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ABSTRACT 

AN EXPERIMENTAL ANALYSIS OF THE 
TRANSPORT OF DRILLED PARTICLES IN AN ANNULUS 

H. Udo Zeidler 

Laboratory tests were carried out to study the removal of drilled 

particles in a well borehole simulated annulus. The main objectives of 

these tests were to determine the effect of varying: 

1. the particle size and particle size distribution 

2. the annular flow rate 

3. the fluid type viscosity and density 

4. the rate of rotation of the inner pipe 

Dropping tests with individual particles of various sizes were 

also performed to study the behavior of, and to determine the settling 

velocity of these particles in a quiescent Newtonian fluid medium of 

varying viscosity. 

From these experiments a general settling velocity equation appli¬ 

cable to all particle sizes and an expression for the cumulative mass 

fraction of particles removed from the annulus are formulated. 

It was concluded that: 

1. Under a given constant state, the total mass fraction of 

particles removed, fcmax> may be less than one. 

2. At low annular flow rates, the first arrival time, (tmin)ap, 

for any one particle size may be greater than the minimum time based 

on the relative average fluid and single particle settling velocities. 

3. The initial number of particles of any one particular particle 

size affects fc and (tmin) cmax min ap 



4. Rotating the inner pipe does increase the rate at which 

particles are removed and the total number of particles removed. 

5. Introducing a drilling mud into the annulus may or may not 

increase the rate at which particles are removed, compared to the same 

annular flow rates using water. The exact behavior of the particles 

under these conditions was not determined, and the reduction of Reynolds 

number from turbulent to laminar flow by use of the drilling muds does 

not permit a true comparison between water and drilling muds. 

6. In the laminar flow of drilling muds, it appears that one 

must consider both the relative flatness of velocity profiles and the 

particle Reynolds number in evaluating the carrying capacity capabili¬ 

ties of these fluids. A flatter velocity profile (low power law 

exponent) alone does not necessarily insure better carrying capacity. 
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SUMMARY 

An experimental apparatus was set up to determine the settling 

velocity of drilled particles in a Newtonian fluid and also to study 

the transport of drilled particles in an annulus using both water and 

drilling mud. 

Correlations were developed for the settling velocity of the 

drilled particles and for the recovery fraction of the drilled particles 

subjected to turbulent flow of water in an annulus. The introduction 

of pipe rotation and drilling muds produces changes in the recovery 

fractions compared to the recovery fractions observed in the case of 

water and no pipe rotation. No correlations were developed and the 

data is treated only qualitatively in these cases. 

IV 



INTRODUCTION 

As a roller cone bit penetrates through the formations of the 

earth in search of oil or gas, it forms small, somewhat flat, irregular 

shaped particles which are pumped up the wellbore annulus and to the 

surface where they are separated from the drilling fluid by passing 

it through a vibrating "shaker" screen. 

The ability of a drilling mud to remove these drilled particles 

(cuttings) from the wellbore annulus has been regarded by various 

writers, Williams and Bruce,1 Pigott,2 and Hall, Thompson, and Nuss.3 

Williams and Bruce show the effects of varying the fluid viscosity, 

density, and gel strength, and varying the amount of drillpipe rota¬ 

tion. Pigott gives an equation for the settling velocity of flattish 

particles as a modified form of Stokes Law, and Hall, et al., give 

drag coefficients and settling velocity equations for irregularly shaped 

particles in Bingham plastics. 

Extending this work to predict the net upward velocities of 

irregular shaped particles from various settling velocity equations 

has yielded inconclusive results with large differences between expected 

and observed values. Some explanation for these differences has been 

given, but further attempts to predict rise times under actual or simu¬ 

lated conditions have not been made. 

By simulating a wellbore annulus in the laboratory, the author 

wishes to extend the present knowledge and present empirical relation¬ 

ships, when possible, to predict the recovery fractions for drilled 

particles in a wellbore simulated annulus. 
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I. THE EXPERIMENT 

A. Laboratory Facilities 

The laboratory data was taken from two different apparatus. 

1. For obtaining the settling velocities of the drilled particles, 

a 15 foot long, 3 inch ID glass tube was erected. Along its length, 

four measuring stations were marked; the times for a particle to reach 

the respective stations were measured with electric timers accurate 

to within 5/100 second (Fig. 1). 

2. The data for the carrying capacity study was taken from a 

wellbore annulus of effective length 65 feet and consisting of 

8 5/8 inch 0D (8 1/8 inch ID) casing and 4 1/2 inch 0D drillpipe 

(Fig. 2). There was one "bottleneck" tool joint connection in the 

effective annular length. The tool joint connection was 16 inches 

long and 5 inches 0D. The drillpipe was set in a bearing at the base, 

and there was a drillpipe stabilizer inserted at the midpoint tool 

joint connection to facilitate drillpipe rotation with a minimal amount 

of drillpipe whipping. 

Two two-inch lines were run down the outside of the annulus, one 

to pump the sample to be tested to the screen at the base of the 

annulus and the other to pump the circulating fluid. In this manner, 

the longest possible effective annular length could be attained. Two 

vibrating screens were used to separate the drilled particles from 

the circulating fluid during any one test by switching the flow from 

one screen to the other. The circulating fluid was pumped by two, 

in parallel, multiple geared, Oilwell 48P-HD triplex plunger pumps 

to provide the required flow rates. An air pressure regulated bypass 
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valve provided the necessary means for more exact flow rate adjust¬ 

ments. Flow rates were measured with a Foxboro magnetic flowmeter. 

B. The Experimental Procedure 

1. Settling Velocity Measurements 

Particles of various screen sizes were marked and dropped 

down the glass tube. The fluid viscosity was varied with various 

amounts of glycerin solution. In this way, fluid viscosities over 

the range 0.96 cps (water at 72°F) to 114 cps were obtained. 

The 15-foot fluid column consisted of four equidistant (3 feet 

each) measuring stations with mirrors at each station. A two-foot, 

front running length was allowed for the acceleration of the particles 

to a "steady state." 

A master switch started all four clocks simultaneously when the 

particle passed the first station. Then, as the particle passed each 

successive station, the corresponding timer was switched off. The 

times taken for the particle to pass each station, measured from the 

zero mark, S-0, were recorded. 

This procedure was carried out repeatedly using various fluid 

viscosities and the same marked sample particles. Five particle sizes 

of 25 particles each were used. Of the five particle sizes, ASTM 

#1/4, #4, #6, #8, and #10, the number 8 and 10 sizes were run in water 

only. 

2. Removal Rate Measurements 

Particles were screened according to ASTM standard screen 

sizes. Initially, various gradations of particle sizes, #1/4, #4, 

#6, #8, #10, #12, #16, and #20, were used. For most instances, however, 
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samples consisted of #1/4-8, or #1/4-10 sizes since these are of more 

interest and concern to the drilling industry from the point of view of 

carrying capacity ability. 

After weighing and screening the particles, they were uniformly 

mixed into either two or four kilogram samples of various particle 

size gradations. A sample was then pumped to the screen at the base of 

the annulus via the sample injector line. After the particles were 

pumped down, the flow was switched to the other two-inch line supplying 

the annulus with fluid below the screen and straightening vanes. The 

fluid-particle mixture was brought to the surface into a short trough 

leading to the two vibrating screens. After some given time, depending 

on the flow rate, the flow was diverted to the other screen. The prior 

screen was cleaned off and the sample was marked accordingly. It was 

then taken to be dried, resieved, weighed, and recorded. In this manner, 

the necessary data to determine the recovery fractions for the various 

particle sizes were obtained. The main variables of interest were: 

a. The effect of flow rate. 

