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PREFACE

This study is concerned with the development of basic equations
which govern the process of particle deposition on an Analytical Fer-
rogram. The primary objective is to determine the reasons for the data
scatter and the difficulty in calibration of the Ferrographic process.
Based on the derived eﬁuations for particle deposition, a mathematical
model to predict the area covered by the particles at any location on
the slide is presented.
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NOMENCLATURE

constant of Ferrogram

width of the Ferrogram deposit

constant of integration

diameter of wear particles

region from where particles deposit at dz

region where area covered is evaluated

force on the particles due to viscous drag

force on the particles due to gravity and buoyancy
force induced on the particles due to magnetic induction
acceleration due to gravity

field of the magnet on the Ferrograph

subscript to denote a specific size of particles
magnetic volume susceptibility of the wear particles
subscript to denoting particle size

a constant to describe the variation of magnetic parameters
along the slide

number of particles

total number of particles of diameter Di

volume flow rate of fluid over the slide

flow Reynolds number over the slide

subscript to denote size of particles

total area covered by particles in the region dz



area covered by particles of diameter Di in the region dz
velocity of fluid over the slide in z-direction

maximum value of Uz

average value of Uz

settling velocity

velocity of particle in x-direction

velocity of particle in z-direction

width of U-boundary on slide

x—-axis direction

x-coordinate at any point with respect to coordinate axis
initial location of particle in the fluid as it enters the
slide

x—coordinate of the particle

z—-axis direction

location of deposition of particles on the slide

maximum possible zp for a given particle

inclination of slide to vertical

fluid film thickness over the slide

density of fluid

density of particle

viscosity of fluid
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CHAPTER I
INTRODUCTION

Monitoring lubricating and hydraulic fluids for wear particles has
been accepted as a realistic and economic method for diagnosis and
prediction of machine malfunctioning. It has long been recognized that
when wear in a machine increases, the number and size of particles
generated at the interface between the moving parts also increase.

These wear particles are swept away by the oil passing through the
wearing surfaces. By monitoring the fluid for the number and size of
the particles, the state of the machine can be predicted.

Most of the wegring surfaces are made of iron and hence are
magnetic. If the size and number of iron particles in the fluid in-
crease, it can be expected that the machine is undergoing a serious wear
mode. Based on this concept the Foxboro Analytical Group developed a
machine called Ferrography to separate wear particles from a fluid
sample by means of a powerful permanant magnet (1) (2). Among different
configurations of the Ferrographs available, the Analytical Ferrograph
is the most promising one because the particles can be observed under a
microscope.

From a number of experiments at the Fluid Power Research Center and
other laboratories, it has been observed that there exists a substantial
amount of scatter in the data obtained from the machine. A large number

of controlled experiments conducted at the Fluid Power Research Center



could not identify the reasons why this scatter is occurring. Since
these experiments failed to give clues for this scatter, it was neces-
sary to approach the problem analytically and see whether information
could be obtained to explain the scatter in the data from the Ferrograph.
This could lead to a better machine if the parameters affecting the
Ferrographic process could be controlled.

This thesis presents the development of a mathematical model to
express the trajectory of the particles in the sample fluid when sub-
jected to gravity, viscous and magnetic forces. It is assumed for
convenience that the wear particles are spherical in nature. The effect
of shape, concentration and number of particles on the mathematical

equations is discussed qualitatively in the thesis.



CHAPTER II
PREVIOUS INVESTIGATION

Magnetic separation of ferrous pafticles has been utilized for
years for benefication of ores. Ferrography was the first equipment of
its kind which could separate small wear particles and then facilitate
an in depth analysis of the particles by optical methods. Essentially
the Ferrograph is an experimental innovation. Many users of the machine
conducted numeroué experiments to formulate a standardized procedure
(3) (4) (5) (6), so that the co;sistency in data and particle deposition
could be obtained, irrespective of the machine or laboratory.

Kitzmiiler (7) attempted to devélop an analytical model for the
Ferrograph, but due to the complexity of the parameters involved in the
physics of the machine, he limited his work to an experimental evalu-
ation. He was unable to predict the reason for scatter of particle
deposition based on his experiments.

Because of the problems involved in the standardization of the
Ferrographic process, four laboratories in U.S.A. joined together in a
round robin project to experimentally develop a standardized procedure
for Ferrographic operation (8). This was expected to give enough
consistency of the Ferrographic data. To date no success was achieved
from such an effort. Presently, plans are being made for another round
robin project. Recently, the Society of Automotive Engineers formed a

committee to look into the standardization of the Ferrographic process



.(9). This work is only in the initial stages.

