peroent higher than thblo obtained from the present theory, or an
estimated average flow rate of 5.16 x 10~4 cu=ft/ft-sec. It is seen
that the theory offered in this dissertation presents a closer estimate
of the average flow rate than does the Gatcombe theory, although as is
shown later, both may be in substantial error under conditions im which

the fluids deviate “rom the constant viscosity condition,
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Presentation of the data ‘s log flow rate vs. log reciprocal force
was found bo be more convenient than either direct flow rate vs. force
plots or flow rate vs. reciprocal force plots. The former are nearly
hyperbolic in shape and do not lend themselves to ready interpolation.
While flow rate va. reciprocal force plots are nearly linear, they crowd
the data at high force values and require excessively small scales for
presentation of the entire range of data.

Statistical Analysis of Flow Rate Data

The data of Table XXI and Fig. 20 were analyzed statistically to
provide a measure of the reliability of the data and the correlation
obtained,

Standard Deviation of Experimental Flow Rates. Duplicate measure-
ments wers made on most of the experimental runs with the 4-inch

diameter rolls. These values provide an extimate of the reproducability
of the experimental technique. An inspection of the data indicated that
the variance associated with the measurement of flow rate was not inde-
pendent of the level measured, but inoreased with increasing flow rate.
For this reason a standard deviation calculated directly on the flow rate
values would not give a true picture of the reliability of the data. This
standard deviation would indicate a higher variance at low flow rates and
& lower variance at high flow rates than the data warranted. Since a
plot of the data indicated that the percent variation of data was more
nearly constant than the absolute magnitude of variation, the standard
deviation of the logarithm of the duplicated values was calculated as

shown in Table IV, to serve as a measure of the reproducability of the

sxpe:-imental technique.



Table IV

Standard Deviation of Logarithms of

Measured Flow Rate Between 4-Inch Rolls

Source Sum ’bf Squares m.-_ of Proom"

108 Pairs 0.14838 216
2 Triplications 0.00116 4
1 Quadruplication 0.00750 3
1 Quintiplication  0.01018 4

Total 0.16722 227
Variance = 7.366 x 10~4
Standard Deviation « 0,0271

The standard deviation obtained here indicates that the 95 %
confidence 1initl of the log of an observed flow rate are t 0,0531,
corresponding to actual flow rate confidence limits of + 13 and - 11,5 %,
A portion of the variance in duplicate samples was due to slight
temperature differsnces between duplicates, 'hon only the 74 pairs of
Réasurements made at equal temperatures are considered, the standard
deviation of the logarithms is 0,0226, and the 95 % confidence limtis of
the .flo'A rates are + 10.8 and -9.8 %,
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Statistical Measure of Agreement Between §§ngrinont51 and
: tical F tes. A statistical study of the comparison between
experimental values and caloulated values of logarithms of flow rates was

conducted to provide answers to the tolloving questions.

l. What are the limits of confidence of a theoreticsl calculation
of log Q?

2. What is the best line relating experimental to calculated flow
rates, and what are its confidence limits?

3. Is there any significant difference between the best line
through the data and the theoretical line? |

4. Do ocertain oxporihnntal conditions give significantly different
results than the bulk of the data?

5¢ Is the slope of the best line through the 4-inch diameter
roll data significantly different from that through the 6-inch roll
data?

Details of the statistical analysis and results obtained are
presented in Appendix V. The principal ro-ultc..ro summarigsed here.

Preoisicn of Theory. On the basis of all the data, the 95 %
confidence limits for prediction of a single experimental flow rate

from the theory are + 110 % and - 52.4 %. With data for SAIB on 6-
inch rolls and No. 8 varnish excluded, the 95 % limits were + 56 %
and - 36 %. For the 4-inch roll data alone, the confidence 1limits
were + 45 % and - 31 %,

Bffeot of Differences in Fluids and Roll Diameters. Separate

analysis of the data for No. 1 varnish, No, 8 varnish, intermediate
visoosity fluids, and SAIB indiocated that only the slope of the
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SATB data deviated to a significant degree from unity. For the
other fluids, the slopes of log theoretical ve. 1og measured fllow
rate curves did not differ to a significant degree from each other,
nor did the pooled slope of the best individual lines deviate to
& significant degree from unity., Por each of these systeas there
vas & significant difference between the mean of calculated and mnean
of experimental flow rates,

There was no signifioant difference between the slopes of the
best lines through the 4-inch roll and 6-inch roll data.

Intonrogtion of Flow Rate Results

The statistical analysis of the flow rate data permits several
conolusions to ﬁo drawn about the results, but does not explain their
origin. Rurther reasoning into the physical phcnouu involved is
required for explanation of the deviations and trends observed,

| The high level of correlation coefficient, Tys Obtained (Table xy).
frq- the purely theoretical line offers evidence for the gonofal validity
of the nip flow theory. On the other hand, the rather wid; confidence
lizits required to include 95 % of the experimental flow rates indicates
the operation of variables whioch contribute considerable uncertainty to
an individual on.louigtod value. Furthermore, the fact that the best
single line relating the experimental to calculated values deviates
to a significant though mll‘dogrn_ from the theoretical slope of
unity, indicates the operation of a modifying factor whioch is a function
of the level of flow rate tested. Since the slopes of the best lines
through the No. 1 varnish, the No. 8 varnish, and the intermediate
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viqco.ity material data, considered as separate sets, do not show s sig~
deviation from unity, the cause of the deviation of the slope of the
entire body of data does not appiar to reside in the roll speed, roll
speed ratio, or pressure variable. The similarity of slopes of the 4 -
inch roll data and the comparable 6-inch roll data indicates that roll
size is not the contributing factor either. The source of this variation
becomes apparent from a plot of the means of the data sets for No., 1
varnish, No., 8 varnish, intermediate viscosity fluids, and SAIB on
6-inch rolls shown in Fig, 24. The lines through the individual data
sets fall parallel with, but displaced from, the theoretical line. The
SAIB appeared to be a special case which will be considered later. The
experimental conditions employed resulted in vertical displacement of the
mean experimental flow rates for the different sets. The effect of the
lateral displacement of the lines coupled with the vertical displacement
of the experimental means produced a slope (0.595) different from either
unity or zero for the line through tho_noan. of the data sets. Had it
been possible to choose experimental conditions such that the mean

~ experimental flow rates for each set of fluidl were oqﬁal, the lateral
displacement of the individual data sets would have affected only the
scatter of the data but not the slope of the best line through all of
the data. The deviation of the slope of the line from unity is there-
fore, in a sense, an artifact of the range of experimental conditions
chosen, In practice, the range of flow rates obtainable is not entirely
under control of the experimenter, since practical considerations in the
opurtt;on of tho equipment permit the highoit flow rates to be obtained
only with the higher viscosity fluids.
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I_t, is oconcluded that the mean flow rates of the viscous, polymerio
fluids tested can be related to the flow rates calculated from the nip
flow tbou-y by use of constant multiplying factors, The set of SATB ex-
mtn oa 6-inch rolls constitutes the only case in which the devia-
tiﬂ'l from theory varied with changing flow rate. The average correction

constants for the polymeric vehicles (all fluids tasted except SAIB) on
the 6-inch rolls are given in Table V.

Jable V
tion Fao elating Bxp to_Theoreti
zP ric_Vehiole. 6-I moh Rol
Systea Jxperipeptal Q Average Viscosity
Theoretical Q Polse
"No. 1 Varnish 1.234 22,8
14
Intermediate Fluids 0.894 T7.4
No. 8 Varnish 0.499 165.4
" - - T

i

The oorrection factors given in Table V are plotted against the
average .viuoo-:l.ty of the data sets in Pig. 25, vhere it is seen th'at the
factors decrease in a regular fashion with increasing fluid viscosity,
This oonsistent deviation is attributed to a factor, or factors, which
caused the effective viscosities of the fluids in the nip to differ from
the values used in calculating the theoretical flow rates. The higher

the viscosity range, the greater was the difference between effeotive nip
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viscosity and viscosity calculated from the measured roll surface temper-
ature,

There are at least four factors which may have contributed to a
deviation of the effective nip viscosity from expected viscosity.
Thoqo are:

l. Experimental method of measuring fluid temperature on roll
surface may not give accurate reflection of nip temperature.

2., The viscosity of the fluid may decrease during nip passage due

to internal heat generation,

3. The viscosity of the fluid may increase during nip passage
dus to pressure rise in the nip,

4. The viscosity of the fluid may change under shear in the nip
due to non-Newtonian rheological properties,

Without a complete solution to the nip flow equations which considers
the case of variable viscosity due to the factors listed above, it is not
presently possible to determine which factor controls deviation from the
constant viscosity case in a given instance. In the following discussion,
order of magnitude approximations are made to illustrate the potential

effect of each of these sources of viscosity variation.

Tomgoraturc Measurement and Fluid Vilcositx in the Nip. The esti-

mation of fluid viscosity in the nip from the film temperature measured
by a thorﬁdcouplo held to the surface of the moving roll was probably
the greatest single source of experimental error in the entire program.
It was realized from the outset that this measurement could only reflect
an approximate value of the effective nip temperature. The problem of

measuring the temperature within the nip zone itself is compounded by
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the narrow clearances involved, the high stresses encountered, and
by the movement of the rolls., These factors prevent the insertion of
a temperature lenliﬁg element directly into the maximum shear sone.
Near the completion of the experimental program, a thermocouple was
installed in the bank region just above the nip in such a manner that it
encountered the stream of fluid being rejected from the nip. In general
the temperatures measured by this thermocouple were comparable to the
surface measured temperatures. The bank temperatures were subject to
greater fluctuations, probably because of the effect of slight shifts in
thermocouple location on the particular stream line encountered. A
comparison of average run temperatures measured by the bank and surface
thermocouples is given in Table VI. In the case of the No. 1 varnish
experiments the bank and surface temperatures are in close agreement.
Greater differences were observed in the individual runs with No. 8
varnish, but the average difference for the six conditions investigated
was only 2.8 °F., Close agreement between surface and bank temperatures
was observed for the SAIB on the 6-inch rolls, but in two runs on
4-inch rolls, an average difference of surface over bank temperature
of 15 °F was observed. The close agreement between theoretical and
experimental flow rates obtained for SAIB on the 4-inch roll (Figs. 8 and
9) indicates that the surface temperature, which was used for viscosity

determination, gave a more nearly correct viscosity than did the bank

temperature.
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Table VI

Comparison of Fluid Tqmgorature. Measured on Roll Surface and in Bank

L)

Roll Diameter, In.

Average Run Temperature*, °F  Fluid  Holl RPM

Surface Bank Nl N2
78,7 79.7 No. 1 Varnish 99 198 6
86 86,2 " 103 310 6
87 86.2 " 105 315 6
89 88.3 " 105 315 6
80 7845 " 198 198 6
98.8 93.7 No. 8 Varnish 99 198 6
104.7 111.8 " 103 310 6
107 111.8 " 105 315 6
89.3 104.7 " 105 315 6
107.5 117.2 . 105 315 6
114.4 _99 " 198 198 6
88.8 90.2 No. 4 Varnish 103 310 6
125.5 123.2 SAIB T2 215 6
128,7 128.8 " 107 215 6
118.3 105.8 " 35 104 4
123 105.3 " 75 155 4

% Each point is average of runs at six values of roll force.
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The actual tesmperature distribution in the nip is unknown, al-
though several statements can be made regarding its limits and its
general character. A camplete solution of the problem would involve
a solution of the differential equations for flow and temperature,
with variable viscosity, which was considered to be beyond the acope
of the present invdstigation. Solutions have been obtained for spec-
ial cases of equilibrium flow in a rotational viscometer by Kuhns and
Weltman(41), flow of a viscous polymer through a cylindrical tube by
Gee and Iyon(42), and flow of Newtonian viscous fluids between equal
speed calendering rolls by rinaton(23 ). The latter is the most per-
tinent to the system under consideration here. The general form of
the temperature distribution can be understood by consideration of
the competition between heat generation due to shear in the fluid
and cooling by heat transfer to the walls. Because fresh cool fluid
constantly enters the shear zone,ltho aveage temperature rises from
the nip inlet to the outlet. The 'result is a three dimensional temp-
erature distribution with minimum values occurring at the cooled roll
surfaces. Because maximum shear rates occur at the surfaces s ridges
of higher temperature are located near the surfaces. If the rolls
are operating at differential speeds the temperature ridge near the
slower roll will be greater than that near the fast roll. The level
of the valley halfway betwsen the centers increases in the direction
of flow. The problem is camplicated by the fact that viscosity, temp-
erature, pressure, shear rate and flow rate are all interrelated.

The 1imiting temperature rise from nip inlet to outlet can be esti-
mated from an energy balance on the fluid with the assumption of adia-
batic roll surfaces. This is given by,



ag = 9

A, (53)

where q, the rate df nip energy input is calculated from oquation

b1, Q is the theoretical mip flow rate, and 2 and Cp are fluid den-
sity and heat capacity Pespectively.

To illustrate the magnitude of this theoretical maximwm of the
average temperature rise, the calculation was perfoarmed for the fol-
lowing case, corresponding to experimental rum 64 with No 8 varnish.

M = 161.3 poise = 0,337 lb-uc/ft'
¥, = 102 rpm, surface velocity = 2.67 ft/sec -
N3 = 305 rpm, surface velocity = 7.98 ft/sec

S « 60.4 1b/cu-£t .
h, = 100 micrams = 3.26 x 107 £t .

R = 3 inches .