For any one test, flow rates were varied from 50-400 gpm which 

corresponds to a variation in mean annular velocities of 0.447-3.57 ft/sec. 

b. The effect of fluid type and viscosity. 

Water and a number of various types of drilling fluids (polymer 

solutions, bentonite slurries, and water-in-oil emulsions) were used. 

Samples of each drilling mud used were taken and passed through a 

capillary viscometer to obtain the necessary shear stress-shear rate 

relationship required to characterize each fluid. 
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c. The effect of rotating the inner pipe. 

The inner pipe was rotated at various levels of rpms, from 50-200 

rpm. 

For five minutes at the end of each test, the annular flow rate 

was increased to 400 rpm and the inner pipe was rotated at 50 rpm to 

insure that all particles were removed. For a further safeguard to 

prevent the mixing up of sample batches, the samples were dyed a specific 

color. 
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II. THEORETICAL CONSIDERATIONS AND OBSERVATIONS 

A. Particle Settling Velocity 

Extensive literature can be found dealing with the motion of spherical 

and arbitrarily shaped particles in a fluid environment, in both laminar 

and turbulent flow. Rigorous mathematical treatments are given by 

Happel and Brenner,4 Lamb,5 and Soo.6 In general, for a particle of 

no specific geometry, one can develop the mathematical theory, with the 

aid of physical reasoning, to a certain point after which one must 

resort to experiments to determine certain physical constants. 

Past researches have found that, qualitatively, in some aspects 

at least, the motion of arbitrarily shaped particles and spherical 

particles are related. Several interesting observations were made 

while studying the effects of viscosity on the various particles, 

which could help to explain quantitative differences. 

While the dropping tests were being performed in the water- 

glycerine solutions, the solution in the glass column was normally 

allowed to stand overnight to allow entrained air to draw itself out 

of the solution. In some instances, a vacuum pump was used. Some 

particles were dropped while the solution still contained air bubbles. 

This offered an excellent picture of the flow around the particles. 

In general, the motion of a cutting may be described as being 

oscillatory and rotational about a coordinate system oriented in the 

same direction and moving with the particle as the particle coordinate 

system origin moves in a helical fashion down the length of the column. 

With the air entrained, water-glycerine solution, the definite forma¬ 

tion of vortices behind the particles was observed. These vortices 
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shed themselves from the particles from opposite sides at seemingly 

constant periodic intervals and the shedding of these vortices con¬ 

tributed to the oscillatory motion of the particles (Fig. 3). At 

lower viscosities (high Reynolds numbers), this motion was more pro¬ 

nounced and the particles tended to travel closer towards the walls 

of the glass tube. At higher viscosities, the particles assumed a 

fairly steady motion with substantially reduced oscillation, rotation, 

and helical motion. For the cuttings then, at lower Reynolds numbers 

the viscous drag dominates while at higher Reynolds numbers the form 

drag dominates. 

In order to determine the settling velocity in terms of the 

measurable properties of the particles and the system, the conventional 

drag coefficient-Reynolds number plot can lead to a convenient method 

of determining the required relationship. Such a curve, Fig. 4, was 

obtained from the dropping tests. 

In Fig. 4 the drag coefficient is defined according to, 

In Eqn. 1, Aeq is the area of an equivalent sphere having the same 

volume, Vol, and density, ps, as the particle, PL and y are, respectively, 

the density and viscosity of the fluid. Hence, 

and the Reynolds number according to, 

M 
(2) 

6Vol  (3) 
rr 
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One observes that the drag coefficient for the cuttings is much 

higher than that of the spheres. This may be due to the oscillatory 

the wake of the particle. When a vortex is released behind a particle, 

it was observed that this caused the particle to rotate about an axis 

normal to its direction of motion. Stable translation of the particle 

is attained with the axis of largest cross-sectional area normal to 

the flow. Thus, the particle, after a vortex has been shed, will 

attempt to reorient itself to this stable configuration. The continual 

release of vortices coupled with the natural tendency for reorienta¬ 

tion causes the particle to oscillate about an axis normal to its 

motion. 

Determining the settling velocity from a CD vs. NRE plot is a 

tedious trial and error procedure. One can generalize that over a 

sufficiently large Reynolds number range, a plot of Nj^p vs. 

2 
Cp x NRE>P will yield a straight line on logarithmic paper, Fig. 5. 

Writing this in the form of an equation we have then that, over the 

given range, 

motion of the particles caused by the periodic release of vortices in 

Using the definitions, (1), (2), and (3), 
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or 14 * const gc| pl^ps-pi^d^5^1 15) 

J^ 
For the case of spheres at low Reynolds numbers, (Npg<0.5) the 

slope a=l and we observe that, 

Vs _ const.4gcXp5=pdd«^.  (6) 
3 M- 

the constant in this case being 

const=1/24 
=0.0417 

1. Factors Affecting Settling Velocity 

Work done by Caswell and Schwarz,7 who extended Stokes' and Oseen's 

solutions for creeping flow past a sphere using the Rivlin-Frickson model 

to describe a non-Newtonian fluid, shows a difference does exist between 

the final relationships for settling velocity of a particle in a Newtonian 

and non-Newtonian fluid. The author feels that this difference would 

be small and within the experimental error of this analysis. 

The terminal velocity of spheres in a Bingham plastic has also 

been experimentally treated by Valentik and Whitmore,8 who considered 

suspensions of spheres of varying diameter. 

Steinhour9*10 points out for both spherical and angular particles 

of small sizes (10 to 50 microns) that sedimentation rates of the 

powders used in their work are dependent on the concentration of the 

suspension. The effect of interaction between particles (spherical) 

has also been analyzed by Isaakyan and Gasparyan,11»12 Cunningham,13 

and Kynch.14 
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When dealing with particles of arbitrary shape, another variable, 

the degree of sphericity, ip, 

'll; _ surface area of sphere having same vol.as particle 
• surface area of solid particle 

as pointed out by Wadell15 should also be considered. Wadell determined 

and illustrated that at a given Reynolds number the drag coefficient 

decreases with increasing sphericity. Figs. 4 and 5 then imply a constant 

sphericity which appeared to be approximately so for the different 

particles used. Sphericity would become more important at high Reynolds 

numbers where the form drag becomes dominant. 

As pointed out by Ladenburg,16 the resistance of single particles 

to steady motion is increased when the particle diameter to tube dia¬ 

meter ratio increases. The resistance to steady motion is also increased 

as the particle radius to fluid column height ratio increases. Either 

of these factors would lead to decreased settling velocities. 

The authors cited give corrections, for most of these factors, 

which could be applied to the settling velocity of the "unhindered" 

particle in the glass column of this analysis but where applicable any 

corrections made were insignificant, less than 5%. 

In the annulus when the particles are subjected to non-Newtonian 

fluids, as are most drilling muds, the fluid model which best described 

the character of the fluid in question is the power law model 

t'=K3'n  (7) 

Jl -Ktf""1 (8) 

T and y are the shear stress and shear rate, respectively, and y is 

the effective viscosity. 
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B. Laminar and Turbulent Velocity Distributions of Newtonian and 

Non-Newtonian Fluids 

In comparison to Newtonian fluids, non-Newtonian fluids, pseudo¬ 

plastic or shear thinning in nature, in laminar flow yield flatter 

velocity profiles than do their Newtonian counterparts. For pseudo¬ 

plastic fluids, the flatness of these profiles is inversely propor¬ 

tional to the exponent, n, of the power law model. 