The bibliography included in this thesis presents a number of
literature citations on Ferrography. Thus far, no experiments have been
proposed which could identify the the behavior of the particles in the
fluid sample. Further, no analytical model has ever been successful.
Accordingly, this thesis is expected to fill this vacuum. Hopefully,
this model will uncover the problem and lead to a modification of the

machine so that performance of the machine can be improved.



CHAPTER III
MODEL OF THE FERROGRAPH

Figure 1 shows a schematic of the Analytical Ferrograph. The
fluid sample contained in a sample bottle is pumped through a capillary
tube by a peristaltic pump onto a glass slide. The fluid flows down the
slide under the force of gravity to a drain tube. A high gradient
(large force) magnet positioned bélow the slide captures the magnetic
particles onto the slide while the non-magnetic particles tend to be

washed away by the fluid.
Ideal Ferrograph

To study the trajectory and deposition of the particles, it is
convenient to conceive an idealized Ferrograph which operates under cer-
tain assumed conditions. Any deviation from this idealized situation
can be studied by the variation of the Ferrographic process by each of
the specific parameter. Thus the following assumptions are made for
modeling the Ferrograph:

1. The particles - of wear and non-wear origin - are uniformly
distributed in the sample.

2. The peristaltic pump delivery is uniform when flow reaches the
slide.

3. The flow of fluid across the slide is uniform one dimensional

type laminar flow.



4. The laminar flow over the slide has a low Reynolds number so
that the flow is ripple free. Appendix B gives supporting calculations
to show this assumption is correct.

5. There is no initial disturbance in the flow as the fluid enters
the slide, since Reynolds number is low.

6. Fluid properties are unaffected by the presence of particles
in the sample since particle concentration is low.

7. Brownian forces do not act on the particles and the motion of
the particles can be idealized based on the fundamental laws of fluid
mechanics and magnetic phenomena.

8. The wear particles are spherical in nature.

Except for the last assumption, all other are quite valid. The
assumption of spherical particles renders easy analysis. This is true
only for fatigue wear particles in certain cases (10).

The chénge of shape of the particles will be considered as a devi-
ation from the idealized condition and accordingly a discussion is

presented to include these effects.
Flow Over the Slide

The slide over which the sample. fluid flows is made of rectangular
thin glass sheet of about 60 millimetres in length. O0il enters the
slide at about 55.5 to 56.6 millimetres from the exit end where fluid
leaves the slide.. The gravity flow over the slide is contained in a
U-shaped boundary. Figure 2 is a schematic of the slide where wear
particles are shown to have been deposited.

The sample fluid flows as a partially developed rivulet on the

slide. Flow of the fluid is controlled by the inclination of the slide



‘to vertical, surface tension, fluid viscosity, and the density of the
sample fluid. Towell and Rothfeld (11) have developed the hydrodynamics
of a fully developed rivulet flow as a one-dimensional laminar flow. A
closed form flow model is necessary for studying particle dynamics in
the fluid. Using the theory they developed for the purpose of modeling
the flow over the slide suffers from two disadvantages: firstly, it
requires numerical techniques denying a closed-form solution; and
secondly, on the Ferrogram, the flow is not allowed to expand laterally
on the slide due to the presence of the U-boundary on the slide. Since
there is no full bounding wall on either side of the flow stream as in
the case of a channel, and since fhe width of the flow film is not large,

T

the flow is not exactly the "open channel' type. Thus, the flow tends
to be somewhere in between open channel flow and a fully developed
rivulet flow. Figure 3 shows the difference between the cross-section
of the fluid film under these conditions. On the Ferrogram, however,
the major interest is in the central region of the fluid flow, where the
ferrous particles are deposited. Ferrous particles in the fluid are
attracted towards the center of the slide due to the existence of
lateral field gradient of the magnet. Thus, the central region rea-
sonably represents open channel flow.

Figure 4 shows the coordinatres selected for analyzing the fluid
flow. 1In this diagram, the positive X-direction is measured vertically
upwards from ﬁhe slide, where fluid contacts the substrate. The Y-
direction is measured in a lateral direction from the center line, while
the Z-direction is measured along the flow from the point of entry of

the fluid on the slide.

With the assumption of open-channel flow, the velocity profile of



the fluid flow over the slide is parabolic. This velocity in the Z-di-
rection can be represented by (12) (13):

ngcose

_ 2
Uz = ""___TEI__——(ZG x — xX) (1)

where Uz = the fluid velocity along the flow direction, Pe = the density
of the flﬁid, B = the inclination of the slide to the vertical, u = the
viscosity of the fluid, x = the height of the streamline above the slide
where velocity is evaluated, and 8§ = the maximum height of the flowing
film. The velocity profile is shown in Figure 5.