Theoretical results obtained for these conditions are as follews:
Point of film split, x*= 4.336x10 ° ft = 0.052-inch ,
Total Roll force F/L = 3745 1b/ft
Flow Rate Q =2.148 x 107" cu-ft/ft-sec ;
Energy Input qQ = 3.212 Btu/sec-ft .
If & value of 0.4 Btu/lb-“Fis assumed for the heat capacity of

the fluid, the averege tamperature rise under adiabatic conditions
would be,

3.22
2.19x10 3 x 60.k x 0.4

This value represents an absolute limit on the bulk average nip

o = = 62°7 ¢

temperature rise for these conditions and would not be attained in
practice because of heat tranafer to the walls.
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Another estimate of the limiting value of temperature rise in
the nip which takes cooling into account can be obtained by calcula-
ting the equilibrium maximum temperature rise in & fluid sheared be-
tween two parallel, isothermal plates of infinite extent. For this
calculation, the clearance between the plates is assumed to be the
minimwm nip clearance, and the shear rate between plates is equal
to the average effective shear rate at the point of minimum nip clear-

ance. This average effective shear rate is defined as

hfe 3
% effective = % -ho/(:u/dy) dy (54)

and at the point of minimm clearance,

2 N 4
du 3U : - ‘
dy effective ~ l}:a—T' (‘E':' - ) * (2?—21_1) J (55)

[ ]
The equation which gives the maximum temperature in a viascous

fluid in simple laminar shear between parallel isothermal plates is

tmax «t s /A (ﬁ.‘) omy” (56)
kK % 7

t max, ‘F, occurs halfway between surfaces,

t, 1s surface temperature

M 1is viscosity, lb-sec/ft”

k 1s fluid thermal conductivity,

(£6-16)/  £t* - sec - (°F/tt)

For the conditions of the previous example, the effective average

4 -
shear rate at the nip center is 2.06 x 10 sec . For comparison,
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the nominal shear rate, roll surface speed difference divided by min-

1

iwom nip clearance, is 1.62 x 10* sec™, and the maximm local shear

rate 1s 3.85 x 10* sec”’. Values of the thermal conductivity of the
fluids used in this study are not accurately known but for purpose of
11lustration are assumed to be spproximately 0.08 (Bt )/ (hr - £t
= F/ft) or 1.73 x 10~ (£t-1b)/(£t” - sec - °F/ft) in common with
many other oila(w). The estimated maximum equilibrium temperature
rise for these conditions is,

| -4
tmax - ¢, = Qegdl . x (2.06 x 10%)3(2:28 2 10 £ 10 )2

t max - t, = 110°F. The bulk average temperature for
this parabolic temperature distribution is given by
(puik ay - to) = 2/3 (4, - t.) = 73°F.

This represents a limiting maximum temperature for an infinitely
long nip with shear rate corresponding to the maximum average value
obtained in the example roll nip. For this reason the actual temp-
erature rise in the roll nip will be much lower. From the previous
calculatinn it is seen that the energy balance hﬁosea a lower limit
on possible temperature rise than does the equilibrium approach.

Since the surface thermocouple held to the film on the moving
roll also forms a nip, the fluid passing under it is heated by shear
in a mamner similar to that encountered in the roll nip. Because the
pressure between thermocouple and roll is low (estimated at approx-
imately 50 1b/ft) there will be 1ittle shear due to pressure flow,
but even the simple shear due to roll motion past the stationary therm-
ocouple strip is appreciable. Since the thermocouple is uncooled and
is essentially insulated by air behind it, it approximates an adia-
batic boundary. The maximum equilibrium temperature rise in a fluid
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sheared between one isothermal and one adiabatic surface is given
by,

bax - b '{‘—‘(%‘-ﬁ)z (gi , (57)

vhere hy is £ilm thickness.

This equation predicts a temperature maximum, located at the
adiabatic surface, equal to four times the maximum obtained in the
case of two isothermal surfaces. The simple laminar shear rate for
this case 1s equal to 'g}" where U is the roll surface velocity.
Substitution of this value for % into equation 57 shows that the

equilibriun temperature rise is actually independent of the film thiok-

ness but depends only on the fluid properties and the surface velocity.
2

tay - to " /]‘i g_ (5%=a)

This condition is also true for two isothermal surfaces.
For the conditions used in the previous examples the equilibrium
tamperature rise at the adiabatic surface would bes

2 _
0.337 (2.672 -
%t - t. B e ———— - b 4 6905 .F
max 1.73 x 10°2 ’
2
and t g, =237 x (7.98) | 600 oF

max 1.73x107° ~ 2
for the slow roll and the fast roll respectively. Again, such temp-
“rature rises would never be expected in practice because of the short
sontact zone between roll and thermocouple. They do illustrate the
vosaibility of the thermocouple temperature being nearly equal to or
wven greater than the effective nip temperature.

The temperature sensitivity of all the fluids used in this study

was large. If the viscosity-temperature relationship of a fluid can
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be expressed by, M- (IO'b)(ld‘/T), as it was to a reascnahle

degree for the fluids used, the rate of viscosity change with temperature
is given by;

B.2305p :—2 ; (58)

and the temperature decrease, T2 - Tl’ necessary for a doubling of
viscosity is,

T, -1 - @Ko | (59)
Absolute temperatures are used in these equations. A

In the temperature range near 100 *F, most of the fluids in‘tho
present study were halved or doubled in viscosity by approximately 20 °F
change in temperature. The SAIB requires only about 7.5 °F temperature
change to double or halve tho'visco-ity. |

The calculations shown here indicate that temperature changes due to
shear in the nip and at the thermocouple surface could easily account for
the observed deviations of experimental flow rates from the theoretical
predictions. Higher than predicted flow rates could arise when shear
at the thermocouple gave measured temperatures higher than nip temperature,

and lower than predicted flow rates could be due to higher temperature in
the nip than at the thermooomple,

Viscosity Change with Pressure. Gatcombs (20) presented a detailed

analysis of the effect of pressure on the viscosity of fluids passing
between cylinders rotating at the same speed., Viscosity increase with
_Pressure was an important factor in the examples cited in his paper,

due to the high pressures encountered. Viscosity variation with pressure
is less important in the range of conditions encountered in the present

work, although in some cases it may have boin significant, as the following
examples indicate,



«86-

The viscosity - pressure relationships of a number of oils h,n been
summarised by Hersey and Hopkins (44), but data on polymeric vehicles
such as those employed here are lacking. For the following examples
the pressure-viscosity behavior was estimated from the relationship
between viicoaity temperature sensitivity and pressure sensitivity
proposed by xi.llkllt.(45). The Kiesskalt relationship shows & linear
relationship between the mean pressure - viscosity coefficient, bn’
and the logarithm of the slope of the viscosity vs. temperaturs curve.

The pressure - viscosity coefficient is used in the equation;

b
& - ok (60)

The vinoocit} - temperature slope of the No. 8 varnish at a vi:co:iyy
of 161.3 poise is,

= -2.303 x 161.3 x 74?5-%2 - 5.05 2228¢ . 5050 millipatise/°F,
(564.5

The log of this slope is 3.7033, and the corresponding value of b‘ is

L3
at

0.19 percent per qtmonphoro,>from the Kiesskalt curve for fatty oils (46).
The maxioum pressure attained in the example taken from run 64 at 100
nicrons minimum clearance is found by solving equation (33-a) at a

value, x, oqgal to -x*, -4.336 x 10'5 ft. This calculation gives a
maximum pressure of 11l atmospheres. The integrated form of equation (60)

is b
! ln&--—!- IP.
P 100

(61)
Substitution of the example conditions gives,
In( p/161.3) = (0.0019) (111) = 0,211,

and P " (1.234) (161.3) = 199 poise . The maximum looal

viloonigy rise due to pressure is therefore 23.4 percent in this exanple,
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Table VII
Summary of Theoretical Results for %mental Conditions
Value Units Run 30 Run 6l
Viscosity, Poise 23 161.3
" 1b-gec/tt? 0.048 0.337
Slow Roll Speed RPM 300 102
] £t/sec 7.85 2.67
Fast Roll Speed RMM 300 305
n £t/sec 7.85 7.98
Density 1b/rt3 59.6 60.4
Minimum Nip clearance, h, microns 20 100
" £t 6.56x10~5  3.26x10"
Roll Radius £t 0.25 0.25
b ft 1.925x10~%  L,.336x1073
h*/h, Dimensionless 1.225 1.229
F/L (total) 1b/ £t 3579 3745
Q £13/sec-ft 6.32x104  2.146x10"3
q Btu/sec-ft 1.09 3.212
Adiabatic Temperature Rise* F 72.5 62
Nominal Nip Center Shear Rate sec-1 o 1.62x104
é'ﬁf.iﬁf-"éﬁ.ﬂ’{:ﬂ e sec-1 9.35x10% 2.06x10*
Maximm Nip Center
Shear Rate sec-3 1.62x10°  3.85x10%
M/ 2t millipoise/°F 855 5050
by Viscosity, $/Atm 0.165 0.19
Maximum Nip Pressure Atm 25) nm
Viscosity Batio pp. ./ B,  Dimensionless 1.52 1.234

* Heat capacity assumed 0.4 Btwy/lb - °F
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The maximum pressurse rise and estimated viscosity-pressure rise for
Run 30 conditions with No. 1 varnish at 10 microns nip clearance were
254 atmospheres apd 52 percsnt viscosity increase. A summary of
important calculated nip flow parameters for the Rum 64 and Run 30
conditions are presented in Table VII., The viscosity increases due to
pressure shown in these examples were caloualted at the points of
maximum pressure. The average viscosity rise would be much less.
The viscosity rise from pressure is not estimated to be enough to
account for the greater than predicted values of flow rate observed
for the No. 1 varnish in many of the experiments, though it qndoubtodly
was a ocontributing factor, It is believed that the greatest source

of divergence in those cases was the surface temperature measurement,

Non Newtonian Rheological Properties. It has been shown that

effects of temperature, temperature measurement, and pressure are of
great enough magnitude to account for the observed diviutioni of the
experimental flow rates from those calculated from the constant viscosity
theory. This does not rule out the possibility of some non-Newtonian
behavior at high rates of shear. Although temperature effects in
rotational viscometers hqu been shown to account for non linearity in
measured stress, rate-of-shear curves for some fluids (35,41), other
examples have been reported (41) in which the temperaturs effect does

not account for all of the curvature observed. It has also been shown (52)
by Pao on theoretical grounds that viscoelastic properties can cause
apparent viscosity to decrease with increasing shear rate, and it

is to be expected that some of the higher molecular weight polymers such

as the Ro. 8 vavnish used in this study will show viscoelastic properties,
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The deviations from linearity of the stress, shear-rate curves ob-
tained in this study were usually slight, and could be cxplcinod on the
basis of temperature effects in the vilcou.ter; although & rather low
value of thermal conductivity (0.04 Btu/hr-ft =°F/ft) must te assumed
to account for the behavior of the No. 8 varnish. The shear rates used
in viscosity measurement were below 200 ooc'l however, and linearity in
this range doon not procludo non-Newtonian behavior in th,’lh.lr rate
range of 10% to 10° sec™} encountered in the mill nip, The effects
of any non-Newtonian behavior that may havo been pressent are believed
to have been ﬁ;nor compared with the effects of temperature and pressure.

Anomalous Behavior of SAIB. Only in the experiments with SAIB on
6-inch rolls did the slope of the experimental to theoretical flow rate
curve deviate to a significant extent from unity. ﬁxn-inution of the
data (runs 72 and 73 in Table XXI, and Figs. 14, 15, and 20) shows that
the deviation of experiment from theory increased with dooron-;ng roll
foroe, and was accompanied by an appreciable increase of measured film
tenperature and corresponding decreass in estimated fluid viscosity.
The data are con-iltoﬁt with the hypothooiy that the mon:?rod film
temperature increased with increasing fluid film thicknoqo, while the
effective nip temperature remained constant. A possible explanation of
this behavior lies in £ho effect of the high viscosity-temperature
slope (86,400 millipoise/°F at 104 °F) on the velocity profile of the
sheared SAI£ passing under the thermocouple strip. The rapid decrease
with temperature rise near the thermocouple surface would b; expected
to lead to a tremendous increase in shear rate at that lurfnoof The
result would be a condition approaching plug flow where the major portion

of the film is hardly sheared at all. This condition would lead to a
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high level of energy input; at the thermocouple surface, giving a greater
than normal tonpontlu‘.'o reading at that surface. Since the effect of the
vglooity profile distortion decreases with decreasing film thickness or
decreasing mrfuﬁo velocity, the better agreement between theory and
experiment observed at high levels of roll force and in the 4-inch roll

studies is reasonable.
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Nip Clearance and Flow with Glass Bead Systems

Experiments with fluids containing a low concentration of glass beads
were designed to provide an independent test of the nip flow theory by |
glving a measure of the minimum nip clearance which could be compared with
the calculated value of ho. In these experiments, several factors decrease
the certainty that the largest bead dismeter observed is actually equal
to the minimum nip clearance.

Factors which could lead to observed bead dismeters less than the
actual minimwm nip clearance are:

1. The possibility that no beads in the system are as large
as the nip clearance,

2. The possibility that the largest beads will not be observed
in the microscopic examination of the sample,

3. The possibility that the flow in the bank region will cause
a rejection of beads larger than some critical size but
still less than the minimum nip clearance

'theﬂot Bead Rejection and Capture. Consideration of the implica-

tions of equations L3 through 51,dealing with the location of the stag-
nation point in the nip and the quantity of flow associated with the fast
roll, indicates that the third possibility listed above would not be likely
to occur. At the point of flow reversal, Xy , beyond which all fluid
travels forward through the nip, the nip clearance is ok h*; = o\

1s a funétion of roll speed ratio, r, defined in equation LS. The stream
line associated with the fast roll, which divides the forward moving from

reverse flowing fluid, is located at a distance from the fast roll giien
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by 4 h, -7, This value is equal to Ah*/2 - An* or (-% -3 )h*,
The value (7is a function of r, defined in equation 46 .

Because of changes in the velocity profile at the roll _urface, this
dividing stream line is closer to the roll at points well back in the

fluid bank than it is at the stagnation point. The minimum thickness

of the layer associated with the roll will be found back in the bank
region where the velocity of the fluid layer is equal to that of the
roll, In this ocase the rate of flow associated with the fast roll

is given by, Q = UyS,. The distance, 52, is the distance from the
roll surface to the streamline that leads through the stagnation point,
The flow rate associated with the fast roll was related to the velocity
profile at the stagnation point in equations 48 and 49 , where it was

shown that Qf is equal to £ Q. The coefficient £ is a funotion of roll
speed ratio given in equation 51 and listed in Table I, The minimum

value of 52 can be related to 1oll speed ratio and nip clearance at

the nip exit, h#*, by the following considerations.