To accurately determine an effective viscosity at a given cross- 

section, one should know the velocity distribution or the shear stress 

distribution, especially for non-Newtonian fluids since the viscosity 

is dependent on the shear rate. 

The complexity of determining annular velocity distributions in 

order to determine a relative effective viscosity may be avoided if 

the viscosity corresponding to the wall shear stress and shear rate 

is used. Then, in accordance with Newton's law of viscosity, 

JJL=/C/% (9) 

/UK*"”1 C6) 

Once the wall shear stress has been determined, then, from a plot of 

x vs. Y, the corresponding shear rate may be determined for any parti¬ 

cular drilling mud. Shear stress-shear rate data are easily obtained 

from a capillary viscometer by the relations 

APDC/4L  ....Go) 

X _ sV/' 3+1/nA ...(11) 
Dd 4 y 

n' = d LnfAPDcAL) (12) 
d Lh(6V/Dc) 

For the above relationships to hold, one must insure that laminar 

flow is maintained in the capillary tube of diameter, Dc, length, L, 
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through which a fluid is flowing at an average velocity V which creates 

a pressure drop AP over the length, L, of the test section. 

In order to determine the wall shear stress in laminar flow of 

an annulus, the following procedure is adopted. From the general 

definition for the friction factor, f, after Fredrickson and Bird17*18 

Fo_f^ld.JA (13) 

where FQ is the total drag force exerted on the wetted surfaces. 

For steady flow in an annulus of length L, this drag force is the 

force exerted by the wall shear stress acting over the area 

21TR(l+X)L 
R, being the outer radius, and K, the ratio of the inner to outer radius 

of the annulus in question. Writing the force balance for the length L 

of the annulus leads to 

to*2irR(i+x)L=:APn Ra(l‘X?) (14) 

Solving for the wall stress, Tq, 

Vb= APR(l-X?) (is) 
2LU+X)  

and we may immediately write the expression for the friction factor as 

f-g, APR(i-x2) as) 
Pv^d+x) 

After Langhaar,19 a dimensionless flow rate for non-Newtonian 

fluids in an annulus is given by fi , 

fin Q =fn (l/n,X).....(17) p rrR3L(AP/LKRgc/2K)]1/n 
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fn(i/n-'X)-nY3(l-x)*!j?> (is) 
2n+i 

The function Yh/n ,K) is shown in Fig. 7 from which, for a given n 

and K, IP is easily read off. Solving the expression, ftp, for AP/L 

and inserting this into Eqn. 16 

AP/L. 
Rgc/2K 

l Dp VITR2(1-X*)| 09) 
V irR5 / 

and one finds that, 

f=  i©   (20) 
NRE(n,K) 

wherein 

NRE(n,XU (2R)V'np/K  (2i) 

Thus, for the laminar flow of non-Newtonian fluid in an annulus, 

the wall shear stress may be expressed in the form, 

16pV2/2g.  (22) 
NRE(n.X) 

Over the range of flow rates used with both the water and drilling 

muds, it is easily possible that a fluid may be in laminar or turbulent 

flow depending on the flow rate and/or viscosity of the fluid. 

For turbulent flow of non-Newtonian fluids in tubes, Skelland20 

gives a brief account of the method used by Dodge and Metzner21 in 

determining the velocity distribution of power law fluids. He further 

points out that for n-values over at least the range, 

0.45 1.00 

experiments show that there is no significant difference between 

turbulent velocity profiles of Newtonian and non-Newtonian fluids. 
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To determine the wall shear stress, one can adopt a similar method 

to that used for laminar flow. For annuli, Frederickson and Bird17*18 

recommend the use of the conventional friction factor curve for turbu¬ 

lent flow in smooth tubes, but with the friction factor and Reynolds 

number defined differently. Accordingly, 

r_ _ 0.0791  (23) 
T NRE(n.K)025 

3X103<NRE< 105 

In the expression, (23), the Reynolds number is that given by Eqn. 21. 

From Eqns. 15 and 16, as before, 

f_ Go 

“ 2& 

(24) 

and finally, we arrive at 

to _ 0.0791 pW^q-c (25) 
[NRE(n.X)]v^ 

for the wall shear stress in the annulus with turbulent flow. The 

wall shear rate is then implicitly defined from this expression and 

from it the viscosity can be determined following a procedure similar 

to the laminar case using the appropriate expressions. 

In both laminar and turbulent flows, the effect of rotation of 

the inner pipe introduces an additional radially decreasing tangential 

velocity component Vg(r). The centrifugal force experienced by the 

fluid particles due to this tangential component shifts the point of 

maximum velocity,r = XR, radially outwards. This shift in the point, 

r = XR, would then create different wall shear rates and as a result 

the pressure or wall shear stress would also change. For non-Newtonian 

fluids then, this implies a change in the effective viscosity. 
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Attempts to predict these changes are not presented herein. The 

author feels that the change in effective viscosity due to the change 

in wall shear rates with the introduction of pipe rotation would be 

small, and that the difference in ability of a drilling mud to trans¬ 

port cuttings for the case of no rotation and rotation would be mainly 

due to the difference in the transport mechanisms for these two cases. 

For pure rotation with no axial flow, the transition Reynolds 

number may be approximately expressed by the relation, Schlichting,22 

(Ui KR R(l-x) p IEK *415 (26) 
!fXi X 

Expressing the angular velocity in revolutions per minute, 

OJtran » 324 Ji EHZ....... (27) 
R* p/XU-X)’ 

At this angular velocity then, the transition from laminar to turbulent 

flow commences. As Schlichting22 points out, when this angular velocity 

is attained, stable ring vortices are formed in the annular gap, to the 

point of fully developed turbulence, at an angular velocity some forty 

times that at transition. 

Imposing an axial flow in addition to the tangential flow greatly 

reduces the transition angular velocity. As Goldstein23 points out, 

using the method of small disturbances, the angular velocity at which 

a disturbance will first be created is dependent upon the Reynolds 

number of the axial flow and is observed to decrease as the axial flow 

Reynolds number increases. 
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C. Cutting Transport Mechanisms 

1. Related Theoretical and Experimental Work 

The behavior of rigid spheres in Poiseuille flow has received 

the attention of various authors from both experimental and analytical 

viewpoints. 

"Jeffrey,24 in 1922, utilized the concept of Einstein,25 

that there is an excess energy dissipation produced in 
the fluid by the introduction of a sphere into a uni¬ 

form shear flow. He proposed that a particle moves at 
that distance from the axis which minimizes the rate of 

energy dissipation. Einstein has shown that the excess 

dissipation is proportional to the square of the 
vorticity of the incident flow at the particle. Since 

the velocity distribution of Poiseuille flow is para¬ 

bolic, the vorticity is proportional to the distance 
from the axis and the energy dissipation to the square 

of the distance from the axis. Thus, Jeffrey con¬ 

cluded that a particle would move along the axis." 