The maximum value of velocity, as shown by Equation (1), is at the

interface between the air and the sample fluid and this is obtained by

substituting x = § in Equation (l). Maximum velocity, Uz(max), is given
by:
pfg62cosB
‘ Uz(max) = oa (2)

Volume rate of flow over the slide is given by:

pfgw63c088

- (3)
Q= e

where Q = the volume rate of flow of fluid over the slide, and w = the
width of the U-boundary on the slide.

Again, the average velocity of the fluid flow, Uz(ave), on the
slide is given by:

2
pfg6 cosB
3u

(4)

Uz(a?e) =

Equation (1) through Equation (4) show the general nature of the

flow over the slide.



Particle Dynamics

When the fluid flows over the slide, the particles suspended in
them will be subjected to gravity, buoyant force, drag force, and
magnetic forces. In the flow direction, i.e. the z-axis, the particles
will be carried by the fluid. Since the flow velocity is very low, the
forward velocity of the particle will be approximately the same as the
fluid velocity. Accordingly, Equation (1) represents the particle
velocity, if fluid wvelocity Uz’ is replaced by the particle velocity,

Vz. Hence,

pfgcoss 2

Vz = ——————755———(26xp - xp ) (5)

Equation (5)‘gives the velocity of the particles in the z-direction.
Another equation in the x-direction as described below will completely
define the motion of the particle.

Figure 5 shows the forces acting on any particle in the x-direction.

The net force on any particle due to gravity and buoyancy which is

acting downward can be represented as:

3
F,o= 50— - 0p) (6)

g Pt
where Fg = the net downward force due to gravity and buoyancy, D = the
diameter of the particle, and pp = the density of the particle.

Since the Reynolds number is low, the drag force in the vertical

direction can be represented by Stoke's Law as given below:

Fd = 3ﬂuDVX (7)

where Fd = the drag force in the x-direction, and VX = the velocity of

the particle in the x-direction.
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In addition to the above forces, the magnetic particles are sub-
jected to an additional force due to the presence of the high gradient
magnet below the slide. This can be represented by (1) (14):

3
_ . mD dH
Fm = 7% K.H. ax (8)

where Fm = the magnetic force in the x-direction, K = the volume
susceptibility of the material, H = the field strength of the magnet
at the point of interest, and dH/dx = the field gradient which is
constant across the fluid film height.

Equation (6), (7) and (8) can be combined to give the net force
acting on the particle in the x-direction. The particie is accelerated

by the net force acting in the x-direction. By Newton's law:

_ D . X
Fg—Fd+Fm——'—'——6 pp (—————dt ) (9)

where dVX/dt = the acceleration of the particle in the x-direction.

Substituting Equations (6), (7) and (8) into Equation (9):

3 dH D> . vy

D 3 dH a _ \
6 [g(op pf) + KH s ] 3mubv_ 6 P ( dt). (10

%

The particle acceleration in the fluid according to Equation (10),
until the gravity and magnetic forces balance the drag force. At this
stage, the particle reaches its settling velocity (VT). Hereafter, the
particle travels with uniform velocity (VT) in the x-direction. The
settling velocity can be computed by setting the right-hand side of

Equation (10) equivalent to zero, and replacing Vx by V Settling

T
velocity (VT) can, then be represented as:

D2 dH

V, = T1En [g(pp - pf) + KH - = ] (1D
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Combining Equations (10) and (11),
sz dv

-~ = p X
VT Vx 18u ( dt ) (12)

Equation (12) is a linear, first-order, differential equation in

Vx’ and its solution is:

Vx = VT [1 - exp. (—lSu/szp) t] | (13)

From Equation (13), the time required for particle velocity to
reach 987 of the settling velocity (VT) can be evaluated as (4D2pp/18p).

It is convenient to check how much time is necessary for a particle
to reach its settling velocity. As a highly conservation approach,
consider a steel particle of diameter 20 micrometres in a thin fluid
such as water whose viscosity is about 1 centipoise. Assuming the

density of steel as 8 grams per cubic centimetre, this time will be:

4(20 x 10_4cm)2(8gm/cm3) 7 x lO—ASECOHdS

18(0.01 gm/cm-sec)

n

Thus, the particle velocity reaches 987 of its settling velocity
in a fraction of a second; and hence, it can be assumed that the particle
dynamics in the x-direction, that is, along the depth of the film

thickness, is controlled by the settling velocity. If xp is the

position of the particle from the slide at any time, then,

s T (14)
dt

The negative sign for V._ is introduced as per the sign convention,

T

since VT acts in the negative x-direction. Equation (5) and (14) define

the dynamics of the magnetic particles in the flowing fluid. They can

be combined by eliminating the variable time (t). Dividing Equation (5)
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by Equation (14) and rearranging;

—p .gcosB dx
_ f 2 p
dzp = 7 (ZGXP Xp ) VT (15)

Integrating Equation (15) yields:

p -gcosB
£° 2 3
z = - —————(8x_ - X 3) +C 16
. 7, ( . . /3) (16)
where C = the constant of integration.
The particle may enter at any height above the slide in the fluid

film. Denoting this height as X (See Figure 4), the initial condition

in the above equation would be: Xp = x at zp = 0.