U

5?_?1.Q.%_2t.hi (62)

U, U, 2

Since U, = r U, and U, -‘(Ul + U2) - 01(1 +r), it follows that

§ =(£/2) + m)/x] e, (63)
A similar derivation for the slow roll surface shows that,
& = [@-0)/2 {1er)/e] e (64)

Manley and Mason 51 reported experirents in which spheres
in sheared suspensions were observed to move along the stream lines

pasaing through their centers, If this behavior applies in the nip
inlet, only particles with centers lying between the wall and the stream

line that passes through the stagnation point will enter the nip. Under
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this criteriom, the diameter of the Iargest bpads accepted will be 255,
The relationship of the diameter of the largest bead » Dp max, to minimum

ndp clearance is therefore given by,

N g ()

(65)

In the machine computation of the theoretical flow equations the ratio

h*/,, was observed to depend primarily on h, and roll radius. Values
ranging from 1.2257 to 1.2975 were obtained for nip clearances fram 10

to LOO microns respectively. The relationship of h"’/ho to nip clearance

for four and six inch rolls is shown in Fig. 26. Using a value of h*/ho

of 1.23, and ealculating f fram equation S1, values of Dy, max/ h, were
determined, These factors, along with values of X, &, £, and 5/!:*,

are listed for different roll speed ratios in Table VIII,

Table YOI
Values of Theoretical Mp sgﬂtion Point

Constants for Various Roll Speed Ratios

Roll Speed Ratio nq.olts !cfh6 an o S/t S/ Dy max/h
1 3 0 0.5 0.5 0.5 1.23
2 2.8y  -0.24y 0.7k  0.556  0.384 1.37
3 2.6k  -0.354 0.851 0.566 0.298 1.391
b 2.50 -0.l06 0.907 0.567  0.232 1.395
10 1.96  -0.546 0.999  0.550  0.002 1.352
00 1.50 -0.75 1.000 0.500 - 0.000 1.23

These calculations indicate that particles equal to the minimum n:l.p-
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clearance would not be rejected from the nip if they were initially close

to the wall. They further indicate that particles adjacent to the fast
roll will be crushed only if their disiméter is between he and h, times

the value of (D, max/h,) given in Table VIII. Larger particles will be
rejected and smaller ones will pass through uncrushed. These calculations
ignore the stream line distortion introduced by bead to wall interaction,
ag well as the fact that beads, being large finite bodies overlap a num-
ber of stream lines and may come under the influence of both roll surfaces.
The effects of inertial, centrifugal, and gravitational forces in moving
beads across stream lines were also neglected. Bead to wall interaction
and centrifugal force will tend to move beads awsy from the wall and lead
to the rejection of smaller beads than this simplified theory indicates.
On the other hand, gravitation, inertia, and the influence of the second
wall lead to capture of larger beads by the nip. In the limitations of
the present theory, the magnitude of these competing factors cammot be
determined. It is interesting that this theory predicts, for a given

nip clearance, a maximum value of the ratio of size of bead captured to
nip clearance at a roll speed ratio of about L. At this ratio however,
the slow speed roll is relatively ineffective s and beads on the slow speed
side of the dividing stream line would continue to be rejected as long

83 thelr dimeter were greater than 0.57 h,. At unit roll speed ratio,
both halves of the bank would be equally effective in capturing and frac-
turing beads.

Agreement with Theary. Figure 21l shows that the experimental measure-
ment of size of unbroken beads gives values which are in the same order of

sise as theoretical values of minimum nip clearance. In the No 1 varnish
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and H-2185 copolymer tests, the bead sisss fall on a single curve about

SO% greater in value than the predicted nip clearance. With the higher
viscosity No 8 varnish, the bead siszes fall below the predicted clearances.
For the No 8 varnish test at a roll speed ratio of 3 the bead aises were
only about 4OX of the calculated clearance values. In each set of tests
the observed bead diameters were nearly proportional to the calculated
clearances tut deviated by a comstant factor.

The observed flow rates are compared with theory in Fig 22 where it
is seen that the No 1 varnish values were higher than theoretical by about
4O and the 3-1 ratio No 8 varnish values vere only about 4LOS of the cal-
oulated values. The alkyd vehicle and the Na 8 varnish at 1-1 ratie devi-
ated to a greater extent,with the observed flow rates being higher than
the calculated values. This latter result is the only observed instance
in which No. 8 varnish gave higher than theoretical flow rates.

Bead Concentration as a Possible Source of Deviation. The concen-
tration of glass beads in the suspensions was five percent by weight or
2.5 percent by volume. It was ariginally assumed that at this concentra-
tion the beads would not interact with each other, and .cmuqumtly the
effect of beads on viscosity was estimated by the Einstein(l7) equation;

Pad
T lr259, (66)
wheres A, is suspension viscosity.

/‘o is vehicle viscoaity.

¢ is volume fraction of solids in suspension.
From this equation the viscosity of the suspension was estimated
to be five percent higher than the pure vehicle at the corresponding
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temperature. There is reason to suspect that this estimate of the vis-
cosity gave values which were too low. Bveam(ha) reparted relative vis-
cosity values of 1.09 to 1.11 for 2.5 volume percemt suspensions of poly-
methyl methacrylate and polystyreme spheres in aqueous lead nitrate-glycerol
solutions stabilized with a dispersing agent, and it is likely that at this
concentration Einstein's assumption of no particle-particle interaction

is no longer valid. It is probable that the proximity of the spheres to
the roll surfaces in the nip contributes a still higher increase to the
effective viscosity. Both of these factors were probably less important,
by themselves, than the effect of any increase in bead concentration which
By have occurred in the nip region. Such a concentration increase was
likely, due to the cambined effects of inertia, gravity, and proximity of
the beads to the walls. Experimental evidence for the tendency of bead
concentration to increase at the roll surface is given in Appendix VII.

It appears that measured bead concentrations in the samples scraped from
the rolls exceeded the initial five percent concentration in all cases
vhere nip clearance was great enough to pass the larger beads. The un-
usually low flow rates and bead sizes observed with the No. 8 varnish

at 3-1 rolllspeed ratio do not agree with the other results > but may be
due to temperature difference between the nip and thermocouple. Both
bead sise data and flow rate data are consistent with a viscosity level
72% below that used in the theoretical calculations. The observation

that bead size reached a maximum while a flow rate continued to increase
in the tests with No. 8 varnish at 1-1 ratio is attributed to a deficiency
of larger size beads in the fluid sample employed.
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Appearance of Bead Samples. The appearance of the beads after pass-

age through the mill is illustrated in Fig. 27 by photamicrographs at

Tix magnification. The samples shown were taken following the lowest
force runs, with No. 1 varnish and H 2185 copolymer systems. The some-
vhat greater fraction of particle breakage in the No. 1 varnish system
appeared to be part of a general trend 4{a which the fraction of beads
fractured decreased with increasing fluid viscosity. It is believed that
this trend was due to the particle size distribution of the beads, which
gave a relatively small number of particles in the narrow size range sub-
Ject to fracture at high nip clearances.

Film Split and Relative Tranafer Between Rolls

A film of fluid passing between rotating cylinders is subjected to
tension as it moves away from the zone of low clearance, and eventually
must split. The location of the line of split relative to the roll sur-
faces, and the relative quantity of fluid which moves away on each of those
surfaces depends not only on hydrodynamic considerations, but on physical
properties of the fluid as well. In actual practice the problem is com-
Plicated by interaction of the hydrodynamic factars encountered in the
nip with the physical properties to produce local variations in these
properties.

Hydrodynamic Prediction. At the present state of the theory, the
only case which can be treated from the standpoint of purely hydrodynamic

congiderations is that of rolls totally immersed in a constant viscosity
fluid with infinite cohesive strength.
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Figure 27. Glass Beads After Passage Between
6-Inch Dismeter Rolls at 99, 198 RPN, 74 X

No. 1 Varnish, 23 Poise

H 2185 Copolymer, 90 Poise



for this case there would be no film split, but the relative quantity
of flow assoclated with each of the rolls could be determined, This
idealised case gives a pressure profile through the nip which is &
symmetrical, odd function of x. That is, P(x) = « P(«x). The
pressure gradient is, however, an even function of x, and dP/dx at x is
equal to dP/dx at =x, The ratio of fast roll flow rate to total flow
rate, given by equation 51 and 1isted in Tabls I, therefore applies
to both inlet and outlet sides of the nip in this special case.

The system studied in this investigation differs in so NANy respects
from the idealised case that the agreement found between the experimental
transfor ratios and the predicted £ values is remarkable, This relaticn=
ehip is shown in Fig, 28, where experimental transfer fractions, listed
in table IX, are compared with theoretical f values calculated from 51,

Effect of Roll Force. The influence of roll force on transfer freo-
tion is shown in Fig. 29, where average transfer fractions for 1lithogrephic
varnishes on six-inch roll are plotted versus applied roll forcs., In
general, the transfer fractions decrease with increasing force and tend
to approach the theoretical f valus at high force levels. The same
trend can also be observed in the results cbtained with four-inch rolls;
but in that case the data points are clustered about the theoretical
f values at force levels higher than 1000 1b/ft, The transfer behavior
of the SAIB was unique in that transfer ratio increased with roll force,

contrary to the behavior of the other systems.

Effect of Fluid, The transfer fraction depends on physical proper-
ties of the liquid as shown by the increase in transfer with increasing
fluid viscosity-temperature sensitivity plotted in Fig. 30, The high
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Figure 29, Influence of Roll Force on Fraction of
Total Flow Transferred to Fast Roll
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figure 30, Variation of Ratio of Experimental to Theoretical Transfer

Fraction with Viscosity-Temperature Coefficient of Fluid
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viscosity No. 5 and No, 8 varnishes gave higher transfer than the lower

viscosity vehicles, The highest transfer values were observed with SAIB
on the 6~inch rolls, where the average SAIB transfer fractions were
0,938 and 0,959 for roll speed ratios of 2 and 3 respectively. On L-inch
rolls, SAIB gave higher transfer ratios than all ather flulds except

HF 825 Acroloid, which was equivalent in behavior.

Hypothesis on Film 8plit Mechanism, The experimental data are
consistent with the hypothesis that the theoretical transfer fraction

given in equation 51 represents a limiting valus which is achisved under
ideal conditions, Deviations from the limiting value were consistently
in the direction of higher transfer, which ment that the position of
film split was closer to the slow roll than predicted, This behavior

is reasonable when the effect of shear induced temperature gradients in
the nip 1s considered, As discussed on page 80, the competition of high
shear rate at the roll surface with heat transfer to the roll leads to
formation of a zone of maximum temperature a short distance into the film
from each roll surface, The temperature distribution is symmetrical be~
twzen the rolls when roll speeds are equal, When the rolls turn at
different speeds, the shear rate near the slow roll is grester than

that near the fast roll, and an unsymmetrical temperature profile is
developed, The maximum temperature will occur near the surface of

the slower roll, Because of the temperature sensitivity of the

fluid, the maximum temperature zone leads to a local reduction of

viscosity, which is further amplified by the tendency of shear

rate to increase where viscosity 1s decreased, The net
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result of the temperature effect is the creation of a zone of reduced vis-
cosity in which film rupture can occur most readily when the fluid under-
goes tension. Any factor which tends to increase the local rige of temp-
arature and decrease of viscosity will shift the position of film split
toward the slow roll surface and increase the fraction of transfer to the
faster roll. PFactors having this influence ares

1l. High fluid viscosity.

2. High viscosity-temperature coefficient.

3. High film thickness.

k. Low thermal conductivity of fluid.

S. Low heat capacity of fluid.

6. High shear rate.

7. Low flow rate.

Increased viscosity and increased shear rate raise the rate of en-

ergy input to the system through the relationship,
2

@ '/{(%) . 67)

The viscosity-temperature coefficient controls the response of the fluid
to temperature changes; Wae "2‘303/““/?3
The film thickness determines the distance through which heat must

diffuse before being removed at the surface. The fluid thermal conductiv-
ity controls the rate of heat diffusion through the fluid. The heat ca-
pacity controls the rate of temperature rise with energy intake by the
fluid. The flow rate influences the local temperature rise since heat

is removed fram the nip by the passage of fluid through it.



~107~

Fast roll transfer fractions apjredching the thecretical limit are
favored bys

l. Low viscosity.

2. Low viscosity-temperature coefficient.

3. Low film thickness.

h. Bigh thermal conductivity.

S. High heat capacity.

6. iow shear rate.

7. High flow rate.
The observed relationship of the transfer fraction to the independent
variables ean be explained on the basis of these seven factors. The higher
transfer fraction found with the higher mumber varmishes is due both to
the increased rate of heat generation with increased viscosity, and to
the greater viscosity-temperature sensitivity. The SAIB, with the high-
est value of du /dt studied, naturally gives the greatest transfer frac-
tion. Increasing roll force produces two campeting sffects: a decrsase
in film thickness, and an increase in rate of shear. The decrease in
film thickness was the mare importsnt effect of pressure under most of
the conditions studied; however, with SAIB the increase in shear rate
wvas mcre impartant, and the transfer fraction increased. The apparent
maximum in the force-transfer curve of SAIB in Fig. 29 may very well be
due to a balance of the competing effects of shear rate and film thickness.
The average transfer fractions listed in Table IX .. show & consistent
inverse relationship between transfer fraction and roll speed. This effect
is not unreasonable if the cooling effect of the incressed flow rate off-
sets the higher shear rate induced by higher roll speed.
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Non-Newtonian Viscosity and Film Split. Non-Newtonian fluid flow
properties of the type which lead to a decrease of apparent viscosity

with inaressing rate of shear are expected to affect fluid transfer in

the same mammer as temperature-sensitive viscosity properti;s. The mech-
snim of action 1s similar to that described for temperature sensitivity,

in that high shear rate regions near the slow roll surface create local
regions of low viscosity 4in which film rupture is favored. This local
viscosity reduction effect is believed to account for the observed sensi-
tivity of printing ink transfer properties to ink shortness as reported

by spartal®), Petako and walker(39), scarr(31), 14n(33), and zettremoyer(™®),
Modifications of the roll nip theory necessary for application to print-

ing experiments have been discussed by the present author ehguhu-c(so).

Power Consumption

The theoretical nip power consumption is given by equation 1. Al-
though no experimental study of power consumption was made in this inves-
tigation, it is possible to compare mmerical results of equation Ll with
values caloulated from the empirical oquation given by Hm(b) for the
case of two rolls with a fluid bank. This equation is,

2 23 a5
Pog _2.58[ h,U =B a .
ALz [ - ”o] \UT ["—'] (68)

gEp h, g Us
A comparison of power consumption values calculated by the Maus equation

and equation L1, for six sets of typical operating conditions, is shown
in Table X, -
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Table X

Theoretical and Bapirical Values of Nip Power Consmmption

Varisble . Units Run 3 Run 3  Run 30 Run 62 Run 6l
Roll Diameter ft 0.1667 0.1667 0.25 0.25  0.25
Fast Roll Speed RPM 155 158 300 310 310
Slow Roll Speed RPM 7.5  71.5 300 103.3 103.3
Viscosity Poige L7.8  47.8 23 17.8 161
Nip Clearance Microns Lo 100 20 10 100
Power Consumption ft-1b m 19.6 850 1360 2499
Equation 41 sec-ft

Power Consumption ft-1b 92 68 735 675 1310

Maus sec-ft
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In two of the examples, the results are in close agreement, In two in-
stances the theorstical equation gave results nearly twice those given
by the empirical equation, and in the fifth example, the theory gave
leas than one third the empirical value. Tho‘doviation of the nip power
equation derived from thoor& from that obtained by experimental measure-
ments is believed to be due to two factors which the theory does not
take in to account. These are:

1. Power consumed in the bank behind the nip.

2. Decrease of nip viscosity with temperature at high levels

of power consumption.