- from Rubinow and Keller26 

Rubinow and Keller attempted to analytically obtain an expression 

for the flow about a sphere in a shear flow with a parabolic velocity 

distribution. They obtained a first order Stokes solution in part 

only because the labor became prohibitive. For the terms that they 

did obtain, they predicted a radially inward acting force. They go 

further to make the conjecture that the additional terms could lead 

to the experimental results of Segrd and Silberberg.27 In their 

experiments Segrd' and Silberberg accurately determined experimentally 

that particles concentrated in an annular ring in a tube of radius, 

rQ, at approximately the distance, r = 0.6 r0. These results were 

contradictory to the theories of Jeffrey24 and Saffman.28 Saffman 

also points out that according to his calculations inertial terms 

are too small to alone account for any particle migration. Physiologists 
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use the Jeffrey hypothesis of minimum energy dissipation for the flow 

of red corpuscles which are found to be concentrated in the central 

areas of capillaries. In the light of the non-Newtonian behavior of 

blood, Saffman went on to try and explain this behavior in terms of 

the non-Newtonian characteristics of the fluid; but here again, his 

results were inconclusive and the migratory behavior could not be 

attributed to non-Newtonian behavior. 

According to Segrd’ and Silberberg, Vejlens,29 studied the motion 

of a single sphere released from near the wall of a tube of square cross- 

section and found that the particle moved away from the wall. Further, 

he found that this effect increased rapidly with particle size. In 

light of these experiments and former analyses of creeping motions, 

Segre" and Silberberg conclude that their observations must be due to 

the neglected inertial terms of the equations of motion or the presence 

of the walls or both. 

Oliver30 points out that according to his findings for single 

particles the rotation of spheres results in an outwardly directed 

force and not radially inward directed force as previously suggested, 

and that in the absence of rotation the spheres normally drift towards 

the tube center. These observations are made for neutrally buoyant 

spheres. Oliver further points out that the initial position has 

little influence on the final position, though a sphere located directly 

at the tube center exhibited little tendency towards radial displace¬ 

ment. For slightly asymmetrical particles, Oliver found that a form 

of uneven rolling developed and it is significant that as the roll 

increased, the particles moved away from the tube axis; when the rolling 

was arrested, the asymmetric particles moved towards the tube axis. 
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Pertaining in particular, in part to the transport mechanism of 

cuttings, is the work of Williams and Bruce.1 In their work, visual 

observations were made concerning the movement of single discs in an 

annulus. They observed that the path followed by any one particular 

disc is dependent on the size of the disc and the nature of the flow. 

They also observed in some instances that the discs remained at one 

position along the outer annular wall and that only a change to sub¬ 

stantially higher flow rates caused the discs to be brought back 

into the fluid stream. 

2. Formulation of the Recovery Fraction Equation 

Consider a given sample of drilled cuttings of approximately 

the same density and varying particle sizes at the base of an annulus 

of length, L, which is subjected to a steady shear flow at some initial 

time, t0, and observe the nature of the removal of these cuttings after 

they have travelled over the length of the annulus. 

As one might suspect, there would be an initial waiting time, ti, 

before any particles appeared at the surface. After this initial time, 

one might observe over given time intervals, At, that the amounts of 

the samples removed during each interval varied until finally, say 

after, q observations to some time, t£, 

tf = to + tl-jAt 
the cuttings ceased coming to the surface. Plotting the cumulative 

recovery fraction of the bulk sample, fc^. By varying the fluid pro¬ 

perties and introducing pipe rotation, one would expect that similar 

curves would be generated, with perhaps a shift in the point, t^, and 

higher or lower removal rates over any specific time interval, whatever 

the case may be. The point, t^, may or may not coincide with the minimum 
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transport time 

(tmin)Qbs=,_L_ 
V-Vs 

(28) 

A comparison of this expected curve to the actual laboratory 

data curves yielded one major difference; namely, in almost every 

instance for a given sample run, even with pipe rotation, and the 

various drilling muds, the maximum cumulative fraction recovered for 

any one particular particle size, fc^^ was less than one. This 

observation would then support the findings of Williams and Bruce;1 

that is, particles appear to adhere to the annular walls. Another 

general observation that was made, especially at low flow rates, was 

that the time required for the particles to first appear at the sur¬ 

face, (tmin) , was much longer than the time based on Eqn. 28. As 
ap 

a further complication, significant differences were seen in experi¬ 

ments which, at the time they were run, seemed identical. Comparing 

all of these tests revealed that the initial sample weights of the 

individual particle sizes differed, although the bulk sample may 

have been the same. In view of this then, one should also include 

some concentration effect. A variation of either flow rate, fluid 

type, or rotation of the inner pipe produced differences in the degree 

to which fc ., and (tmin) . were altered. Qualitative curves max|x apy1 

showing some of these effects are illustrated in Figs. 9a and 9b. 

With these factors in mind, a general expression is formulated 

for the cumulative recovery fraction of the drilled particles in an 

annulus. 
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For reasons which become apparent later, the formulation, although 

general, is based on the findings of the water test data, all of which 

were in turbulent flow, in the annulus. 

Considering a certain species of cuttings, i, then for the recovery 

fraction of the i*h species, one may write that 

 (29) 

“herein ftrtnl* -®c(tmmW; Ni; V; Vtf (30) 

(tminWi=  1311 

fcmax,i“  A 02) 

In these relations, 
2 

V=Q/TTR(I-X
2) , is the average annular velocity, 

corresponding to the mass flow rate, Q. 

Vs,t- the settling velocity of a single particle of 

the i^h species. 

|\ll - the number of cuttings of the ith species for a 

particular run. 

NLSmo,i/mi , the initial sample mass of the i^ 

species divided by the average mass of a single particle of the i*h 

species. 

fcmax.l=mmax,L/mo,L 

mmax,i" maximuin expected mass recovered, during the 

test, of the i*h species. 

an<$^i» are un^nown functionals to be determined in 

terms of their respective variables, for any one particular species. 
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A good approximation to the curves of the data obtained can be 

made by approximating the actual curves by an exponential relationship. 

Thus, the functional^ may be written as 

$“fcmax,L "ex 

and Eqn. 29 takes the form, 

Me max ^ - exp[- (l^in)ap,l]|  (33) 

Eqn. 33 introduces yet another functional>(&\, which is representative 

of the damping factor of the exponential term. Rewriting Eqn. 33 in 

the form 

(34) 

then, one observes that the left-hand side is representative of the 

fraction remaining, less the fraction 

_ITVii - rnmnt.i  (35) 
m0.i 

which can be recovered only by a change in the flow rate or turning 

the pipe. Eqns. 33 and 34 have the restriction that they are valid 

for times, t, greater than or equal to (tmin) •. Mathematically, 
ap,i 

this restriction can be imposed by introducing a step function, 

Hi(x) = 0, x*o 
Hi(x) = l, x>0 

"here X = t _(tmln)ap,i. 
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in Eqn. 33. For Eqn. 34 the same step function may be used if care 

is taken not to write the step function in the denominator of either 

side. For values of 

necessarily 

fct-o 
and Eqns. 33 and 34 may be written as, 

fCji=Hi[Hmin)ap,i] fcmcnU   

HitHtnJapil -ii_=Hi[t-(tminLi].expf- idpl>p.i 
t—i L © 'Crmx.i 

.06) 

....07) 

Hitt- (Wap.il ‘0 t - (tminlap.i 

H)[t-(tmmkp.il=1 t >dmin)api 
For an exponential decay, the relaxation time is defined as the 

time for an exponential function to decay to 1/e of its maximum value. 