Setting this initial condition, in the above equation, yields:

pfgCOSB 2

C = 2, (6x = - x03/3) (17)

The position of a given particle when it is deposited on the Ferro-
gram slide is the position zp when Xp is forced to zero. Substituting
Xp = 0 in Equation (16) gives:

pfgcoss 2

B B _ 3
zP =C = ————E;V;—~(6xo X /3) (18)

Substituting the value of VT from Equation (11) and that of & from

Equation (2) into Equation (18) yields:

1/3. 2 3
S - 9p 8cosB [(3uQ/pfgwcosB) / X% /3]
2 dH
D l glo, = og) +.KH'H§J

Equation (19) defines the location of a particle on the Ferrogram,

z

(19)

if X and D are known. However, this equation is derived assuming that
the magnetic term, KH (dH/dx) remains constant along the length of the
Ferrogram. The high gradient, dH/dx, varying along the length of the

Ferrogram. Accordingly, Equation (19) should be modified to take care
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Aof the variation of magnetic properties.

In the Ferrogram, it is observed that large size particles
(particles whose sizes are larger than 15um in diameter) are deposited
within 5 millimetres from the entry point. If representative values are
substituted for various parameters in Equation's (16) and (17), the
relative values of the gravity term, g(pP - pf) and the magnetic term,
KH (dH/dx) can be evaluated such that a particle of 15um gets deposited

‘within 5 millimetres from entry point. Typical values of the parameters
are:

fluid density, = 0.8 gm/cc

Pf
particle density, pp = 8 gm/cc

acceleration due to gravity, g = 980 cm/sec2

inclination of slide with respect to horizontal, 8 = 88.5°

/3

film thickness, § = (3uQ/pfgcosﬁ)1 = 0.1 cm (assume)

particle diameter, D = 15 x 10_4 cm

position of particle deposition, zp = 0.5 cm

Further, assume that the particle enters the slide at the maximum
film height location, that is, X = §. With these parameters substituted
into Equation (19), and solving for KH (dH/dx), KH (dH/dx) = 1.25 x 105
dynes/cc. The value of g(pp - pf) would be g(pp - pf) = 0.07 x lO5
dynes/cc. Thus from this illustration, it can be concluded that the
contribution of the magnetic forces in the Ferrographic process is much
stronger than that from the gravity term.

Based on the results of the foregoing analysis, the settling

velocity, V in Equation (11) can now be represented as containing only

T’

the magnetic term, that is,



14

2 dH
v, = D K (20)

18y
It is seen from Equation (20) that the effect of increasing H
(dH/dx) along the Ferrogram slide is to directly increase the settling
velocity. But if Equation (20) is modified to this effect, then the

variation of H (dH/dx) and, hence settling velocity, V, should be

T*
known. To evaluate the magnitude of H (dH/dx) or its variation over a
small region of the magnet is extremely difficult, if not impossible.
Even experimental measurements may not give these values to an accept-
able accuracy because of the short range of effective magnetic field
and smaller force magnitudes on micronic particles (14) (15) (16) (17)
(18) (19). The trend of the variation of (dH/dx) along the slide is
indicated by Miller (20) as a polynomial function of x. The variation
of H, dH/dx, and H (dH/dx) are shown in Figure 6. The product H (dH/dx)
is approximated to be an exponential function H (dH/dx)e™ along the
z-direction (m is a constant). Subsequently, the settling velocity

at various locations on the slide, that is, as zp varies, will have

an exponential variation. This can be represented as:

_ mz
v, = Vge (21)

where Vs = the settling velocity of the particle as a function of its

location along the Ferrogram; V., = the settling velocity of the particle

T
as given by Equation (20); m = a constaht; and z = the distance along
the z-direction, where VX is required to be evaluated. (Note that the
magnetic term, KH (dH/dx), in Equation (20) represents its value only at

or near the entry location.)