Since the total power consumed in the system was maeaured by lqu-, his
equation includes the effect of bank power as well as nip power, His
results also include the effect of viscosity change with shear cbnditionn
in the nip. The viscous flow theory does not allow for these factors,
and therefore deviates from the empirical values on the high side at
high levels of power consumption, and on the low side at lower power
consunption when bank power is an important part of the total, Because
of these considerations, the empirical expression is expected to give a
better ;ltimato of total power demand than the nip flow theory in its
present state of development. In view of the importance of fluid
proporticu observed in this study, it is expected that fluids with
different temperature-viscosity coefficients than the polybutenes
used by Maus will show deviations from the empirical equation. The
difference between observed power consumption and power consumption
calculated from the nip theory at low power levels should provide a
measure of the actual quantity of energy dissipated in the ni}l bank.
Conditions wbuld have to be chosen 'hqrb the constant viscosity assump-

tions of the nip flow theory are valid, for this suggested experiment.



V1.e CONCLUSIONS

4 theoretical and experimental investigatior of the flow of
viscous fluids between the surfaces of mutually external rotating
cylinders was conducted, Theoretical methods of prediction of
rate of flow, clearance between cylinders, and relative trensfer of
fluid to faster roll were developsd, A experimental study was
conducted to test the validity and range of applicability of the
theorye The following conclusions were drawn on the basis of this
investigation,

L, Experimental flow rates are predicted by the theory with

9% % oconfidence 1limits of +35 and = 25 percent when fluid viscosity
is less than 90 poise or total roll surface speed is less than 10
feet per second,

2, Ninety-five percent of all data values fell within limits
of =52 to + 110 percent of the theoretical flow rates,

3¢ The flow rate behavior of fluids with viscosities as high
88 150 poise can be correlated by use of an empirical correction factor
in conjunction with the hydrodynamic theory,

Le The flow behavior-of Sucrose Acetate Iscbutyrate, a
liquid with an n;nmua].'l.y high temperature viscosity sensitivity, gave
good agreement with theoretical predietions with roll surface speeds
of li feet per second on four inch diameter rolls, The behavior of this

material deviated from theory at total surface speeds equal to and in

excess of 7 feet per second,
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% The lower limiting value of the fraction of total flow
transferred to the faster of two rolls is governed by hydrodynsmio
m,andhpdnrﬂ;aﬁmcﬁonofmulpoodrlﬁ.o. The limiting
valus is approached under experimental conditions which give nearly
constant visoosity in the nip,

6s The fraction of total flow trensferred to the faster
mnhoqmtoorgmtarthmthltdmbythomt&ntmmiw
trensfer theory, and is increased by factors which tend to rednce
fluid viscosity at the slow roll surface,
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APPERNDIX I
THREE-ROLL MILL MATERTAL BALANCE

The rate-of-flow of fluid through a three-roll mill is determined
by the flov rate through the feed nip, the relative transfer fractions
from nip to faster roll, and by the effeciency of the take~off knife,

The interrelationship of these faotors is shown in the following material
balance, A dlagram of the system under consideration is showm in Mge
1 of the text,

Nomenoclature

Flow rate through feed nip, volume/time-unit roll length,

Feed nip transfer factor, the fraction of ink passing feed
nip which is transferred to center roll,

a Apron nip transfer factor, the fraction of ink passing apron
nip wvhich is transferred to apron roll,

t Take=off-knife factor, the fraction of ink carried by apron
roll which is removed by take-off=-imife,

R Mill throughput rate, the volume of ink removed from mill per
unit time per unit roll length,

Derivation

le By definition the rate of ink flow through the feed nip is Q.

2. n(u)rzt; of ink flow forward on the center roll is equal to
z) Q.

Je¢ Define the rate of flow to apron nip as V.
ke Ten the rate of flow forward on the apron roll is (a)(W).
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The take off of ink is R, and is equal to (t) (a) (W),

The flov under the take=offekmife~ returns to the apren nip
on the bottom of the apron roll. This flow rate is equal to

(1 «t) (a) (W),

The total flow to the apron nip is made up of that returned on
the apron roll bottom and that brought forward on the center roll,

We (lat)(@m « £q .,
Vi-@Q=t)ia)] = 2q o

The expression for W from step 9 is substituted for W in step
5 to ‘1“’
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APPENDIX II
VISCOUS FLOW THEORY FOR REGION DISTANT FROM THE NIP

In 1926, R. A, Fraser published a paper (17) titled, "On the Motion
of Circular Cylinders in a Viscous Fluid®, which contained an exhaustive
treatment of the general hydrodynamic theory of viscous flow associated
with the rotation of two cylinders of infinite length, immersed in a
fluid of infinite extent, Oeneral functions for the stream lines were obe-
~ tained, and several special cases were treated, Although Frazer's general
theory should apply to the roll mill problem, the shear complexity of the
equations obtained renders it unwieldy and inconvenient, The special
case co@aiderod by Frazer, in which the cylinders are assumed to be in
contact along a line of tangency, does yield a reasonably simple expression
for the stream lines in the region removed from the zone of narrow clear-
ancee This expression was used in deriving the pressure distribution
in the mill bank region, and provided a rational boundary condition
for solution of the nip flow problem, The general approach employed by
Frager, and the results obtained, as applied to the mill problem, are
presented in this appendix,

Equation for Stream Function

The basic Navier-Stokes equations, reduced to the form shown in
equations 6 and 7 of the text, serve as the starting point for solution
of the two dimensional viscous flow problem, The condition of contin-

ulty expressed by equation 8 also must apply, In the solution of these
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equations, a stream function, ¥ , is defined by the relationships;

“'-% R (A1I1)
o y (A 11 2)
ve 2

The stream function defines streamlines, 9’ = gonstant, in the flow
pattern across which no flow occurs, Inserting the stream function into
equations 6 and 7 gives;

2P AR 4

3% - P 5Ny wm ) (A 1T 3)
2P 2y . Y |
3y " PO axa g ) - (A II L)

Differentiating (A II 3) with respect to y and (A II 4) with respect
to x gives;

2% p dsy

355y = M- S ) , W II 5)
d3p -l 4 2“’ (& II 6)
Iy dx a T ) )

Subtracting (A II 5) from (A II 6) gives,

29, 2%, By ' @z
dx ity or
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Bipolar Coordinate System

Equation (A II 7) can be expressed in terms of complex variables defined
by s

Nex+iy (A 1T 8)
)1-:-:11’ (A IT9)
where, 1 = /I (A 11 10)

In these variables, equation (A II 7) becomes,

ARt ( )
In order to solve equation (A II 11), Fraser mads a further transformation
to a bipolar coordinate system, using the following transformation of

variabless

A= xeiy --1roow(/%ﬂ+5)§ 1Y coth (2 + &)

(A 1T 12)
M® x=1iy -+1Ycoth(£%1—£*5).=. 1 Yooth (W+ &)
(A 1T 13)

Note that in the equations being derived here » the symbol J Tepresents the
coordinate defined in equation (A II 9), and mot viscosity as used
elsevhere. Ths nomenclature has been used here to conform with that
originally employed by Fraszer,

In the bipolar coordinate system defined by equations (A IT 12) and
(& II 13), circles are defined by /*= oconstant. The constants yand §
‘oan be selected to defins two mutually external circles corresponding to
/°= <X and S+ X respectively. If a andb denote the radii amd D
the distance separating the oenters, theng
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Y =asinh (K=2§) = bsinh (K+2§) (Aﬁ]h)
and, YD = absinhz K (A IT 15)
If, as in the case of interest here, the radii of the circles which
represent cylinders are equal, theng

a = R = b, and it follows that =0 , (A I1 28)
Then, ¥= Reinh K , (A 11 17)
2

Y= Fotmeox, (A IT 18)
e URFE-RepE L%, anw

where, he is the miniomum distance separating the roll surfaces,
8ince sinh 2K = 2 sinh K cosh K, equation (A II 19) can be reduced

to
’ coahl-l-t% R (A 1T 20)
01‘, x L4 co’h-z ( 1 '.'i’) ™ (A n 2]-)
Thus,

cosh? K = 1+ sink? K = 1+ *?P’ (1 II 22)
ird sinh K = Vp,/R (1 +he/ 4 R) o (A 11 23)

Substitution of (A II 23) into (A IT 17) shows that,

Y= VRbhe 1+ nho/li R) . (& IT 2k)
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Points in the bipolar coordinate system are defined by the co-
ordinates /and 0" o The relatianship between these coordinates and the
rectangular system is shown in Fig, A=l ,

Figure A«l, Bipslar Coorcinate Systeam

Focl of the system are located at distances - J from the origin,

The coordinate ©is defined as the log to base e of the ratio of the
distances ry and ry from a point to the two focl. The coordimte o
is the angle between r, and r. The boundary cf the upper cylinder, A,
corresponds to /°= - K, while the lower cylinder, B, is given by

/= ¢ K, Other relationships between the rectangular and bipolar
coordinate systems are listed here for convenience,
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Yein 0

x © Goshp = ocosg . (A II 25)
¥ sinh °
Y ® = Toshp - cosg . (A II 26)
- }. xa*gl" r_)f
S i (a 11 27)
C = un“(r_:ff) . (x I1 28)

General Stresm Function

Frager solved equation (A II 7) by a method of successive reflections
of conjugate functions and cbtained a general solution for the strean
function when cylinders are rotating in a viscous fluid of infinite
extent, When both oylinders have the same diameter the stream function

may be written as follows,

Y » - 21{2:,[2 sinh 8(LP= K) cos SO’]
+ L,Ez cosh (P~ K) cosG" - 2 cosh l:l
+ 2 ‘OV - K])

*B{;b'[v‘a sinh 8(~+ K) cos 80—]

+ B,[2 cosh (P+ K) cos @ = 2 cosh K]
+ 2b, [P+ x]]

1/2[ cosh 2P+ cosh IQL- cosd |2 cosh 2K cosh S + cos?g
2 ( coshf = cos( )

+ L2 otnh !{ln

o0 «38K
o) 25— ( 2.2&82.?1’_&“_59:.8 + (%i—h{.’-!)(ﬁ) o (a1z29)

o cosh SK
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Terms used in equation (A II 29) have the following significance,

ﬂ - 272 sirh (2 +K)
sinh?K (cosh P - cosg) - (A II 30)

2 ¥? sinh (P- K)
3 ® = Tainn®x ( coshP = cosg”) - (4 11 31)

a »b = sinh® 2K 28coshX sinhK _ (S = 1) sinhgs + 1)K
8 8 (sinh?2SK - 33!1nh’2x) sinh 23K 8 +
- ‘84-1[ ainth-Qx
"'8inh 2 (8 -1) X . (A II 32)

The conditions which serve to determine the constants of equation
(A II 29) are as follows:

(ag + by) = - J tanh 2K ' (A II 33)

D o oSl 2E , a1 3)

Co =sip{Ltan X [ sioh S sinh SF
CTTRTT O - S SR ¢ % SEEY|l aomoa)

lo-—%t‘bo'-% (AII36)

)

— 1
th * B [n(o..s + obb’)]{f'(%t' -ov*)

+ C, [’2: a*e (0, - 0,) + ¥D(0,a8 - Obb’_)]} (A 11 37)
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Ke = =L ( 4y +B,) cosh 2x (A IT 38)

P

C = ll:(o‘nfobb’)}{r‘ +c,[x(.’+b')+xn]}_ (A 1T 39)

The constants 0, and Qh are the angular velocities of the cylinders
A and B respectively, taken as positive in the countereclockwise sense,

Solution for Rolls in Contact
\

Reduction of the stream functionm given by equation (A IT 29) to
& form suitable for engineering caleculations of pPressure distribution
and flow rate between rotating oylinders presents several practical
difficulties. When the distance between roll surfaces becomes small
compared with the roll diameters, the values of K and sinh X become
extremely small, and the ssries terms involving these factors converge
quite slowly. The result obtained by Fraser for the case of oylinders
assumed to be in actual contact is more readily useful, This solution,
of course, is not valid in the nip region between rolls, where the
minimm nip clearance is an important fraction of the total distance
between roll surfaces, In the bank regicen, however, the influence of
the nip clearance becomes negligibles and deductions from the no-clear-

ance theory should provide a reasonabls esitmate of the stream lines and
pressure distribution,

The stream function for the rolls-in-contact case is;

, 2
Y = A;’:—;a— +C(L+y)ery » 0(—1.-?;)7 , (A II ko)
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The constants in (A II LO) are defined by the following relatione

ships,
A - --{(o.+ob) , (A 1T L2)
c -°;;_°h r (Anhz)
P = F(o,-0) , (A IT L3)
o = -8*(0,=0), (A TT Lb)

In order to relate the general expression to the case of interest
here, the rolls A and B are defined as the fast roll and slow roll
respectively, Dimensionless variables may be defined as followss

n= ¥k, Yy = R} , (A II 4S)
3 - x, x = RS | (A IX L6)

In these dimensionless variables, equation (A IT LO) beccmes,

Y o A N> r _- 3
Ao F e o (P ey ey v o T
where; (A II 47)
AR = . 2‘;—%) ’ (A IT 48)

0 = e : (12 k)
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R = O ;_%_ ; (A II 50)
a/R? = (0, =0) . (A II 51)

When flow through the mip between rolls is taken in the positive
x direction, roll A turns in a counterclockwise direction and roll B in
a olookwise direction, For this case the angular velocity of the rolls
is related to the speed of rotation in revolutions per minute bys

0, = g/, _ (a 11 52)

vhere N, and N; are the RPM of the slow and fast rolls respectively,
The equation of a dimensionless stream function is obtained by
substitution of the constants and RPM expressions, given above, into

(A IT 47) and rearranging, This procedure gives,

60 i} 2 are3r |, _s%
g = Errna (u,-ul)] TPA’?' L KI?I (T;ITT-,_S){I°

(A 1T %)

K is a function of roll speed ratio, r, defined by,

e ]
)+
[

K = 3 22 (a 11 585)
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Dividing Stream Line, The stream line which divides the flow
sssociated with the fast roll from that associated with the slow roll
s found by setting equation (A IT 54) equal to gzero and solving for
N as a function of T4 The equation has six solutions given bys

N= -1 /T3 (4 Iz 56)

Re+1aVTIC 0 o
Ne -xa VIS Uz

The seros of principls interest ares

N==1+VI3% ) (A II S6-a)
Ne=+rVIST (A II 57-a)

J
Ne X+VIE = 3° (A II 58<a)

These thrae equations correspond to the top of the lower roll, B,

the bottom of the upper roll, A, and to the dividing stream line
respectively, The locations of the dividing stream lines relative to
the roll surfaces, for roll speed ratios of 2 and 3, are showm in
Fig, A=2,



Figure A-2, Location of Dividing Stream Lines on Inlet Side of Roll Nivo
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Derivatives of Stream Funotion, Appropriate differentiation of the
stream function leads to exbreasiona for the flow velocity components and
the pressure gradients, as shown in equations (A II 1) through (A IT k).