So, for our expressions we may write that 

t£T“ ©i'-(tmin)ap,i OS) 
in which <£i is the time measured from t=0, to the point where 

fci/£cmax,i = 1/e
> see Fig* 10* 

Experimentally, it was determined that 

2th [(tminlopu; (thiinW ;NJ .....(39) 
Eqns. 36 and 37 can be written in terms of any particle size 

provided that the variables fcmax,i» (tmin)ap and(]£[ are determined 

according to their respective particle sizes. Further, if the functionals 
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^411 [can be related to some particle parameter, for 

example, and equivalent sphere diameter, then the Eqns. 36 and 37 

are general and apply to all the particles according to their inter¬ 

relationships. 

Implicitly, this has already been done by the variables, Vsi 

and m^, which, excluding any empirical constants, are the only variables 

peculiar to any one particle. 

3. Physical Arguments Underlying the Empirical Determination 
of the Generalized Functionals 

In determining the form that the functionals should have, it 

is important to attempt, wherever possible, to satisfy any boundary 

conditions the physical world may impose as well as having the functionals 

fit the data over the applied range. It is desirable, where possible, 

to have the functionals apply equally well to at least all the cutting 

sizes used; in this way then, the subscript, i, pertaining to the i^ 

species may be dropped. In order to avoid the use of excessive symbols 

for constants, the subscripted lower case letter, c^, i=l,2 . . . 

number of constant required per equation is used. Corresponding con¬ 

stants, c^, in different equations do not imply that they are the same 

constant; unless otherwise stated, only if the constant is repeated 

in the same equation does it imply that the constants are identical. 

a* (tmin)ap 

For all the cutting sizes used, it was observed that the apparent 

minimum time to reach the surface was a function of the particular 

cutting size, the mass, m0, for that size and the flow rate used. 

For any one particular size, if the flow rate was held constant, 

(tmin)ap was observed to decrease as the sample size was increased. 
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For approximately the same sample size, (tmin) rapidly approached 
ap 

(tmin)abs 
an<l at high flow rates appeared to be the governing factor. 

The boundary conditions that one may impose are: 

1. Regardless of the magnitude of either the flow rate or 

particle mass, (tmin)ap is never less than (tmin)abs. 

2. When the net rise velocity or particle mass approach 

zero, (tirnn) approaches infinity. aP 

The expression for the functional,^ , that satisfies these boundary 

conditions and follows the observations of the experiment is, 

(trninLp^nunW + Cl
 y f*(*A/)  ^ 

( \l -\4 f4 

Considering the term, |—z-j rrl » it is easily seen that it may 
VCzV 

be representative of a ratio 

(tminl abs 

wherein t, 
^ ctV -c,Vs 

tlcy 

For a particle that is subjected to a shear flow because the velocity 

is not everywhere the same, it would seem logical to assume that the 

particle does not travel everywhere in the annulus with relative velocity, 

V-Vs, since V is not a constant over the cross-section. It may, on 

the average (depending on the preferred position the particle takes 

in the annulus), experience an upward driving velocity different from 

V. Further, due to the turning moment on the particle, the particle 

may at some time experience an edgewise slip, in which case its settling 

velocity would be much greater due to the reduced cross-sectional area. 
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So, on the average, over the length of the annulus, a particle may 

appear to have a slightly higher settling velocity. To allow for these 

effects, the coefficients C2 and c^ are introduced. 

b. fc '-max 

As before stated, in most instances it was observed that for a 

given flow rate the recovery fraction was less than unity and that it 

increased with an increase in flow rate and the number of cuttings 

present. 

Imposing boundary conditions on the functional , restricts its 

form to an expression that never has a value greater than unity regard¬ 

less of the net rise velocity or the number of particles, and that it 

should approach zero when either the number of particles or the net 

rise velocity approach zero. Such a functional may be described in an 

exponential form which allows one to write that 

fcmax = 1'eXP[-Cl(^f nC’]  
This expression indicates that as the ratio of the net upward to down¬ 

ward velocities increases, or the number of particles increases, then 

fcmax will increase accordingly. In order that this expression be 

satisfied at the boundary conditions, necessarily, c^>0. 

c. dc 

The relaxation time was obtained indirectly from the plotted 

data. Plotting f C \ , , 

Lnfl-ft_ J vs. t~tmirinp 
' ^Cmax tk ‘ < tninop) 

for all the data revealed that a fairly good straight line could be 

drawn through the data with a slope which ranged from -1.1 to -1.3. 
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No specific trend was observed for the different particle sizes. For 

the relation above, t1 is the time for the cumulative mass fraction, 
/I72 

fc, to reduce to 1 /JT~ of its maximum value; i.e., 

fc/ fctnax 
the time being taken from the origin. Further investigation revealed 

that the time t_!  was dependent only on the number of particles of the 
/1/2 

particular particle size used and the time, (tmin)a^s. If one defines 

(see Fig. 10), 

tpg "ttminlap 
then this expression was found to have the form 

tj£ = (tmin)abJl + Ci(l/N)CjJ (42) 
The relaxation time 

(L= (L "ftminlap fos) 
is related to the time ^ (see Appendix 1), 

& *1226 
C2. 

or <E=_4_(ttnin)ab5[l+c1(l/N) j (43) 
1.226 

The relaxation time is often used as a relative measure of the 

rate of growth or decay of exponential functions. From the expression 

44, one observes that for a given annular length the relative rate at 

which particles come to the surface is dependent on the number of 

particles in the annulus and net rise velocity for any two particles 

under consideration. 
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4. Pipe Rotation and Drilling Muds 

Data obtained when pipe rotation and/or drilling muds were 

introduced were very erratic. Some theoretical consideration to the 

mechanisms involved in these cases is given further in the discussion, 

where the author gives account to some of the methods attempted in 

their analyses. 

D. The Results and Discussions 

1. Settling Velocity Tests 

With the aid of Figs. 4 and 5 the following relations were 

obtained to determine the settling velocity of the drilled particles 

in a Newtonian fluid. 

In the above relations, all values are in cgs units. From these 

relations it may be observed, as one might expect, that the dependence 

of settling velocity on viscosity is seen to decrease with increasing 

Reynolds numbers. This would indicate that with increasing Reynolds 

number the form drag becomes more predominant and that the viscous 

2 * NRE.P^15 

0.356 ,. 0.224 
pi' M 

15 4 NRE 4 60 
0.516 | 0.546 0.546 

eo^HKE,p^i500 
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drag becomes less significant. With this in mind, one might hypo¬ 

thesize that for Reynolds number greater than 1500 the slope, a, of 

2 
the NRE VS. CO(NRE)P plot, Fig. 5, will have a value of a - 0.5 and that 

the settling velocity may be represented by the relation, 

Vs = const A (ps-pJdeq  (48) 
3 pc 

If the particles in creeping flow behave like their spherical counter¬ 

parts, the slope, a, would have a value, a = 1, and for the creeping 

flow of drilled particles in an infinite Newtonian fluid, 

Vs=const A gc (pv^lde^  (49) 
3 P- 

This then would agree with the results for spheres; the constants in 

the above relations would then be representative of the shift of the 

drag coefficient-Reynolds number curve (Fig. 4). 