Now, the motion of the particle along the depth of fluid film,
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that is, x-direction, as given by Equation (14) must be modified to take
care of the change in settling velocity along the Ferrogram. This can
be expressed as:

P - V. = -V (exp. mz) (22)
dt

Now Equations (5) and (22) represent the complete dynamics of the
particles anywhere along the length of the fluid film. Dividing Equa-

tion (5) by Equation (22) and rearranging, yields:

o Pgz = - PgBCOSB e xpz) dx (23)

P P
2uVT

Integrating this equation between the entry point and the point
where the particle gets deposited on the slide (that is, xp, from X s to
0; zp, from 0 to zp), produces,

pfgcoSB

1 mz _
E

_ 3,,
. (ZGXP xp /3) (24)

From this equation, the location of the particle, zp, is

p -gcosB
-1 RS SR 2 _ .3 ‘
zp = 2n.{l.+—n1 ZUVT (GXp Xp /3) } (25)

Equation (25) is similar to Equation (18) except that it includes
the effect of the variation of magnetic properties along the length of
the slide. Note that zp in the above equation is the location of a
magnetic particle on the slide in an idealized situation, presented in
the beginning of the ﬁaper.

The purpose of the derivation of the above equation was solely to
demonstrate the effect of the variation of magnetic forces on particle

deposition rather than absolute evaluation. Equation (25) clearly
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indicates that the effect of increasing the magnetic gradient along the
exit end of the Ferrogram is to deposit the larger size particles as
close as possible to the entry location. It is seen that the effect of
various parameters like X s 4, Q, etc., are masked by the equation
because of the logarithmic function; however, this need not be true in
general. This is because, firstly, in the case of bigger particles,
Equation (18) gives the correct picture of zp since they are deposited
near the entry. Secondly, smaller particles get saturated magnetically
as they have only one or at best few magnetic domains (2) (1l4).
Accordingly, Equation (18) should be valid for any magnetic particle

in the sample fluid. Hence, it could be stated that the effect of
variation in the magnetic properties, H (dH/dx), of particles is to
confine larger size magnetic particles to the upper region of the

Ferrogram.



CHAPTER 1V
ANALYSIS OF THE EQUATIONS

The information obtained from the Ferrogram slide are both quanti-
tative as well as qualitative. Quantitative wear analysis is the
evaluation of wear debris based on the amount and size of wear debris.
Qualitative wear analysis is a subjective evaluation of the size and
material of the particles and the types of wear mode by observation
under a microscope. The qualitative analysis does not depend on the
location of the particles on the slide. Whereas, the quantitative anal-
ysis is an objective evaluation where the amount of particles deposited
on a given location on the slide is significant.

Because of the difficulty in measuring small amount of wear debris,
the quantity of wear particles at any location is obtained by measuring
the amount of light blocked by the pérticles on the slide over a one
millimetre diameter aperture. This procedure, of course, assumes that
not more than one layer of particles is present at any location. An
attempt is made here to obtain a closed form solution to represent the
area covered by wear particles deposited on the slide.

n, particles of diameter

Let there be n, particles of diameter Dl’ 2

1

D2, etc. in the o0il sample volume so that total number of particles in

the fluid, n, is:

k
n= ¥n (26)
i=

17
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where k is the total number of different particle sizes in the fluid.
Assume that the sample contains only ferrous particles. Again,
consider a given fluid so that viscosity and flow rate are constant.

Now, Equation (19), can be represented as:

X . b.
9Ofg53cos{3 [(____21)2 --—-—; (—gl) 3]

P 2 - dd
D, [g(pp pf) + KH I ]
X X
A L0, 2 1 0.3
5 [('6—) - T(—g) ] (28)
D,
i
where 3
9pfg6 cosB
A = (29)

dH
g(pp - pf) + KH

A is the constant of the Analytical Ferrogram for a given fluid and
material of the particle. When .a particle starts at the top of the
fluid film i.e. at X = §, the particle reaches the maximum deposit
location, i.e. zp = zp(max). Substituting X ;= 8§ in Equation (28)

A

D.2
i

- 2
zp(max) = 3 (30)

In other words, a given location on the slide, consists of differ-

ent size particles starting from a size Dr to D This situation is

K
clearly depicted in Figure 7. Particles larger than Dr deposit upstream
of this location.

Consider any location, zp, on the slide. (Figure 8) To evaluate
the deposition of particles in this location, a certain region of
length, dzp, is taken around the location, zp. In this region dzp,

particles of different sizes are deposited as per Equation (28). For

example, take the case of particles of diameter Dl reaching at a height
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xo1 (see Figure 9). Particles of diameter D1 reaching in a certain
height range dxOi travels in a trajectory to deposit in the location
dzp. Similariy, particles of any diameter Dr travel from a region dxor
deposit in the same region as dzp. The total number of particles of

any given diameter Di deposited at dzp can be statistically represented

as.
P = —2L o, (31)

where Pi is the total number of particles of diameter Di’ which are
deposited at dzp. This statistical assumption of equal probability for
particles to reach any film height is quite valid because of the large
number of wear particles.