The results of these differentiations are shown here.

Velocity Components, The fluid velocity components, u and v,

are found by differentiating equation (A II 4O) with respect to y and x
respectively,

- . < | 3P - 3]
u a(f*y,)ﬂ ZCy-F-GE?——— (A II 59)

+73 ] .
2 —
v--u(?%-)? +202-h0[ﬁ;_i (A II 60)

Shear Rate. Shear rate equations are obtained by differentiation
of equations (A II 59) and (A II 60),

- - X3
;?i -M%-(%)s—l:l- 120:?[:(—{% . (a4 II 61)

21 -2Ax’[—Ji"‘ ]-zc-zeyEg'aifiJ,

o7 (2 + y)? < + )¢

(A IT 62)
oY o _ 2. ":Zf.:LEEEL: - j:l:.:LEEfL:
3= y_(,e,,a):_"zc LG v - (A I 63)
dy |2 =9 ] x -3
- = ol A -12 G e AII &
P24 xy(t‘+}'z): ’ v (2 "'y’): . ( ‘
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Pressure Gradients, . Pressure gradiente in the x and y directions
are found from equations (A II 3) and (A IT L), or from squatioms § and 7
of the text, which are their equivalents,

ve ., [ o2y et - s 5 2
ox " F by | LERE (x'na)“ [ (:'4- )
(AIIéS)
3P . 2y -t ST
S?' P h.tx (x*”)‘ &Gﬂljx.*r‘)(l .
X 1T 66)

Pressure Distribution. Integration of equatioms (A II 65)
and (A IT 66) would lead to a solution of the pressure distribution in
the fluid in regions other than the zone of roll tangency. An
approximation of this pressure distribution is provided by the fact
that along the path, y = 0, the pressure gradient in the x direction

is independent of y, That is, equation (A II 65), up the center line
between rolls, reduces tog

NIO/

A

yro . (A IT 67)

Integration of equation (A II 67) along the y = O path from the
lmits =00t x gives,

P = 2p0x° + conste (A IT 68)

The constant is the value of the pressure at y = 0, x = =00,
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Application to Roll Mill, The bank of fluid behind the feed

nip of a roll mill is finite in extent, contrary to the assumption of
an infinite fluid body employed in the derivation of Frager's equations,
Consideration of the pressure distribution indicated by equation

(A IT 68) shows that the greatest portion of the pressurs rise is found
between x equal to -R and x equal to zero, For this reason it is
believed that the preasure distribution along the center line of the
bank of fluid can be approximated by integrating equatiom (A II 67)
from the location of the free fluid surface t6 a given point x, along
the path, y = O, When the free surface is located at x = =R, and

when the value of G from equation (A IT b) is substituted into (A IT 67),
the integration gives,

77T R?
P = "53"(“1’"')[?*11 (A 11 69)

L 4

Adding the hydrostatic pressure of the fluid head in the bank, and
converting to dimensionleas variables, the final bank pressure equation
is obtained,

P = RPB+Q-§(N1+N:))A[(—§—)’+£| (A II 70)
P

vhere S - X/RC

The sign of S’is negative in the inlet or bank region of the mill,
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APPENDIX III
NIP STAGNATION POINT

-«0 8tagration point is that point in the nip inlet beyond which
all fluid moves in the forward dirsction s and behind which part of the
fluid is rejected into the bank. It is located at the point where both
shear rate, du/iy and velceity, u , are equal to zero.

Equations 14 and 1t express shear rate and velceity as followss

Wy eg F OFeG om0, (A 111 1)
2
u-;i.gé+c,y+c,-c . (A II1 ¢

Soluticn of (A IIX 2) Ly the quairatic eyuation gives,

. (A IIT 3)

Fraw (a III 1),

ygu - gk . (A III L)
8 d /C-‘ui

bquations A IIT 3) and (A IIT L) are equates and the resulting expression
ls simplified to give,

2 a2 4P /
Cy - 2/-'-: = o, (A I 5)

Subctitution for C;, C; and dP/dx fram cquations 2C , 18 s and

>¢y and reducing with the use of equation 3l gives;

Ug-Uy . |1z w5 ., &
e B e

(A 111 ¢)
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Further simplification yields,

2 2 2 2 5 2 _x2
0= Euz.ul) +3Ut] hy  -(120," B*) by + 9 U, b*°
(A III 7)
Equation (A III 7) is solved far h by the quadratic equation, which
after reduction gives,
T
30,2 + 30 Jv’- (U,* + 0,05 + 0.7,
hB = t - t t : h
2 (Ulz + UIUB + Ua‘)

(A III 8)
Equation (A III 8) can be reduced to a function of the roll speed
ratio r, and h*, by using the relationships,

Ug =10, (A II1 9)
and Ut - U; (l*r),-
r

Equation (A III 10) may be written,

hy = RR* (A IIT 1C-a)

where X*= 3(1+r) (QL+r + V1) o
2 (L+4r+r2 )

The x coordinate of the inlet stagnation point is found by substi-

tution of (A III 10-a) into equation 29 3

oAR* = hg + xg?

R

3t ! .

x, = VR (Xh* - h,) . A IIT 11)

The y coordinate is found by substitution of equation (A III 10-a)

into equation (A III L), which gives ’

V. = 1=
' (E) zr (&___1_ (A IIT 12)

or, yg= 3 n*, (A III 12-a)
where /6- 1 (l-r) (X2

+T 'ﬁ-’l) *
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APPENDIX IV
CQ{PUTER SOLUTION FOR FORCE AND FLOW RATE EQUATIONS

In order to make solution of the equations for nip force and flow
rate practical fram the standpcint of effort and time consumption, the
equations were programmed for solution by the Royal-McBee, LGP-30, stored
program, digital computer. This program was written to be used with the
IGP-30 floating point program which sutomatically places decimal points,

Discussion of Prqgram

The program consists of two principel divisionss calculation of
point of ninimum nip pressure, the assumed point of £ilm split, from
equations 9 ani 33-a; and calcviation of throughput rate and total
force on rolls fram equations 3l and 3. The program starts with an
assumed value of minimum nip clearance; and, using data values of fluic
viscosity and density, roll rajius, slow roll rpm, and fast roll rpm,
calculatas the flow rate and nip force that would result. The program
then subtracts a given decrement from nlp clearance, and repeats the
calculation. This repetition is continued until & nip clearance of zero
is reached, whgp the program causes the machine to stop and await new
data. Both starting values and decremental values of minimum nip clear-
ance, in microns, are supplied as data. The transfer control button
on the machine provides a choice of decremental values of nip clearance.
When the button is "up" the decrement is alvgys 10 microns. When the
transfer button is depressed, the decremsnt is taken as the data value
inserted at location 0L62. The program requires four memory tracks of
program and data, and an additional memory track for storage of inter-

mediate results. After receiving data, the machine begins computation
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and, in 10 seconds, prints out the calculated value of roll fcrce due

Yo the bank. This value is independent of nip clearance. The machine
then begins camputing the point of minimum nip clearance, or film split,
x* in equatior 33a. This calcuiation requires apprcximately 90 seconds.
™e value of x' in feet is printed foilowed almost immediately by Q,
*ha throughput rate, in cu-ft/ft-sec. The force between rclls due to
the nip is then calculated and printed, taking about 20 seconds. After
nip force, the mazhine calculates and prints total roll force, recipro-
cal roll force, and nip clearance, in microns, in quick succession.
These calculations constitute one point on a curve of roll force vs.
throughput rate, roll force vs. nip clearance, or nip clearance vs.
throughput rate. The machine then goes immediately to the next lower
value of rip clearance and repeats the calculations. The data for a
fivs pcint curve of force vs. production rate are calculated in approxi-
mately ten ninutes compared with appraximately 15 hours by desk cal-
culator methods. A sample page of camputer results for 6-inch diameter
rolls, 102-305 rpm, with 161.3 poise fluid, is presented as Table XI.
The results cf intermediate calculations for these conditions at 100
microns clearance are shown in Table XII. The values shown in Table
XII were obtained by use of an auxiliary computer program

which causes the camputer to print out the contents of the floating

noint accumulator after executing previously "tegged" operations.

Details of Program

Tke computer program is based on solution of equations 9, 33-a,
ard 39, given in the text. Equations 29 and 3} are auxiliary relation-

ships employed in the program. Sub-routines for logarithm to base e
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and arc tangent are required in addition to the basic floating point
sub.routine with square root and data input-output routines.

Bank Force. The camputer program first converts data from the
convenient input units to consistent engineering units, i.e. radius
from inches to ft., nip clearance from microns to ft., viscosity from
poise to lb-sec/ft*, density from epecific gravity to lb/cu-ft, and
roll rpm to surface velooity in ft/sec. The force due to the bank
regicn 1a then calculated and printed in the portion of the progran
from locations 0019 to 0036, using the first two terms of equation 39.

Point of Minimum Pressure. Por convenience in camputer solution,
equation 33-a was rearranged in the following manners |

2 ho P-P* R. -1 x
I G- e

a | X1 ., tan~? x:|.
3 *Tﬁ (&, \/.

- *- R -x* x*a-3 *
'3 R A W ““"&f)‘ﬁ.’ LA

A 1Iv1)

+
"™
[ |
o

The first two terms and the major portion of the third term of (A IV 1)
are independent of x*, and mgy be calculated once for each set of data.

Since the equation is solved by an itsration process, the terms involv-
ing x' and h" must be recalculated for each trial value of x". The

pressure, P, at the nip inlet (x; = - 0.1R) is calculated from equa-
tion 9 in which ¥ is set equal to -0.1, in program locations 0019-0027.
The minimum pressure, P*, is taken as sero, but could be any value if
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a mare accurate knowledge of the cavitation threshold pressure of the
fluld were known. In locations 0038 through 013k, the program computes
constant values used in equation (A IV 1) and obtains a first estimate
of the value of x" from the relationship,
1st trial x* = 0.47L3k \/Rh, (A IV 2)

Steps 0135 and 0136 set to zero a counter for number of trial x* cal-
culations campleted. Steps 0137 through 0211 calculate the remaining
terms of (A IV 1), giving a term, f(x), for the sum of left hand terms
of (A IV 1). The trial counter is increment:d by 1 in steps 0212 through
02lLs and in steps 0215 through 02L2, the value of #(x) is tested for
equality to zero. If f(x) is not less than 1x10~° or greater than -1.:10"5,
a second estimate of x* 1s obtained, and the rcutine returns to step
0137 for calculation of a new value of f(x). The logical cequence of
steps 0215 through 02L2 are summarized in the flow diagram of Table
XIII.

In this program ﬂ(x*) is tested for magnitude between + 105 and
if greater or less, the trial x* is increased or decreased respectively,
by a factor of 1.001. After the second trial, values of x* are improved
by a linear interpolation routine in locations 0243 through 0260. This

. ¥
routine makes use of the two preceeding values of x and g(x ) to cal-
culate a new value of x' by the relationship,

x'poq = xn+ fn [x*n-x - *n] /[ fn-1 = ‘"],

(A IV 3)
where subscript n refers to trisl just completed, n-1 to preceeding
tricl, and n-1 to next trial.

| In the example of Table XII, a satiafactory value of x was obtained
in four tries, with @(x") testing out to 0.0000000 on the fourth trial.
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Table XII

1

Logical Sequence for Testi

x*) and

Estimating Second x* Trial Value

location Instruction Result

Location Instruction Result

c‘-‘ (")
0230 20453
0231 0233
0232 I—no"ésl >
=
0253 Ly e0526
0234 20001
(not first)
0235 243 —>
(Eirst)
0236 Ly vos04
0237 h0505
0238 0558
0239 h0506
0240 40455
0241 h0558
0242 uol37—>

bring @(x*)

minus test

subtract 1072

l-t0261—(-) > B(x*) good

0215 b0504
0216 — £)9230
add 1070 0217 80453
minus test 0218
+)
B(x*) good 0219 (L>.0526
count trial 0220 z0001
(not firs?)
test for first 0221 u0243~>
trial (firat)_él
interpolate 0222 L v0504
bring @(x*) 0223 h0505
store g(x*) 0224 b0558
bring (x*) 0225 h0506
store (x*) 0226 u0000
(x*)+1.001 0227 m0455
store new 0228 h0558
(x*)
return for 0229 u0l37—>»
new trial

count trial
test for first

trial
interpolate

bring #(x*)
store @(x*)
bring (x*)
store (x*)
place (x*)
(x*)(1.001)

store new

(x*)

return for
new trial




-144-

Normally, from three to six trials were required, depending on operat-
ing data used. After a satisfactory value of x" is obtained » 1t is
printed.

Nip Flow Rate. The value of Q is calculated from equation 34 once
x* has been evaluated. This calculation takes three steps given by
locations 0263, 0300, and 0301. Since a camputer track rune from lo-
cations nn0O through mné3, location 0300 follows 0263.

Nip Force. The nip ferce is calculated by a straight forward cal-
culation of the last four terms of equation 39. Use is made of many
previously calculated partial results. This section of the program in-
cludes locations 030l through OL16. The nip force is printed at instruc-
tion OL17, the bank force is added, and total force is printed by in-
struction OL19. The reciprocal of total force is calculated and then
printed at 0423. The value of minimum nip clearance in microns, in use
is then brought to the accumulator and printed. Depending on whether
the transfer control is up or down, the contents of data locations 0459
or 0462 are subtracted from the nip clearance. Location 059 contains
the value 10, which must not be changed since it is used in other steps
as well. Location OL62 contains any desired value of clearance decre-
ment.