To aid in characterizing the particles geometrically, along with 

the determination of the average particle mass, particle size measure¬ 

ments were also made (Fig. 6). The mean value, dm, of the dimensions 

for the major cross-section, di and d2, and the thickness, T, is given 

for the particles. The ratio, T/dm, was not constant for all the 

particle sizes; therefore, the sphericity was not the same for each 

size. Any difference in the drag coefficient-Reynolds number curve due 

to a variation in the particle sphericity could not be detected. For 

all the particles, the average ratio, T/dm, was 

T/dm=05 
Only the #10, (T/d„ = 0.367), and the #1/4, (T/dm = 0.279), sizes 

varied significantly from the average value. 
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2. Annular Cutting Transport in Water 

As has been previously stated, all the annular flow using 

water as the transporting medium were turbulent; the functionals and 

related equations applied directly to this case. Analysis of the 

pertinent data with the aid of a computer led to the following corre¬ 

lation equations. 

(Wap “ ( Wabs |l +e02(.Vy-ttJ (VN)°3SJ  

Ci - 0.92 *6 particles 
C£ -0.80 *3 particles 
02 = 0.75 * 10 particles 

r f \°-963 Q290-1 

fcmcu = 1 ~ exp[_0.0723p^sj N J (53) 

tjf = (Wn)abs 
+ S2 2(VN) j M 

The above relations fit the data reasonably well. Except for 

Eqn. 52, the equations are applicable to all particle sizes. The 

term, [l/(c2V-Vs)] is representative of the "lag time." All other 

constants being equal then would infer that the smaller particles are 

in more cyclic motion or that they tend to remain in regions where the 

velocity is less than the average velocity. 
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A comparison of the calculated and observed or obtained values 

for the various relationships are illustrated in Figs. 11-14, inclusive. 

As one can observe there is some scatter to the data, which may in part 

be explained in the following paragraphs. 

For the experiment, the particle sizes were taken according to 

the ASTM standard screen sizes. This would mean that any one size is 

actually representative of all size gradations up to the next, adjacent 

screen size used. For example, a given number of #8 size particles 

included all those particles that would pass through a #6 screen and 

remain on a #8 screen. The particle masses, equivalent sphere dia¬ 

meters, and settling velocities used herein are, in reality then, the 

average values of all the particles between any two screen sizes. 

Statistically speaking, the standard deviation,0" , is indicative 

of the probability of a single observation having an error of 68%. The 

standard deviation of the mean value, <S» , is defined as 

crm -(TAIN 
and a value, say m, may be presented with 90% confidence limits in 

the form 

m ± 1.645 
Tabulated in Table 1 are the results of the determination of the 

average particle mass for each particle size used. From Table 1, it 

should be noted that the probability of a single observation having 

an error of 68% (1.0OJ decreases from 43% for the large particles to 

approximately 29% for the smaller particles, and that the mean values 

for the mass of each particle size varies from approximately 10% for 

the large particles to 6% for the smaller particles with 90% confidence 

limits. 
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Any subsequent results then must be expected to have at least 

this much error. From the nature of the experiment, an additional 

error due to the particle mass and size gradation is also inherent. 

In any one test, as the flow rate was increased from 75 gpm to its 

maximum value, one should expect a certain amount of gradation to 

occur in the annulus. That is, for anyone particle size at the 

lower flow rates, the lighter particles of that particular size would 

appear first; for the next flow rate increment then, the representative 

particle mass could be higher than the average mass for that parti¬ 

cular size. This was found to be so for certain spot checks made 

on the average particle mass and particle counts of the recovered 

samples. In one instance, the representative particle mass was found 

to be different by more than 20% of the average particle mass for that 

particular size. 

Particle counts were determined by dividing the mass of the particle 

recovered for any one particular size by the average mass of the size 

in question, 

Ni = m0ii / 
and particle settling velocities were determined on the average mass 

per particle, m^. 

In this way, a substantial error could arise from the values used 

to represent any one particle mass. Less error and scatter could have 

resulted if the average mass of a given particle were determined for 

each test carried out; in this way, the error due to particle grada¬ 

tion could be reduced. Also, if "half screen" sizes were used in 

making up the original samples, then there would not be so much grada¬ 

tion taking place in the annulus. 
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Consideration must also be given to the grinding up or breaking 

up of particles. At the end of each test, it was found that approxi¬ 

mately 3% of all the particles were not recovered. This is probably 

because some of the particles were ground to sizes small enough to 

pass through the collecting screens. 

3. Cutting Transport with Pipe Rotation 

In general, the addition of tangential flow to the axial 

flow of water in the annulus caused large increases in the maximum 

recovery fractions and the rates at which particles came to the surface. 

Recovery time intervals were the same as for the corresponding flow 

rates without rotation. In many instances, the first recovery fraction, 

fc, was over 85% of the maximum amount recovered. As a result, first 

arrival times were virtually impossible to estimate. Fig. 15 illus¬ 

trates the difference one might expect in the recovery fraction curves 

when pipe rotation is introduced. The curves for no rotation are cal¬ 

culated curves based on Eqns. 50-54. Some of the other typical recovery 

fraction curves are depicted in Fig. 16. 

Attempts were made to predict the maximum fraction of particles 

recovered by relating the angular velocity to some average velocity 

dependent on the rate of rotation. For pure rotation only, Wattendorf 

and Taylor29 concluded from experiments that for turbulent flow, 

V0(r)r = csf. 
for approximately 80% of the annulus (except for regions near the 

walls). An average annular, tangential velocity is easily approxi¬ 

mated using a linear velocity distribution over the entire annular 
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cross-section. If vgfr) is to be in feet/sec, and the angular velocity, 

a), is in rev/sec, one can assume that the constant in the equation above 

may be set equal to 

const=2ir(XR)2w 

Defining 

then 

Ve= 4tr (xRfw (55) 
R(1‘X) 

Alternately, realizing that the centrifugal force on the particles is 

proportional to the velocity squared at any one point in the annulus, 

then one could define a root mean square velocity, AQ^, as being 

representative of the velocity component responsible in part for the 

increase in the maximum recovery fractions observed; i.e., 

The above relations, 55 or 57, would then be representative of 

some average velocity component that could be related in some way to 

the maximum recovery fraction. In similar fashion to the case of no 

rotation, one mav write 

Ideally, the constants, c^, C2, and C3, would have the same value as 

those of Eqn. 53, for the case of no rotation. This was not found to 

Vfl2= 4Tr[2Tr(XR)2Iu]2Ln(l/X) tee) 
R2(l-X2) 

 (57) 
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be so. Varying the constants of Eqn. 58 to obtain the best fit for 

an equation of this form led to the results illustrated in Fig. 17. 

Using the root mean square value as a representative velocity did 

yield the results shown. The equation used had the form, 

fcmax = *~exP (59) 

The correlation is not too good, and one must conclude that a 

more complex mechanism exists when pipe rotation is introduced. 

Indirectly, Eqn. 59 infers that the tangential and axial flows can 

be superimposed on one another. The non-linearity of the equations 

of motion alone indicate that this is not so. With respect to 

particles in transport under the influence of combined axial and 

tangential flow, a single particle would experience a radially decreasing 

centrifugal force that would tend to migrate a particle into regions 

of higher axial velocities and perhaps further to the outer wall of 

the annulus. Other forces such as inertial forces and drag forces 

may oppose the centrifugal force depending on the position of the 

particle in the annulus, and there may be some equilibrium position 

other than the outer wall that the particle prefers to be at. The 

cyclic pattern of the particle may be much reduced and restricted to 

the outer portion of the annulus; if so, then the particles would come 

out faster as a whole. This could explain the increase in the rate 

at which the particles came out and the increase in the maximum recovery 

fractions as observed in this experiment. 
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4. Cutting Transport in Various Drilling Muds 

Following the procedure outlined in section IIB using the 

generalized form for the Reynolds number, Eqn. 21, it was found, for 

the drilling muds used, that the flow was laminar at all flow rates. 