The area, Si’ covered by these particles of diameter Di’ is:

wDiz
S1 = Pi( 7 ) (32)
Substituting Equation (31) into Equation (32), yeilds
dxoi ﬁDiZ
5; T 5 i) (33)

Total area, S, covered by all the particles in the region dzp is

contributed from particles of sizes Dr to Dn'

i i
s ) (34)

w
n
M=
Ul

o
[
=)
N

Equation (34) represented the total area covered by all the
particles at region dzp. This equation is meaningful only if the
parameter dxOi is eliminated. dxOi from Equation (34) can be eliminated
by the following process.

1. Select a given location zp where the area covered is to be
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‘evaluated.

2. TUsing the selected zp, solve the cubic Equation (28) for X4

3. Differentiate Equation (28) to obtain dzp and dxoi. In this
equation, substitute X1 from the previous step.

4, Solve for dxOi and then substitute this value in Equation (34).

Clearly this process does not lead to a closed form solution be-
cause of the cubic and quadratic equations involved. Fortunately, the
whole process of eliminating dxOi in Equation (34) can be simplified as
follows:

Figure 10 shows a graph to represent Equation (28). It is seen
that this graph shows a straight line relationship between xO/G and
zpDiz/A, such that

X

A o)

X .

oi
z_ = (——= - 0.25),
P DiZ § §

0.25 (35)

The moét important region fof ahalysis on the slide is the first
eight millimetres from the entry point. This is because the wear
particles above two micrometres deposit in this region. The entry point
is discarded for analysis because there is a pile of wear particles in -~
that region (5). The reason for this piling is quite evident from
Figure 10, because 25 percentage of particles is deposited in the first
10 percent of maximum possible particle travel. Accordingly, if for
severe wear particles of 20um size, the maximum distance possible is
three millimetre according to Equation (30), then 25 percent of all
these particles of 20um deposit within the first 0.3 millimetre, i.e.
the entry point.

Equation (35) can be alternately written as:
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2

D,
x.=6[ X zp+0.25] (36)

Now X4 is available and hence the total area covered at any
location can be obtained using Equation (34).

Differentiating Equation (36),

dx , = ———dz (37)
Combining Equation's (34) and (37)

k il 4
S =iE; N Di nidzp (38)

Referring to Figure 8. This area, S represents the area of
particles in a rectangular strip of dimensions b and dzp. If dzp is
set as the diameter of aperture of the densitometer, then the area by

the particles, S0 can be represented as:
g = TS (39)

Substituting Equation (38) into Equation (39)

“2 X 4

Equation (40) shows that the area covered is the fourth power
of diameter. This shows the power of Ferrograph in grading particles
predominance according to size along the Ferrogram. Hence by measuring
the area covered at different locations, the severity of wear mode can

be assessed.



CHAPTER V

VARTATION FROM IDEAL PROCESS

\

Effect of Particle Shape

The equations presented in the thesis were derived based on the
assumption that the particles are spherical in nature. Normally only
fatigue wear particles from roller bearings are seen to be spherical.
Wear particles from cutting wear, rubbing wear, etc., are found to be
platelets, flakes, propeller shaped or sometimes slender particles.
Plate like particles if they move downward on their edges, the drag
force will be 3 to & times smaller than if their plane is parallel to
slide. The general trend of these platelets is to fall on edges
because of the influence of magnet. Subsequently they fall near entry
location.

Propeller shaped or curly particles develop lift forces on them
and rotate in the fluid as they travel (21). Hence they may travel
farther distance than if they were spherical particles. Howevef, the
high gradient magnetic field should confine the particles not to travel
farther from the entry point as was shown by Equation (25). Moreover,
the magnetic field causes particles to align with the field so that
they are forced to travel in unison. The only exception possible to
this situation is highly slender and curly particles which disobey

Stoke's law due to lift forces. These particles can deposit disobeying
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the magnetic field.

Since there are so many types of shapes of particles that are
possible, generalization is not possible. However, based on the dis-
cussion presented here, the model presented for spherical particles

appears to apply for other shaped particles as well.
Effect of Sample Volume. and Concentration

The model presented is independent of the sample volume of fluid
and concentration of wear particles. The large sample volume should
only increase the time of operation of the machine. However, a large
concentration of particles cause the particles to agglomerate and subse-

quently affect the distribution of the particles over the slide.