Campletion of Program. After subtracting the decrement and storing
the new minimum nip clearance, the value of 1.0 is subtracted, and a
minus test is made of the result. If the result is minus, the program
exits from floating print and returns to the initial location to call
fer new data. If the result of subtraction of 1 from h, is not nega-
tive, the program returns to location 005L to begin computation of flow

rate and force for the new clearance. The program may always be entered
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at location 0000 since all initialization procedures are accomplished
in early stages of the program.

The prcgram, data locations, and intermediate data storage loca-
tions follow as part of this Appendix. Note that the program input code
1s written for insertion of the program starting at location 5000, with
floating pcint interpretative routine starting at location 1100. A
summary of the Floating Point Interpretative System, Floating Point

Crders, and Data Input and Output Format s are also appended.
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Progran fpr the Computation of Force and Rate of Flow

Between noggtigg Cylinders

This program is used with Ploating Point sub-routine 24.0,

Input-output routine 11.3 - 12,3, Arotangent routine 16.2, and

Logarithm routine 18,1, The progran uses the transfer control to

select deorements of minimum nip clearance; transfer up, decrement is

10 microns, transfer down, the decrement is selected from data location

0462,
Program Input Code Location Inatruotion
/0005000
$0005000 0000 xR1100
01l xll00
02 210000
03 0441
04 d0460
0% h0534
06 xu0000
07 w0438
08 xu0000
09 m0452
10 h0541
11 xu0000
12 m0445
13 h0535
14 0439
15 a0440
16 h0536
17 p0437
18 =0461
19 h0537
20 xa0000
21 m0536
22 xu0000
23 80534
24 h0539
25 m0446
26 20535
27 h0540
28 P0539
29 m04486
30 h0542

0031 PO541

Contents of
address

0.9
0.9RA
|
l1

:§1-.

viscosity conversion

P

N

R
. Ra N
oot
R :11

197127'}17; le
AR



Location Instruction

0032
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

0063

m0534
xu0000
m0447
a0542
h0543
xpO000
P0534
m0536
xu0000
m0449
0544
v0534
d0459
xt0000
h0545
xu0000
m0545
h0546
40534
h0547
Y0444
h0443
PO443
m0450
h0548
‘80547
h0549
0545
d0549
h0550
40549
h0551

Contents

R

F/L bank
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Location Instruction

0100
ol
o2
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0131

p0534
m0548
h0520
xxr0000
h0552
xu0000
40548
xr0000
h0553
b0545

d0552

xa0000
h0554
10000
m0553
20550
xu0000
m0457
h0555
m0456
d0548
20551
h0556
0442
80540
40537
d0456
d0544
xu0000

- m0548

80555
h0557

Contents

Rh

[}
take 8q rt
VEB,
ﬁqkﬁilg rt

R/h,

take tan'l

-1
tan""z,/}



Location Instruction

0132
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
56
59
60

61
62
0163

PO552
m0451
h0558
e0137

y0526

x0000
m0558
h0559
40534
h0560
dos48
h0561
b0560
20548
h0562
xu0000
d0562
h0563
m0556
h0527
b0558
40552
xa0000
h0501
xu0000
m0553
40457
h0502
xu0000
mo561
xue0000
m0458

Contents

trial x*
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initialize counter

x* to mult

h*
h* to mult

x*/h

h* times (0556)

take tan”

1

Location Instruction

0200
0l
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0231

h0503%
b0456
40548
xu0000
m0558
xy0000
a0527
80503
40563
a0502
80557
h0504
00526
xi0001
y0526
©0504
0230
80453
0261
00526
xz0001
u0243
0504
h0505
0558
h0506
xu0000
m0455
h0558
u0l37
20453
t0233

Contents

change sign

g (x*)

increment count

test count

new x¥
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Location Instruction Contents Location Imstruction Contents

0232 u0261 0300 m0544
33 0526 0l do457
34 xs0001 test count - 02 h0509 Q
35 u0243 03 xp0000 print Q
36 0504 04 xu0000
37 h0505 05 0456
38 0558 06 d0548
39 h0506 o7 xy0000
40 40455 08 80544
41 h0558 new x* 09 h0510
42 u0l37 10 ©0537
43 0505 11 40548
44 80504 12 xu0000
45 h0507 13 m0456
46 b0506 14 ‘xu0000
47 »0558 15 0509
48 40507 16 hO511
49 xa0000 17 =0510
50 00504 18 h0512
51 xy0000 change sign 19 xu0000
52 a0558 20 20550
53 h0508 21 h0513
54 b0504 22 m0553
55 h0505 23 h0514
56 0558 24 xu0000
57 h0506 25 0554
58 0508 26 h0515
59 h0558 new x* 27 p0511
60 u0l137 26 =0551
61 0558 29 80513
62 xp0000 print x* 30 80515

0263 po562 0331 h0516



Location Instruction

0332
33
34
35
36
37
19
39
40
41
42
43

b0562
d0549
xn0000
xu0000
m0512
10000
m0534
40457
h0517
b0454
40549
h0518
0454
40562
80518
210000
m0511
xu0000
m0534
d0457
h0519
b0520
80559
h0521
0520
40546
d0521
0000
110000
m0552
d0457
h0522

Contents

take 1ln

take 1ln
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Location Instruction

0400
0l
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0431

p0545
=0554
h0523
p0558
m0501
80523
20522
xu0000
m0514
h0524
»0558
80545
xu0000
n0516
«0519
a0524
a0517
xpO000
a0543

xp0000
h0525
0454
40525
xp0000
b0443
xp0000
8000434
80459
h0443
80454
$0432
u0054

Contents

print /L nip
print total F/L

print total L/F

print working h,
transfer control

new h,
1.0

80 to new point
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Location Instruction Contents

0432 xe0000 exit floating point
33 w0000 return for new data
24 80462 alternate decrement h,
35 u0428
36 x30000
DATA
0437 Viscosity Poise
38 specifioc gravity
39 Nl' slow roll rpm
40 NS, fast roll rpm
41 R, roll radius, inches
42 P*, cavitation pressure
47 working h,, changes
44 Starting h,, microns
45 0,900000
46 209,2300 9991/ 15
47 0.,4050000
48 41.,28053  197.1 J7 15
49 0.,1047198 /730
50 3,280833 x 10 ft/mioron
51 0.47434 factor for trial x*
52 62.40000 5 1b/ou-ft for sp gr = 1
53 1.0 x 10™
54 1,000000
5 1.001000
56 1,500000
57 2,000000
o8 3.000000
54 10.00000
60 12,00000 3 2
61 2,088000 x 10"° 1lb-sec/ft° per poise

62 decrement h,
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Location of Results of Intermediate Calculations

Location Contents of Location

0500 -———
ol | tln'l(x*/‘ﬁil)
02 1/2{R/n, tan™}(x+/{TE,)
n3 3/2 x#? fan VBB, tan™> (x* A/
04 Bx*)
05 Plx*), 1
06 x*n-l
01 ¢n-l = “&
OR x*n+1
09 Q
10 U, - 1.5¢/h,
1 3 p Uh,
12 (3p/b.)(U, - 1.5¢/m,)
13 (x,/ny) (3p/0.) (U, = 1.50/h,)
14 VE/h,)(3p/b, ) (U, - 1.54/h,)
i5 [tan™ (2 MRELJVRE ) (/00 ) (0,1 50/, )
6 (x,/,) (3pa/n, )~(0513)-(0515)
17 (B/2)(0512)(1n h*/a, )
18 1/hl
19 (3p¥h. ) (R/2)(1/0* - 1/n))
20 Rh,
21 Rh, + x*°
22 R, 1 (R, +x,?)/ (B0, x|
23 xltan'l(xl/VEE:)
24 (0514 )x*tan-1 x#/¥Rh, )-(0523)+(0522)]
25 F/L total '
26 80000 (counter for trials of x*)
27 n* {(xl/h12)+(1.5/h.)[(xl/hl)»,(WE‘.m'l(xl/ R‘ho]}
28 ——
29 ——-
30 ———

0h31 ———
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Location Contents of Location
0532 ———-
33 ————
34 R £t
35 0.9 RA
36 N,
37 p lb-leo/ft2
%8 il Nt
59 Rp Nt
40 0.9BA+(9997T/15) p B, « P,
41 RA
42 (197.177/15)(R p K,)
43 F/L vank
44 v,
45 x,
46 ("1)2
47 (11)2/3.
48 n, ft
49 h,
50 x /h
1 1/(’*1)
52 VEE]
53 Vi/,
54 tan~} (x /ﬁh_“
55 2@1/h1)+(\"i75' )m‘l(x /R, }]
56 (o /oy 205/ oy o TR ™ A
51 h,(P* - P,)/(1.50,) + (0555)
58 x* trial
59 x*°
40 % /R
61 : x*z/ﬁh.
62 h*

0563 x*/h#*
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TING 2O ETIVE SYSTEM
ANFUT:

Floating point numbers on tape or in mexory, or numbers in the vseudo
registers resulting from previous cperations.

S CE:

gc.
28
et
o+ 2
A+ 3

== F
5% |

Floating point operations

-

cl+n
cA+n+1l

o
\

0000 “Exit" instruction
resume Iixed point operation.

%w.....
.

ANTERNAL NUSRER FORMAT:

4 standard floating point number &s carried in memory consists of sign and
24 bits for characteristic (x) and sign and 5 bits for the exponent (y). However,
21l intermediate calculetions (i.e., numbers acpearing only in accumulator and
rultiplier registers) are carried with 30 bits of characteristic wnd 30 bits of
exponen;i Bach factor of 2ay calculation must be in standard flocting point form.
»

(N = x. S<ixi<l. or x=0; =-31<yc3l). Numbers appearing in accumulator M
registers are in the rcnge .25 ¢ 'xi¢.5 or x = 0.

The standsrd floating point binary form:

X 65 PPN o ¢ b XKaXX
Sign of Characteristic Sign of exponent “Xponent
Characteristic 2h bits. 5 bits.

0 for plus 0 for plus Power of2
1 for minus 1 for minus

l. 411 chiracters of the I.D. word should be punched. e.g. -012040°
must contain elght characters including the stop code. The stop
code (') must be the last character punched.

2. Funch only those I.D. words appearing on the load sheet. Do not punch
the stop code if an I.D. word is not present.

3. .The sign and any leading zeros of 2 positive number need not be punched.
To enter all zeros merely punch & stop code. The sign and all seven
digits of a negative nuuber must be puncled.

Be sure to check euch load sheaot to see whether an additionsl stop code
should follow the last number punched.
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x ey

The interpretive routine exits to the first locution following the E 0000
instruction,

8 S H

The aritimetic, logical, aadress modification, and auxiliary instructions
have been coded as & unified group on a single set of coding sheets ("Floating
Foint Interpretive Routine®). . single corresponding tape has been punched for
this set. In many instences the programmer will wish to use just this part of
ithe floating point system; if so, only this tupe need be stored in the memory.
This will leave 54 tracks for program instructions and data in contrast to 41
vwhen the entire system is used.

In other cases the Iaput-Output and/or function evaluation routines may be needed.
Only those routines actually used need be stored on the drum. These required
routines mist be stored on the drum in the following relationship:

Progrea Routine Start Fill Set Modifier Ng. of Tracks
24,0 Interpretive (Includes /) Lo Lo 10
11.3-12.3  Input-Ouiput Lo + 1000 Lo + 1000 6
14,1 Sine-Cosine Lo + 1600 Lo 21/2
16.2 Arctangent Lo + 1832 Lo 11/2
18.1 Logarithm Lo + 2000 Lo 1
17.1 Zxponential Lo + 2100 Lo 2

A1l track 63 except sactors 10, 15, 16, 18, 23, 27, 29, M, 36, 40, 47 thru 50,
52, 56 thru 58, 60 and 63 is used for temporary storage by various parts of the
system. Therefore Lo should be set such that no part of the floating point system
used is stored in track 63.

ERQORAM STOPS:
lac. Qrder ’ Meaping apd Rewmedv
Lo + 0654 Z 0000 Programmed stop. Depress "start" to continue.

Lo + 0556 H X Exponent is too large. Location of instruction being
: ar executed is in the real accumulator.
C XX Start to continue.

Lo + 0556 R 0000 accumulator is negative. Location of instruction being
executed is in the real accumulator. Start to continue.

Lo + 1152 1 0000 Input data has too large an exponent. A start will store
a gero for that word and continue with next word on tape.

Lo + 0612 D XXXX Division by zero or a non-floated number. Do not continue.

Lo + 2005 N 0000 accumulstor is <0. A start continues with an answer
of zero.

Lo + 2028 N 0000 Accumulator exponent 1s not in range. Do not continue.
Lo + 2030
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NOTES:

1. The floating point system mey be left and re-entered without destroying the
contents of the reglsters.

2. The exponent of a number in & register which is to be stored in memory must
be less than +32, or a ranze error will result. If it is less than =31, the
number is replaced by zero.

3. It is strongly sugzested thzt the initial location occupied by the system te
‘whe 00 sector of a track. If it is not, many of the addresses that refer to
itrack 63 are not optimum.

k. It is also suggested that the entire system be placed in memory and punched

out in parts by program 13.1. Then the parts needed may be loaded by program
10.1 and each check sum may be verified.

5. 411 instructions with zero addresses heve speclal interpretations. None

of these zero addresses refer to memory location "zero", (0000), but rather
designate a spe~ial interpretive instruction. This floating point system employs
sixteen such spacial instructions. Furtheruore, the two shift instructions

(D 000y, & 000v) utilize the next nine addresses (0001 through 0009); hence the
divide and reset and m:ltiply instructions cannot use these addresses.
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DT INUT FORNAT

Data input is accomplished by reading 2 prepunciied decimal tape. The tape
consists of groups of the following:

l. One identification word. This consists of a sign ana two decimal
digits for P, followed by four decimal digits for initial location
to begin storing the converted floating point binary numbers.

2. Signed decimal numbers. Zach number consists of a sign (if negati—-
and seven decimal digits.

3. A "minus zero" word. This consists of a minus sign followed by
seven zeros. This number is not stored in memory, but is used by
the routine to signal the end of the group.

# stop code must follow the last "minus zero" word. This is interpreted as
a "zero" identification (I.D.) word since it follows the "minus zero" data word.
It cguses the system to exit from the subroutine, carri:ge return, and interpret
the instruction following the I 0000 instruction.