The constants, K and n, of the power law model used to describe each 

fluid were obtained from the shear stress-shear rate plots for the 

respective fluids, Fig. 18. Knowing the Reynolds number of the flow, 

one can then determine the wall shear stress and from the rheological 

equations determine the effective, wall, viscosity. Once this was 

known, an effective settling velocity for each particle size was 

determined according to Eqns. 45-47. The results of this are tabu¬ 

lated in Table 2. 

Realizing that the fluid is non-Newtonian, the settling velocities 

given in Table 2 are not the actual settling velocities of the particles 

in these fluids, but relatively speaking, they do indicate that with 

non-Newtonian fluids in a given annulus the particle settling velocity 

increases as the fluid is being sheared more or the fluid is flowing 

faster. From Table 2, it may be concluded that for the laminar flow 

of non-Newtonian fluids particles should be treated individually. As 

an example, if we consider the settling velocity of a #6 particle 

in muds C2 and C6, one observes that at an average annular velocity of 

0.447 ft/sec the particle is settling faster in mud C6 which is at that 

corresponding wall shear rate the less viscous of the two fluids. At 

an average annular velocity of 3.125 ft/sec, the #6 particle is settling 

faster in mud C2. The increase in the relative settling velocity is 

due to the shear-thinning nature of the two fluids; the amount of 

shear thinning is indicated by the power law exponent, n. For two 
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fluids, the one with the lower exponent will shear down more for a 

given shear rate increment than the fluid with a higher exponent. 

Whether the fluid with the lower exponent will have or obtain a 

lower viscosity over the given shear rate increment will depend on 

the viscosity index, K, of the two fluids in question. 

The power law index, n, is also indicative of the degree of flat¬ 

ness the velocity profile will have in the laminar flow of non-Newtonian 

fluids. For fluids with lower exponents, the velocity profiles are 

in general flatter than for fluids with higher exponents. 

The rheological equation, x = KYn, alone does not characterize 

completely the behavior of the fluid. One must also bear in mind the 

visco-elastic and thixotropic properties a fluid may exhibit. Most 

drilling fluids are thixotropic in nature and some (the polymer solu¬ 

tions) are slightly visco-elastic. A thixotropic fluid is one that 

thickens with time on standing; this is desirable from the point of 

view of suspending particles while the fluid is at rest. 

No relations which taken into account the effects of the power 

law exponent, n, the viscosity index, K, the type of fluid, the nature 

of the flow, and the particle size and amount were formulated. From 

the data, it was apparent that all these factors do affect the recovery 

fraction to some degree. 

Figs 19-22 are examples of some of the recovery fraction curves 

obtained, and they illustrate some of these effects. A brief dis¬ 

cussion of the curves is given below. 

In Fig. 19 all the recovery fraction curves in the different 

fluids used are at an average annular velocity of 0.893 ft/sec, with 

no pipe rotation. Reference to Table 2 reveals that in the order of 
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increasing viscosity the muds would be arranged in the order C6, C2, 

C9. In the order of decreasing power law exponents, the muds have 

the same order. Mud C9 has the highest viscosity and lowest power 

law index; it should have the best carrying capacity. Regarding in 

particular the #6 particles, one finds that mud C2, which has the 

best carrying capacity, has the intermediate power law exponent and 

viscosity. Mud C2 also has the lowest number of #6 particles in the 

flow. 

When a particle is subjected to a shear flow, a turning moment 

is exerted on the particle, which appears to rotate and translate 

the particle in the direction of the increasing velocity gradient. 

Considering axial flow, only the forces resisting particle motion 

normal to the axis of flow when the flow is laminar are viscous drag, 

form drag, inertial forces about the particle, and a force analogous 

to the Magnus effect observed in rotating bodies. For two fluids 

with the same average annular velocity but having different velocity 

profiles, the fluid with the flatter velocity profile would have a 

slower horizontal translation rate in regions near the point of maximum 

velocity in the vertical annulus. In order to have the same average 

velocity, the fluid with the flatter profile (which has a lower maximum 

velocity) must at some point in the annulus, as the walls are approached, 

acquire a steeper velocity gradient where the particle is being hori¬ 

zontally translated at a faster rate than for fluid with a steeper 

velocity profile at the point of maximum velocity. If the annulus 

is of sufficient length, then a particle in either fluid will reach 

the wall at some time. According to the observations of Williams and 

Bruce,1 a particle near the wall assumes a position with its major 
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axis parallel to the axis of flow. In this position, the particle has 

much less resistance and it will therefore have a higher settling 

velocity. If the average velocity of the fluid across the particle 

is less than the particle settling velocity, the particle will fall 

vertically downwards without rotating about its own axis. 

Oliver30 in his work found that as asymmetric particles stopped 

rolling they began moving towards the center of the pipe used in his 

experiments. Vejlens27 found in his work that large spheres tend to 

move away from the wall faster than do small spheres. For particles 

of the same size but in different fluids, say, this would infer that 

the tendency for a particle to move away from the boundary is dependent 

upon the particle Reynolds number. 

For the #6 particles in the two different fluids C2 and C9, this 

may be the reason that particles appeared to be transported better 

by the less viscous fluid with a steeper velocity profile, C2. The 

Reynolds number for particles in a power law fluid, after Skelland,30 

is given by 

NRE.p=V2'ncle<i
np/K <60) 

A comparison of the values of p, n, K for the two fluids yields the 

conclusion that for approximately the same relative velocity the 

Reynolds number of the particles is about four times greater for the 

less viscous mud; i.e., the inertial forces to viscous force ratio of 

the particles near the regions of the wall is four times greater in 

mud C2 than in mud C9. This difference may be enough to move the 

particle away from the wall. Also, the velocity profile in the region 

nearest the walls is flatter for the less viscous mud; thus, the 

turning moment which would tend to move the particle back towards 

-38- 



the wall will be less. In this way, the particles in mud C2 would 

then be translated back into regions of higher velocities where the 

particles would again be travelling upwards to repeat the cycle at 

another point in the annulus. 

The concept of particle Reynolds number in the regions near the 

annular walls would also explain the reverse order removal observed 

in some instances. There were times for which the larger particles 

came out before the smaller particles. Again, with reference to Fig. 19, 

one observes that in mud C2 the #8 particles came to the surface before 

the #6 particles while in muds C6 and C9 the reverse was true. 

The introduction of pipe rotation in addition to the axial flow 

of mud C9,brought large increases in the recovery rates, Fig. 21. Here 

the reverse order effect is particularly noticeable. The centrifugal 

force, which decreases with the square root of the tangential velocity 

component, is largest near the inner wall. Thus, particles would be 

thrown out into regions of higher velocity and towards the outer wall 

where the centrifugal force reduces to zero. The reverse order effect 

is also observed at higher flow rates. 

The apparent effect that particle concentration seems to have is 

illustrated in Fig. 22. It is similar to that observed for the case 

of turbulent flow discussed in earlier sections. 