CHAPTER VI
DISCUSSION ON THE MODEL

The motivation for development of the model in this thesis was
the scatter of data from experiments conducted by various laboratories.
The following difficulties were observed in conducting an experiment
which could be used to validate the model.

1. Absence df a method to measure the magnetic field in the
small distance of film height.

2. Unavailability of a contaminant whose size, distribution,
density and magnetic properties are known.

3. Absence of flow visualization technique to observe the move-
ment of micronic particles in the fluid film.

4. Deformation of plastic tube used in the peristaltic pump
causing slow flow variation. This necessitates a modification of the
pumping mechanism.

5. Occasionally the plastic tube used was found to trap wear
particles in the area where pump rollers were applying pressure. This
caused problems for precise assessments of wear debris.

Rectification of the problems cited above is beyond the scope of
the present work. Based on the model developed, a discussion is advanced
in this chapter for obtaining an overall view of the deposition of the

particles on the slide.
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Equation (19) in Chapter III defines the location of the deposition
of any particle onto the slide. From this equation, it is seen that
there are a number of variables which can affect the Ferrographic
process. The parameters which affect the process are discussed in the
following pages. When applicable, representative numerical values have
been used for a more clear understanding. Appendix C gives the details
of the numerical values used.

Consider a case when the properties of sample fluid and the wear
particles are known. In such case the only parameter unknown in
Equation (19) is X» the initial height of the particles as they enter
the slide. The value of X is uncontrollable and hence deposition of
a given particle is not predictable as per Equation (19). Figure 10
shows this effect of xo on particle deposition. Also, it is seen from
Figure 10 that lower the value of xo, the deposition becomes very nearer
to the entry point. On page 20 of the thesis, it was mentioned that the
nonlinear behavior in Figure 10 causes piling of particles at entry
point.

The dependence of the particle deposition on xo is such that any
location on the slide can have particles of various sizes. This situation
was schematically shown in Figures 7 and 9. However, according to
Equation (30) and as shown in Figure 7, particles of a given size and
material can travel only a certain maximum distance, zp (max). The
magnitude of Zp (max) &epends on the diameter of the particles. Figure
11 shows how Zp (max) varies as a function of particle diameter.

Figure 11 is drawn based on Equation (30) and appropriate numerical

values from Appendix C.
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Since fluids used for analysis using Ferrography have different
viscosity, it may be worthwhile to see the effect of viscosity on the

model. It is seen from Equation (19) that the viscosity and flow rate

appear as a product pQ in the model. The flow through the pipe through
which the fluid sample flows to the slide is laminar: and hence the flow
should be inversely proportional to the viscosity of the fluid. In other
words, the product uQ should be constant. Accordingly the particle
tdeposition is independent of the change in flow rate due to variations

in viscosity of the fluid.

Ferrography is based on the magnetic property of wear particles;
however, there are non-magnetic as well as weakly magnetic particles
in the sample which may be from extraneous sources. The effect of
material of the particle on deposition on the slide can be explained
as follows:

Magnetic property of the wear particles appear in the model as
K, the volume susceptibility of the material of the particle. Higher
the value of K, the stronger the force applied by the magnet on the
particle. Consider particles of 10 micrometers diameter of different
materials. Keeping K as a variable, substitute representative numerical
values from Appendix C into Equation (27). For various values of
(XO/S), a family of curves can be obtained to demonStrate the effect
of K on particle deposition, as shown in Figure 12.

From Figure 12, when particles start at top of fluid film, i.e.
(xo/ﬁ) = 1.0, the particles are washed away to drain bottle, if K is
less than 110. Particles made of aluminum, brass, stainless steel, etc.
have their values of K less than 110. However, when (XO/G) = 0.25

even these non-magnetic or weakly magnetic particles are deposited on
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the slide, as seen from Figure 12.

The diameter of the particles was assumed to be 10 micrometers for
drawing the graph in Figure 12. Particles larger than 10 micrometer
- will be deposited nearer to the entry and vicé versa as per Equation
(27) and Figure 11,

Figure 12 brought out the influence of Xy the initial location of
particles as they enter the slide, on particle deposition. Implicitely,
Figure 12 suggests that if particles are injected into the fluid near
the top of the fluid film, then the deposition of particles is predict-
able. In such a case when X, is controlled non-magnetic particles will

be washed away to drain bottle.



CHAPTER VII
CONCLUSIONS

Lonclusions derived from this study may be stated as follows:

1. The physics of the Analytical Ferrograph was studied and
presented the governing equations needed to describe the particle
deposition on the slide presented.