P denotes the number of decimal places following the point in the seven
digit field. -3<P<15. Internally the exponent must be in the range -3l <
Exp.< 31,

DaTA FOR.ir'

The printed output consists of a decimal point followed by seven decimal
digits of the characteristic and its sign. Following the sign there are two spaces
followed by the exponent and its sign (if the sign is negative).

e.g. .5060000- 02 is -50.60000. 4 tab is executed after printing.
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POINT

Thirty-three orders are available. The 1list of these orders and their
meaning follows. In the following exposition the tarm "accumulator" refers to
the two memory cells of the floating point accumulator as defined above.

A.

Arjthmetic lostryctions
Mamory location XXXX is the address of one floating point number in

standard form as defined in Part 2.

1.

2.

8.

9.

10.

B XXXX. Bring
The contents of memory location XhiX replace the contents of the
accumulator.

A XXX, ~dd
The contents of the accumulator plus the contents of memory location
XXXX replace the contents of the accumulator.

S XXXX. Subtract
The contents of the accumulator minus the contents of memory location
XX replace the contents of the accumulator.

D XXxx.
Tha contents of the accumulator diviaed by the contents of memory
location XXiX replace the contents of the accumulator.

P XXXX.

The contents of memory location XXXX replace the contents of the

M register.

M XXXX. Rege

The contents of the M register multiplied by the contents of memory
location AXXX replace the contents of the accumulator.

N XXiX. a A

The contents of the l. register multiplied by the contents of memory

location XXIX and added to the contents of the accumulator replace
the contents of the accumulator.

D 000y. Right Sbift

The contents of the accumulator divided by 2¥ replace the contents
of the accumulator. The contents of accumulator remain in floating
point form.

O<y<9

k O00y. Left Shift

The contents of the accumulator multiplied by ol replace the contents
of the accumulator. The contents of accumulator remain in floating
point form.

O0<y<9

H XXX,

Flace the contents of tne accumulator in memory location IXXX.

C AL. Clesr

Place the contents of the accumulator in memory location XXXX and
set the accumulator to zero.

B. leogical or Irspsfer Instructions

12.

U XXX, A

&
The next instruction to be interpreted is in memory location XXXX.
used to

This order cannot be to exit from the floating point interpretive
system.
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D.

13.

14.

-159-
-2 -

T XXXX. Test
The next instruction to be interpreted is in memory location XXXX if

the accumulator is negative. Otherwiss the first successive location
will be interpreted.

800T XXX, a

The next instruction to be interpreted will be in memory location XXXV
if either the accumulator has a negative charsacteristic or the trans-
fer control switch is down. Otherwise the first successive location
will be interpreted..

38 i a

Location XXXX implies & fixed point address.

15.

16.

17.

E XXXX. Enter

The address portion of memory location XXXX replaces the contents of
the address accumulator.

I XXXX. Increment

The address accumulator is incremented by the address XXXX. This
order can be used to decrement the address accumulator by complementing
the address portion of the I XXiX order.

T XXXX. Store Address
The address portion of the address accumulator replaces the contents
of the address portion of memory location XXXX.

Z XXiX. Zerp Test

The address of the "Z" instruction is subtracted from the contents
of the address accumilator. If the result is not zero, the first
successive instruction is interpreted. If tha result is gzero, the

first successive instruction is skipped and the second successive
instruction is interpreted.

auxdlaary Ipstryctions

19.

20,
21.
22.

23.

25.

R XXXX. Return Addregs

The location of this instruction is increased by 2 and is stored
in the address portion of memory location AXXX.

U C000. Reverse Registers

The contents of the N register and accumulator are interchanged.
B 0000. Se

The sign of the accumulator is made positive if not already so.
T 0000. Set Sign Minus

The sign of the accumulator is made negative if not already so.
Y 0000. Change Sign

The sign of the accumulator is ruversed.

Z 0000. Stop

Computation is halted unless break point switch No.l6 is down.

Depressing the start button causes the next instruction to be
interpreted.

E 0000. 3xit

Exit from the floating point interpretive system. Control is
returned to the location following the location of the E 0000
instruction.
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tructi
26. I 0000.
Control is transferrad to a floating point data input subroutine
which reuds decimally punched numbers on tape, converts them to
floating binary, and stores them. The next instruction is inter-
preted after the proper exit code has been read from tape. See
Section V, rFart 1 for ta.e format and input details.
27. P 0000.
Print the contents of the accumulator. The contents of the accum-
ulator are not destroyed. See Section VI, Part 1 for Output forma.
Function svalyation Instryctions
23. R 0000.
The square root of the contents of the accumulator replaces the
contents of the accumulator
29. S 0000. 3ipe
The sine of the contents of the accumulator replaces the contents
of the accumulator. The accumulator must be in radian neasure.
30. C 0000. Cgsine
The cosine of the contents cf the accumulator replaces the contents
of the accumulator. The accumulator must be in radian measure.
31. A 0000.
The arctangent of the contents of the accumulator replaces the
contents of the accumulator. Output is in radian measure.
32. N 0000. Netur: C)
The natural logarithm of the contents of the accumulator replaces
the contents of the accumulator.
33. H 0000.

The quantity e  replaces the contents of the accumulsator, where
x is initially the contents of the accumlator.
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APPENDIX V
STATISTICAL ANALYSIS GF NIP FLOW RATE RESULTS
M

A statistical study of the agreement between camputed values
and experimental values of nip flow rate was performed. The magnitude
of the absolute deviations was observed to be nearly proportional to
the level of flow rate studied, and for that reason, the analysis wvas
performed on the logarithms of the flow rate values, Variance of the
lcgarithms was independent of flow rate magnitude.

The nomenclature and methods used in this analysis follow
‘..ose described by Volk (38). The logarithm of the measured flow rate
1s designated as E and that of the theoretical flow rate as T. The
symbol ﬁ represents a value of log flow rate calculated from a regres-
slon equation of the form,

Ewas bT.

Because of the appesrance of the results shown in Fig. 20,
there 1s reason to suspect that the behavior of the No. 8 varnish and
the SAIB 1n the 6~inch roll experiments was different from that of the
other materials tested. For this reason, the No. 8 varnish and SAIB
results were given special consideration in the statistical treatment,
and separate analyses were made of the data with and without these ma-
ierials,

The first step in the analysis was to calculate the sums of
squares of the experimental and theoretical flow rate logarithms for
various arrangements of the data. To simplify the arithmetic the data
wer: codvd by adding 5 to each logarithm. Thus the logarithm of 0.L4858
x107? cu-ft/ft-sec, which is actually 1.68646-5, was expressed as 1.686L6.
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Values listed in Table XIV based on these coded values were calculated
in the following manner:

n = number of data points,

X E = total of coded logs of observed flow rates,

Z T = total of coded logs of theoretical flow rates,

ZEa"El' "'Ea' 4+ .0 F’l’

zra - Ta + Tﬂa + o0 Tna

zET L EITI + Ea'rg + ...EnTn

E-LE
n
T-ET
B 2
' SED - rr’ - (znz)
' 2 2 a T)a
ZT 'Z(T-T) =3T - <

Z'E‘r =Y (E-E) (T-T) = JET - ZE:'r

b = slope = I'ET/5'1?
a = E - bT = intercept of coded logarithms
a8, = a-5(1-b) = intercept of actual logaritims
¢ = bZ'ET
> -ZEH -3 -3¢
r=>d¢/ 3%
r = \/—’_i = correlation coefficient

s*(®) - s’ 2*/n-2 = vartance of estimate, residual variance
assoclated with “error".

S(R) = standard deviation of estimate.
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Table IIV
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Precision of Flow Rate Theory

The precision of the theoretical prediction of flow rates is tested
by calculating the sum of squares, mean square and root mean square de-
viations of the experimental from theoretical values. This was dome
separately for all of the points, the L-inch roll points, and the 6-inch
roll points with SAIB and No. 8 varnish runs excluded, and for the L-inch

roll points. Results are shown in Table XV.

Table XV
Deviation of Experimental Flow Rate Logarithms from Theory.,

Total Less SAIB Mo 8 L-inch Roll

(-1 =38 25Er 451" 10.87191 3.37187 1.6L326
T (P~T)*/n = variance from theory 0.02691 0.009606 0.00673
9. (E-T) /n = Standard deviation
from theory 0.164 0.0980 0.0821
e . v (e-1)® 102. 2LLL1 69.00LL6 4k1.18319
- s EnY ' 0.9035 0.953k 0.9616
* 0.951 0.976 0.981

These root mean square deviations correspond to 95€ confidence
iimits of 1.966 x 0.16L = + 0.322 for the logarithm of flow rate if all
¢ve flulds are considered, or + 1.967 x 0,0980 = + 0.19277 for the log
T flow rate if the No. 8 varnish and SAIB on 6-inch rolls are excluded.
These limits correspond to percentage deviation limits in actual flow
rates of +110 - 52.L%, 456 - 36%, and + LS - 31% for total data,
data without 6-inch SAIB, and lL-inch roll data respectively. The r,
values are the correlation coefficients of the data with the theory.
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Regresai on Lines

The best straight line for all the data relating the experimental
vaiues to the tbeoretical values of log flow rate is seen from column

10, Table XIV to be,
£ « 0.9024 T - 0.3518

3 - o5 q, 0-902

vhera Q 1s the predicted flow rate and Qp 18 the theoretical flow rate.
The 95% confidence 1imits for single values of flow rate estimated from
this equation are +99 and -49.8 percent.

If the No. 8 varnish and 6-inch roll SAIB conditioms are excluded,
the best line for the remaining data is given by

a_ 0.592% 0.9377

with 958 confidence limits of +52.2 and -3k.3 percent.

The question of whether or not the regression line, ﬁ =a+b"T
vives a significant improvement over the thedry alone (E=T), can be
cesolved by determining if the sums of squares of deviations removed
Uy the regression equation is significant. The criterionm used is Snedecor's
3 test (39). The sum of square of deviations associated with the theoretical
line is ¥(E-T)* and the mmber of degrees of freedom, D.F., is n. The
sum of squares of deviations from the regression line is ‘[(!:-i:\)2 at
(n-2) D.P. The difference is

T (E-1)? - S(E-B)° with 2 D. 7.
Tho test is made by calculating the ratio of the mean square of

the difference to the mean square of the regression line deviation and
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comparing this ratio to the value of F that would be exceeded by chance
if there were no real difference between the theoretical line and the
regression line. This test is summariszed inm Table XVI for all the data
and for the data with Ro. 8 varnish and large roll SAIB excluded.

Singe the F values calculated from the data greatly exceed the
0.1% probability level F values for the same number of degrees of free-
dom, the differences between the theoretical line and the best regression
lines through the data are, statistically, highly significant.

Not only are the positions of the best lines different from that
of the theoretical lins, but the slopés are also significantly differ-
ent as 1is shom by a t test. In this test,

t.b'B where .

S (E’ ’
b is the slope of the regression line,
Bisaslopeundortut,hnll

S(b) 1s standard deviation of slope of regression
line.

2 A
S(b) = _S_E
= 'rs
For all the data points ,

S(b) = ﬁ% = 1.350 x 1072

b = 0.902) ,
t=7.23  1DFeLo2,

Far the case of the data without the No. 8 varnish and 6-inch SATB
points, 5(p) 18 1.045 x 10™* and ¢ 1s 5.96. Since the 99.9% confidence
levels of t for 402 and 349 D.F. are approximately 3.315 and 3.319 re-
spectively (i‘l), there is less than one chance in a thousand that the
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Table VI
F Tegt for siggégzcance of Improvement Given gy‘ggggpaaian Line

Yotal Da

Bum of 3quares . DF = Nean 3quare

Theoretical Line 10.87191 Lok 0.02691
Regression Line 9.34838 ggg 0.02325
Difference 1.52353 2 0.7618

Excluding 6-in SAIB and No 8

S of Squares )il Mean 3quare

tThecretical Line 3.37187 351 0.009606

Regression Line 3.00867 349 0.008620

Difference 0.36320 2 0.1816
(Lo)

¥ total Data ‘-8%%%5 - 32,77 At 2,402,F .001 = 7.02

F-8, SAIB = % - 21.07 At 2,349,F .001 = 7.0L
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diffrences Detween both regression line slopes and unity are not real.
Although, within the range of experimentation tested, the theoretical
line falls well within the 95% confidence limits of single values of

% estimated from the regression line, the 95§ confidence limits of the
slope of the regression lines do not include unity, the theoretical value.

 High Viscosity Fluid Results. An inspection of the results plotted
in Fig. 20 shows immediately that the results obtained with SAIB on the

6-inch dismeter roll deviate to a considerable extent from the predicitions
of the flow theory. The results obtained with No. 8 varnish also appear
to deviate from the theory to a greater extent and in a different man-
ner than do most of the flnids tested. A "t" test was employed to de-
termine if the deviation of the slope of the experimental versus thecreti-
cal log flow rate curve for No. 8 varnish from that of the other material
was actually significant. For this test, t is calculated from the ex-
pression,

t =by -0,

S(b) pooled

vhere b; and b; are the slopes of the two lines, and S(b) pooled is
the pooled estimate of the standard deviation of the slope.

. (( n-2) S*(E,) + (n, -2) s*(ﬁ.))( 1 . 1
S (b)pool.d © ( ny3=2) +( n-2) I'Tlr pX Tl'

Taking values from Table XIV for the No. 8 varnish regression line
(subseript 1) and the regression line for points other than No. 8 var-
nish and SATB (subscript 2), the following results were calculated.

S(b) pooled = { £39) (0.01799) + (3&92(0.008622][: S . 1 }l i

39 + 349
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8(p) pooled = 4.36 x 107%

and t = 1.0579 - 0.93769
h036 x 10~2

t = 2,76 , IF = 388

This value of t exceeds 2.598, the value of t .01 at 3860F, and the
difference is significant between the slope obtained with No. 8 varnish
and that obtained with the other test materials. A similar test applied
to the 6-inch roll SAIB data gives 0.263 for the estimated standard
deviation of the pooied slope and a t of L.L3 which represents s highly
significant difference in slopes.

To test whether the slope of thé No. 8 varnish data considered

separately is significantly different from the theorstical line, a ¢
test is performed on it.

For No. 8 varnish, S, = SS’,-_%EE% = 0,0579 ,

t - 1.0579 - lcm - l.m'._
0.0579

D.F. = 39
Fram the table of t values, there is about a 30 percent probabil-
ity that this test value of t would be exceeded by chance, and conse-
quently the difference between the slopes of the No. 8 varnish data and
the thearetical slope of 1 cannot be declared significant.
The position of the line is significantly different from that pre-

dlsted by theory as shown by a t test on the mean value of E for No.
8 varnish.