E. Conclusions 

A good prediction of drilled particle settling velocity over the 

range of Reynolds numbers 2 1 nRE <_ 1500 in a quiescent Newtonian 

fluid medium can be made on the basis of the generalized Eqn. 5 pre¬ 

sented herein. A similar analysis for non-Newtonian fluids would 
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reveal the possible applicability of such an equation in a fluid of 

this type by using a Reynolds number of the form 

NRE =r Vs2 n
de<jnp /K (60) 

for power law fluids as suggested by Skelland.30 

From the observations of this experiment, the increased particle 

transport in turbulent flow in an annulus is due more to the turbulent 

stresses in the fluid than due to the flat velocity profiles particular 

to turbulent flow. 

Rotation of the inner pipe can increase particle transport by 

moving particles away from the inner annular wall into regions of 

higher velocities and also by inducing turbulence caused by the rapid 

formation of disturbances in a combined axial and tangential flow 

field even in viscous fluids. 

It appears that there are certain regions in the annulus where 

particles accumulate and where particles prefer to travel. Until 

these regions of particle accumulation are "saturated," the effect of 

increasing particle concentration numbers is to increase the maximum 

fraction of particles removed from the annulus. 

The mechanism of particle transport in the laminar flow of either 

a Newtonian or non-Newtonian fluid in an annulus is not completely 

understood. It appears that particle Reynolds numbers in the vicinity 

of the annular walls are in part responsible for moving a particle 

away from the walls into regions of higher velocities. Highly viscous, 

non-Newtonian fluids with low power law exponents do not necessarily 

increase particle transport. The concept of relative, average annular 

velocity-particle settling velocity does not adequately predict the 

removal and transport of particles in laminar flow. 
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Velocity distributions for non-Newtonian fluids in laminar flow, 

especially in regions nearest to the walls of prototype annuli with 

and without rotation of the inner pipe, could lead to a better under¬ 

standing of the transport of particles under these conditions. Visual 

observations and studies of the transport of particles subjected to 

such flows would also be helpful. Until such studies are made, accurate 

predictions of the transport of macroscopic, arbitrarily shaped particles 

subjected to the laminar flow of a non-Newtonian fluid seem difficult 

to predict. 
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APPENDIX 2 

TABLES 



TABLE 1 

Particle 
Size 

Average 
Mass 
(gms) 

Standard 
Deviation 
(gms) 

#1/4 0.5083 0.2167 

#4 0.1970 0.0731 

#6 0.0895 0.0305 

#8 0.0329 0.0094 

#10 0.0172 0.0049 

Standard 
Deviation of 
the Mean 
(gms) 

90% Tolerance 
(gms) 

0.0306 +0.0500 

0.0103 +0.0170 

0.0043 +0.0071 

0.0013 +0.0022 

0.0007 +0.0011 
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APPENDIX 3 

NOMENCLATURE 



a 

A 

A 
eq 

c. 
1 

C o 

d 

d 

d 

eq 

m 

D 
c 

e,exp 

CB 

Cmax 

K 

L 

m,m. 
* x 

m 

in 
max 

n 

nf 

slope of NRE>p VS. Co(NRE>p)
2 curve 

annular cross-sectional area 

area of an equivalent sphere having the same volume and 
density as the particle considered 

constants for functionals 

drag coefficient 

sphere diameter 

equivalent sphere diameter 

mean, major particle diameter 

capillary tube diameter 

abbreviation for exponential 

fraction factor 

cumulative fraction of particles removed for any one 

particular size 

bulk cumulative fraction of particles removed for any 
one test 

maximum cumulative fraction of particles removed for 
any one particle size 

drag force 

gravitational constants 

viscosity index for non-Newtonian, power law fluids 

effective annular length, or capillary tube length 

average particle mass for any one particle size 

initial mass of any one particle size existing at the 

start of a particular test 

maximum amount recovered for any one particle size 

shear rate exponent for non-Newtonian, power law fluids 

slope of the curve Ln(AP*Dc/4L) vs. Ln(BV/Dc), obtained 

at any one point in viscometric measurements 
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N particle number or number concentration 

NRE,p particle Reynolds number 

N^to.K) generalized annular Reynolds number 

AP pressure drop between a section L of an annulus or 
capillary tube 

Q flow rate 

r a radius 

r 0 outer wetted tube radius 

R outer wetted radius of an annulus 

t time 

t£ final time to point where no more particles appear 

t. 1 initial time at which particles first begin to appear 

t 
0 arbitrary reference time 

At arbitrarily selected time interval 

(tmin)abs absolute minimum time for particles to reach the 
surface based on relative fluid to particle velocity 

Ctmin)ap apparent minimum time for particles to reach the 
surface, an approximate first arrival time 

tlag an apparent lag time to account for non-uniform velocity 
of particles and annular flow 

t'  
VlTI time measured from the origin for particle recovery fraction 

curve to attain /1/2 of its maximum value 

t/r77_ t'/rrr~ (tmin)ap 

V relaxation time measured from the origin 

ST- . ■ (tmin)at) ~ relaxation time referred to the origin of the 
" exponential curve 

T maximum particle thickness 

v
9(r) tangential velocity component due to pipe rotation at 

position r 
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V average tangential velocity due to pipe rotation based 

on approximate linear tangential velocity distribution 

root mean squared average tangential velocity based on 

approximate linear tangential velocity distribution 

V average velocity (axially) in an annulus or a tube 

Vs particle settling-velocity 

K ratio of inner to outer radius of an annulus 

X 

Y 

r> 
y 

p,P; 

P 
s 

'P 

a 

fraction of outer radius, R, of an annulus corresponding 

to the point of maximum velocity 

shear rate 

function for determining dimensionless flow rate 

fluid viscosity 

fluid density 

particle density 

degree of sphericity 

standard deviation 

m 

0^,0) 

10 
trans 

standard deviation of the mean 

shear stress 

wall shear stress 

angular velocity of inner pipe 

angular velocity of inner pipe corresponding to point 
at which transition from laminar to turbulent flow begins 
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APPENDIX 4 

EXPONENTIAL CURVES 



Consider an exponential of the form illustrated in Fig. 10. The 

equation for this exponential growth may be written as 

It is desired to show a relationship existing between 

fcvRT " 0.7071 fcma?c 
and 

fc Ye 9 0*360 fcmax 
The times t, corresponding to these values of f , are t' and t,', , 

C /ITT 1/e 

respectively. We have then that 

fcff " 0*7071 fcmax / 

Wfi-exp^Lp^p)] 
Taking logarithms of both sides yields 

Similarly, for the value f 

-4.226 « - tJ*/2 ~ (tjnin), 
“C^U/run), 

W- 

cl/e* 
ap 

-0.4567s1 ~ t j/& ~ (tmmlqp 
rC' ~ (tmin)ap 

Comparing these two relations, 

(t1/e' (Wap) - 0575-1 (mirJap) 

But, at this value, f£ = (l/e)fc^ , which is by definition the relaxa¬ 

tion time, x = T * - (tmi- . Therefore, the relaxation time and the 
ap 

time for an exponential to reach 1/e of its maximum value are related 

by    r_t 

o * c ~ {tmin)ap 

r = 0.3754 (t'jiS-dm Jap) 
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Conversely, if one has a relation of the form 

t-k. 
fc 

= exp (- ) 
V C'-tUL / •Cmax ' ^ 'W»inittp 

this equation, graphically represented, is the inverse of Fig. 10 

Taking logarithms of both sides yields 

”1.0 00 s - t 1/e - (tminLp 

^ “ (tmtn)ap 
Comparing this to the relation 

~1.22 Sa. ~ t ~ (tminLp 

yields Z “ ttnjin)op 

z  1  

1.22 8 
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