2. Parameters affecting theAEerrographic process were identified.
Of these the initial position of the particle as it enters the slide,
X o was found to be most critical.

3. The reason for the presence of small particles near the entry
region was presented. This in contrary to the concept that the Ferro-
graph will grade the particles according to size, through this is
experimentally and now analytically not true.

4. The increasing magnetic field towards the exit end of the
slide does not affect the particle deposition as long as large particles
(greater than say 5um) are concerned.

5. Even though small particles are also deposited near the entry
region, the area covered is unaffected by them. This is because the
area covered is a function of the fourth power of the diameter of the'
particles.

6. If a method can be devised to inject particles at a given
height, X s into the film, the statistical nature of the Ferrograph

in terms of deposition of particles can be annulled.
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7. lThe effect of the shape of particles was qualitatively dis-
cussed in the thesis.

8. Finally, the model revealed the reasons for the scatter of
data from the machine which was observed by many experimentalists and

users of the machine.
- Recommendation for Further Study

1. Previous efforts to standardize the Ferrographic process
failed due to the scatter in data. Since a new round robin project and
an SAE Committee have been formed for the purpose, this model will help
provide a new look for this standardization process. Accordingly the
standardization procedure should aim at:

a. Selecting standard cbntaminant of known size and prepare
értifical fluid samples.

b. Observe area covered by wear particles at maximum number
of locations possible.

c. Repeat the experiments with actual wear particles
ensuring that non-wear particles are pre-separated before
running the slide.

2. Investigate the possibility of studying the movement of
particles in the fluid. Fibre optic borescopes can probably be used
for this purpose.

3. Investigate the possibility of replacing the peristaltic pump
by a pneumatic pressurizing system so that slow flow variations can be
annulled.

4. Since the area covered is a function of the fourth power of

the diameter, it may be possible that by knowing the area covered over
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a few points, the severity of the wear can be quantitatively found by
processing this information.

5. By controlled experiments and by knowing the particle deposi-
tion, the magnetic parameter H dH/dx can be evaluated on the Ferrogram.
Knowledge of H dH/dx will be helpful to kﬁow whether the magnetic
parameters remain the same for different machines.

6. Configurations other than plane slide, such as channel shape,
will provide a controlled flow over the slide. It is recommended that
studies should be conducted for alternate configurations of the slide.
Such studies can consider increasing the flow rate over the slide so

that time for running a sample can be reduced.
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FLOW REYNOLDS NUMBER

The model developed in the main body of this thesis was derived
based on the assumption that the flow over the slide is ripple free
Jaminar. A flow of the type on the slide will be ripple free if the
Reynolds number is less and 4 to 25 (12). The flow Reynolds number,
Re, can be estimated as:

46Uz(ave)pf

R =
e H

Substituting for § and Uz(ave) from Equations (3) and (4) respec-
tively into the above equation,

v 4p Q
R = £
e u

It is mecessary to substitute representative numerical values
into the above equation to get the value of Reynolds number. A value
of 0.01 centipoise is assumed for the viscosity term, u. Thié'repre—
sents the viscosity of water which is much lower than any oil analyzed
using the Ferrogram. Normal flow rate through the peristaltic pump,
Q, is of the order of 0.004 cubic centimetre per second. -For a
‘conserative approach assume Q as equal to 0.0l centimetres. Substi-
tuting these values into the equation for Reynolds numbe?, the flow
Reynolds number is equal to 3.2. Obviously, this value is much lower
than the limit of Reynolds number equal to 4 to 25. The values for
demonstration here used was highly conservative. Moreover, no ripples

were ever observed on the fluid film during a large number of slides



prepared.
Hence, the flow over the slide can be accepted as ripple free

laminar.
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REPRESENTATIVE NUMERICAL VALUES

In order to demonstrate the influence of various parameters on
the Ferrographic process, é set of representative numerical values are
rthosen. The values are given below:

Density of fluid, pe = 0.8 gm/cc

Bensity of ferrous wear particles, pp = 8 gm/cc

Acceleration due to gravity, g = 980 cm/sec2

Inclination of slide with respect to vertical, 8 = 88.5°

Viscosity of sample fluid, p = 20 centipoise.

Width of U-boundary, w = 0.45 cm.

Flow rate of fluid, Q = 0.9 cc/minute

To obtain the value of fluid film height, §, substitute the
above values into Equation (3). Accordingly,

Fluid film height, 6§ = 0.1 cm.

Volume susceptibility of ferrous particles, K of iron = 1000.

Product of field and field gradient in terms of magnetic
force, H (dH/dx) = 125 dynes/cc.
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