For Wo. B varnish, S(E) = &Qﬁﬁ = 0.0209

The test is between the theoretical value of E and the experimental

valne,
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t w 2:2997h - 229797 0.4
000209

D.F. = 39
t 0.001 at 39 D. F. = 3,6
The difference of the mean of the No. 8 varnish data from the theo-
retical value is therefore highly significant.

The t test for the difference between unity and the slope of the
6-inch roll SAIB data gives:

S(b) ~ 0.382,
t = 2.886
D.JF. = 10

The difference is significant at the 98% probability level since
to‘02, 10 D.P. i3 2.76ho

The difference between the thearetical and experimental SAIB mean
is also significant.

No. 1 Varnish. The runs with No. 1 varnish constitute the lowest

viscosity conditions tested. To evaluate the significance of any diff-
d¢rence between the behavior of this material and the remaining fluids,
tre slope of the 6-inch roll - No. 1 varnish runs was campared with

that of the 6-inch roll data with intermediate viscosity fluids, that

g, 81l fluids except No. 1 and No. 8 varnish and SAIB. The slopes
and means of both sets of data were compared with the thecretical values.

The resulis are summarized below.

Difference in SlgggaI No., 1 Varnish and other Materials.

Slope No. 1 varnish 1.01361
Slope  Other materials 0.97057
Pooled S(p) 0.0632
t 0.681
D.F. - 103

The difference is not significant.



Difference in Slope Betwsen No. 1 Varnish and 1.000

Slope No. 1 varnish 1.01361

S(b) 0.0292
t 0.4661
IF L9

The difference is 1.t significant.

Difference in Slcpe » Between Intermediate
Fluid Data and 1.000

Slope 0.97057
S (b) 0.0511
t 0.576
IF 54

The difference is 1ot 3ignificant.

Difference in Mean between No. 1
Varnish and Theary.

E 1.71736

T 1.62608

S(E) 0.00895

t 10,99 {
F L9
twoi,“’ 3.468

. The difference in means is highly significant.
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Difference in Mean between Intermediate
Fluids and Theary

E 1.9829)
T 2.03143
SE 0.0178
t 2,72
LF Sk
1.01,54 2.67

The difference between experimental and

theoretical means is significant.

Since no significant differences were found between unity and the
beet slopes of the individual lines through the No. 1, No. 8, and in-
termadiate fiuld data sets, it was suspected that the data for these
seLs could be represented satlsfactorily by lines with equal slopes.

An analysis of variance on the slopes of these lines strongly supported
Yil3 conclusion. Table XVII contains the sums of squares of the factars
used in whis test.

With the exception of sums of squares of means and differencs,
these values are taken from Table XIV. Sums of aquares of means,

-

1= - .
v Ez, 3 1‘2, and 3 'ET, were calculated as follows.

=2 . (ZEl)a (ZE)2 2 2
JE = + 2 + (:Ea) (ﬂ)

o P Ny - n

where gubscript 1 refers to No. 1 varnish data, subscript 2 to No. 8
varnish data, subscript 3 to intermediate fluid data, and no subscript

to total of the three data sets. For example, 3 'E® is given by,
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Zable IVII

Sms of Squares for Comparison of 6-Inch Roll Correlations

on No, 1 Varnish, No.8 Varnish, and Intermediate Fluids.

tlowmree
7atal
¥ ans

Difference

no 1
iio 8

“‘thers

3 g s'e? e ¢ 't b
26.86792  38.536L8 29.97902 23.32184 3.5L608 0.77794
66360 21.57511  12.841.96 _7.6h380 0.0198  0.59
19.20432 16.96137 17.13706 17.31457 1.88975 1.01036
5.14630  L.80609  L4.87151  L4.93762 0.20848 1.0136
6.69871  5.35843  5.66870  5.99692 0.70179 1.0579
7.35963 _6.79703 _6.59701  6.40288 0.95675 0.9706
19.2046k  16.96155 17.13722 17.33762  1.86702
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2 2 2 a
(87.5853L) , (94.21691)°, (111.0L470)" (292.81695)
Z'? = + T‘ T - 1

The sums of squares for means are the respective values for the
best straight line drawn through the means of each set of data weighted
according to the mmber of points which make up the set. The sum of
squares of difference row is calculated by subtracting each sum of squares
_ of means from the corresponding total sum of squares, . for '™,
b 'E*w » and F'ET.. The sum of squares removed by correlation, z'c’w,
is calculated from,

Z'Cwa- ( Z'E‘r‘,)a/ Z"r’w, and residual sum of squares
Z'ﬁzw is equal to

Z'an - ', .

In Table XVII, the values of ¥ '#° represent the residual sum

of squares of deviations. The minimum valde, 1.86702 from the smm of
sums row is obtained when the best separate lines are drawn through
the separate sets of data and is taken as the "error" sm of squares.
The residual sum of squares from the "difference" row, 1.86975, is ob-
tained when separate lines with equal alope are drawn through the two
sels of data. The residual from thq "total® row, 3.5L508 is assoclated
with the best single line through all of the data. The significance
of the difference between these correlations is evaluated by the P test
as shown in Table XVIII. The between slopes mean square is an estimate
of the reduction in residual variance obtained by using individual slopes
for each set of data rather than equal pooled slopes. The ratioc of

this mean square to the "error" mean square is calculated for the F
test.
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Table XVIII

Analysis of Variance for Camparison of 6-Inch Roll Correlations
of No. 1 Varnish, No. 8 Varnish, and Tntermediate Fluids

Source Sum of Squares D.F. Mean Square
Means Correlation 0.0198 1 0.0198
Difference 1.63653 1 1.63653
Between Slopes 0.02273 2 0.011365
Errar 1.86702 2 0.013148
Total 3.54608 146

Variance Ratio = 11365/131L48 = 0,86k

The difference between the correlation obtained by using separate
lines with individual slopes, through the No. 1 varnish, No. 8 varnish,

and intermediate fluids data and that obtained by using separate lines
with equal pooled slopes is not aign:l.ficant, since the between slopes
variance estimate is actually less than the error variance estimate.

The value of the pooled slope is 1.010k, and the standard devia-
tion of this slope 1s 0.0277 at 145 D.F. A t test for the significance
of the deviation of this pooled slope fram 1.000 shows that there is
no significant difference fram the theoretical slope.

Four and Six Inch Roll Results. To answer the question of whether
or not separate lines drawn through the L-inch roll data and 6-inch
roll data would provide significantly better correlation than a single
line through both sets of data, an analysis of variance of the carrela-
tions of these two sets of data was performed. The sums of squares,

z'2®, ='1°, T'Er, £'¢® and ¥ '£® are listed for the L-inch data,
the 6-inch data, the total data, the means of the date, and difference
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between total and mean in Table XIX. SAIB points and No. 8 varnish
points were excluded from the six inch roll set because of the evidence
that the SAIB behavior was different from that of the other fluids,
and because there were no No. 8 varnish data for the L-inch roll.

The analysis of variance ocutlined in Table XX provides the test
of vhether or not use of individual slopes for the 6-inch and L-inch
roll data gives a significantly better correlation than two lines with
equal pooled slopes. - The between slopes mpan square is less than the
Yerror" mean square, and the difference between the slopes of the best
individual lines through the L-inch and 6-inch roll data is insignifi-
cant. On the other hand, a highly significant improvement in correla-
tion is obtained by using separate lines with equal pooled slopes rather
than a single line through all the data. This is shown by the ratio
of the mean square for difference between single line and pooled slope
to the mean square for pooled slope correlation. This ratio, 429/7.4 =

58, greatly exceeds 11, the value for F at the 0.001 significance level
with 1 and 348 D, F.

Relationship of Experimental Error to Variance from Correlation

Lines. The variance associated with the experimental measurement of
log flow rate was estimated from sets of duplicate experiments in Table
VI and was found to be appraximately 7.4 x 10 *. This variance was
exceeded to a significant amount by the resitual variance from all of
the correlations. For example, the residual variance from the best
correlation line through the L-inch roll data was L3.6 x 10™%, and the
ratio, 43.6/7.4, gives 5.9 compared with 1.}, the F 0.0001 value asso-
ciated with 242 and 227 degrees of freedam. Therefore the unaceounted
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Table XIX

Sums of Squares for Comparison of L-Inch

Roll and 6-Inch Roll Correlations

s's

s’y

Z'm

s'¢?

¥

Source b
Total 72.37633 78.8922 73.97682 69.36766 3.00867 0.9377
Means 15.16130 12.32592 13.67030 15.16130 0.00000 1.1091
Difference 57.21503 66.56632 60.30652 54.63538 2.57965 0.9060
4-4n L2.82645 50.577h9  L5.96LSL  L1.77232  1.05L13 0.9088 _
6-1n 14.38856 15.98882  14.34198 12.86476 1.52382 0.897
Sum 57.21503 66.56631 60.30652 54.63708 2.5779S
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Table XX

Analysis of Variance for cﬂom of

L- ach Roll and 6-Inch Roll Correlations

Source Sum of Squares o Mean Square
Means Correlation 0.0000 0 - -
Difference 0.42902 1 0.42902
Between Slopes 0.00170 1 0.00170
Errar 2.51795 347 0.007L4
Total 3.00867 3k9

With Pooled Slope
Means 0.0000 0 - -
Difference 0.42902 1 0.42902
Error 2.571965 348 0.00741

Total 3.00867 3ks
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for deviation froam the linear correlations is greater than can be ex-
plained on the basis of the randam experimental error.
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Table XXI - Continued

Notebook Liquid Roll Slow Fast Roll Film Viscosity Nip Flow Rate Transfer Speed Run

and Used Radius Roll Roll Force Temp cu ft/ft-sec x 10”2 Fraction Ratio No.
Page No. In. rrm rpm 1b/ft °F Poise Observed Theoretical f r

231-32 1 3 107 215 1Lho 132 91 9.340 2,20 0.8LL 2 73

n " " " n 1920 131 98.7 6.677 1.66 0.933 " n

" " n " " 2L,00 130 107 3.670 1.36 0.958 " "

" " " " = 2880 128 126 L.805 1.32 0.953 " J

" " " " " 3360 126 148.5 3.01L 1.34 0.969 " n

n " " " n L4230 125 161 1.318 1.08 0.971 " n

228-112 8 3 99 198 960 98.5 131 6.759 4.90 0.806 2 55

" n " " n 1hho 100 121.5 L.281 2.49 0.81) n n

" " n " " 2400 98.5 131 2.201 1.43 0.789 n "

" n " " " 3360 97 1 1.338 1.07 0.776 L "

" " ] " " h320 95 155.5 1.161 0.7k 0.761 " "

228-106 6 3 99 198 90 103 169 3.482 8.90 0.881 2 52

" n " " n 1440 101 180 2.0l2 L.LL 0.872 n n

. n " n ] 2,00 100 186 0.890 2.15 0.838 n "

" " n " " 3360 97 20L 0.552 1.62 0.820 " n

" n n " " L230 96 212 0.L06 1.25 0.827 " n

228-38 6 3 99 198 960 97.5 202 6.007 13.10 0.904 2 L2

" " " " " ko 98 198 3.h01 5.90 0.905 " "

" " " " n 200 9k 226 1.584 2.79 0.886 " "

" " " " " 3360 90 257 0.982 2.08 0.8%52 " "

v " " " *  L320 88 - 274 0.597 1.66 0.780 " "

228-L) 1 3 198 198 960 81 21.2 1.616 0.979 0.509 1 L5

. " " " n 1o 8L 19.0 0.903 0.572 0.506 " "

" " " " L 2400 8s 18.4 0.485 0.323 0.491 " "
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RESULTS OF GLASS BEAD EXPERIMENTS
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APPENDIX VIII
VITA

James Howard Taylor, Jr. was born on October 9, 1928,in Winchester,
Virginia, the son of James H. and Margaret F. Taylor. He attended public
schools in Winchester, graduating from John Handley High in 1946, In
that year, he entered Virgiria Polytechnic Institute, from which he
graduated with honors in Juns, 1950, with a Bachelor of Sclence degree
in Chemical Engineering.

Mr. Tgylor entered Lehigh University for graduate work in 1950,
and recelved a Master of Sclence degree in Chemical Engineering from
Lehigh in June, 1952. The title of his Masters degree thesis was, "An
Investigation of the Variables Affecting Power Consumption and Production
Rate of a Three-Roll Printing Ink Mili". He entered the U. S. Air
Force as a 2nd Lt. in the spring of 1952, and was honorably discharged
in 1954, having attained the rank of 1st Lt. During his military ser-
vice, Lt. Taylor was attached to the Engineering Agency of vhe Army
. Chemical Corps, at Army Chemical Center, Edgewood, Maryland.

In 195k, Mr. Taylor was employed by the Polychemicals Department
of E. I. duPont de Nemours, Inc. and worked in polymer process develop-
ment at the Experimental Station in Wilmington, Delaware. In November s
1954, he returned to Lehigh University as Supervisor of Dispersion Ressarch
in the Lehigh Institute of Research project sponsored by the National
Printing Ink Resear.ch Institute.

Mr. Taylor was co-author of the following publications:

"Correlation of Floating-Roll Mill Variables": I and E Chem,
L7, 696, April, 1955.
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(with A. C. Zettlemayer and Louis Maus, Jr.)

"Heat Transfer fram A Rotating Disk in Turbulent Plow":

ASME Paper o 56-4-146, 1956. (with Frank Kreith).

"Production Rate in Three-Roll Mills": Paint Nanufacturs,

21 ¥o 8, p299, tugust, 1957. (with A. C. Zettlmoywr).

"Heat and Mass Transfer From A Rotating Disk®s Reprint 20,

AICHE-ASME Heat Transfer Conference, August, 1958. l'rm‘. a0,

J. Heat Transfer, 8ls, No. 2, p. 95, 1959(with P, Kreith, J. Chong).

"Rypothesis on the Mechanism of Ink Splitting During Printing"s

UM, 13 Wo 12, p7A9, December, 1958. (ith A. C. Zettlenayer).

“Beat Tranafer in Flow Through Rotating Ducts" Accepted for

1959 ATCE-ASME Beat Transfer Gonfarence. (with G..T. Keo,

H. 7. Ida, P. Kreith).

In November, 1953, Mr. Taylor married Kleanor J. Nops. He is the

father of three cidldren, James H, III, Robert E., and Lisabeth A. Taylor.



