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ABSTRACT

TRANSPORT PROCESSES OF PARTICLES IN NON-DILUTE
SUSPENSIONS IN TURBULENT WATER FLOW -- PHASE I:
EXPERIMENTAL MEASUREMENTS

Increased utilization of non-dilute, solid-fluid suspensions in trans-
porting materials and in estimating the distribution of particles from
atmospheric fallout, demands that the basic fluid-particle interactions
be thoroughly understood. Our previous studies of such interactions were
conducted on only dilute suspensions, where as this study has been con-
ducted in the same vertical flows but with solid spherical particle
suspensions with concentrations, ¢, from O to 10 percent by volume, a
range of practical interest to sedimentation and erosion as well as in
slurry pipelines. Detailed experimental results of the particle-fluid
relative mean and rms velocities as well as particle dispersion were
obtained for two particle densities and several ¢ values. Both particle
types showed a rapid rise of both relative mean and rms velocities as ¢
increased to about 1-2 percent and fell off gradually for higher ¢ values.
Dispersion followed a similar behavior. The higher free fall velocity
particles exhibited larger rms velocities and increased dispersion from
the Tighter, Tower free fall velocity particles.  Analytical models of
the ¢-dependence showed good agreement with the data, suggesting their
use in engineering predictions.
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CHAPTER 1 INTRODUCTION AND BACKGROUND

1.1. Introduction

In many engineering disciplines, problems arise with regard to particu-
late matter suspended in turbulent fluids. For example, in nuclear reactor
safety ana]ysis, particles in turbulent suspension play an important role in -
post accident analysis; in the design of inertia and impingement filters,
particle suspension characteristics help in assessing the efficiency of these
filters; in_erosion damage sustained'by blades in steam turbines; in air
and water‘po1lution; in river sedimentation and in pneumatic conveying all
of which encompass particles suspended in a turbulent environment. Unfor-
tunately, due to the inherent complexity of transport in turbulent flows,

a unified theory has not yet been realized.

In order to provide a fundamental understanding of the behavior of
dilute turbulent particle suspensibns, an experimehta] investigation was
initiated by B.G. Jones (1966). Continuéd research by Shifazi (1967),

Meek (1972) and Howard (1974) provided an analytical model, as well as
experimental data, for partfc]e behavior in very dilute turbulent suspension;
where the particles' presence did not greatly alter the turbulent structure,
nor did particle-particle interactions come into play. As a logical exten- _
sion of the previous research this project was undertaken to examine the
behavior of particles in a non-dilute turbulent suspension. |
vao experimental objectives were selected; first, to modify the
existing experimenta] facility, used by the previous fnvestigators, to pro-

vide for the vastly increased inventory of particles without altering the



basic turbulent flow characteristics of the system (without particles present).

This was done to enhance compatibility with previously obtained fluid and
particle data.

Second, to meésure various particle statistical quantities and their
variation with respect to particle free fall velocity for a range of particle
volume concentration, ¢, from 0 to 10 percent and also to measure, or at
least estimate, the fluids scales and intensity for similar concentration
variations.

The analytic objectives of this research are twofold. First, to
extend the previous model development by Meek (1972) to the case in which
partic]e-partic]e-hydrodynamic interactions must be considered, and secondly
to relax the constraint of Stokesian particle behavior in order to incorpo-

rate high particle free fall Reynold's numbers.

1.2 Previous Analytical Work

The investigation of particle behavior has long been the subject of
many investigations. The equation of motion for a single particle in a
quiescent fluid was initially developed by Basset (1961), Bousinesq (1903)
and Oseen (1927). Tchen (1947) extended the governing equation for the
case of unsteady motion of the particle. Later, Corrsin and Lumley (1956)
made é correction to Tchen's expression to include the proper pressure
gradient effects applied to a particle in a turbulent flow fie1d. Lumley
(1957) pointed out the complexity of the equation by showihg that the fluid
velocity is to be evaluated at the yet unknown particle position. This has
become known as the essential non-linearity of the governing equation.

The nature of the equation is one of a second order non-linear

differential equation with the added complexity of Lumley's essential non-

N
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linearity. As a result a closed form solution has not yet been realized.
Some authors have solved simplified, linear approximations to the equation.
In particu]ar Hinze (1959), and Chao (1964) have solved the most complete
equations. Chao's analysis technique wés further employed by Meek and
Jones (1973) in which statistical quantities of a partic]é in a turbulent
fluid were predicted. In a recent renaissance of particle behavior litera-
ture, Reeks (1977) and Pismen and Nir (1978) have made particle turbulent
calculations similar to Meek and Jones, but employing a very much simpli-
>fied governing equation.

In all the above cited 1iterature, the governing equations were
restricted to very dilute suspensions, in which the particles did not inter-
act with each other. As one moves onto the realm where the suspension
becomes non-dilute, most of the research reported in the literature is con-
cerned with the mean motion of a cloud of particles and a phenomenon often
referred to as "hindered settling"; defined as the ré]ative]y slower free
fall velocity for assemblages of particles. |

Buyevich (1971) presented a generalized equation of motion for a
particle in non-dilute suspension, but onTy considered‘the solution of the
mean equation of motion for very high particle concentrations (Buyevich,
1972a, b).

Sedimentation of non-dilute suspensions was analyzed by Tam (1969) in
which a formula for the drag exerted on a cloud of spherical particles in
a quiescent fluid was derived. Tam made use of the point-force approximation;
the 'essence of which was to replace the disturbance produced by a sphere with
a point force, equal to the drag on the particie, at the.center of the sphere.
Tam obtained good agreement with experimental data he provided by Happel and

Epstein (1954).



Batchelor (1972) looked at a similar problem for a sphere in a statis-
tically homogeneous suspension. Batchelor assumed that the sphere's
position took on a random distribution within the fluid. Batchelor's re-

sults, correct to first order in ¢, determined the mean velocity of a cloud

of particles as

{‘z(l'—;bstﬁ) . (1.1)

and where fo is the free fall velocity of a single spherical particle.

More recently Hinch (1977), in analyzing particle interactions in fluid
suspensions, used an average equation technique in order to estimate the
mean settling velocities and the drag force experienced by a C]dud of parti-
cles. The basis of the average equation approaéh is to take the conserva-
tion laws and constitutive relations for each phase of the suspension and
average over the ensemble of phases, hencerproducing a homogeneous phase of

fluid and particle. The results show that the mean velocity of a suspended

—— -

-F (1.2)

[

. . 43
particle is (l.—- '“4’)

which is very similar to Batchelor's result. The drag force calculation
seems to fall short of the experimental results of Happel and Epstein and
it isn't clear whether the difference is from the computation of a residual

integral or from a more fundamental error.

1.3 Previous Experimental Work

Previous experimental investigations of particle behavior in turbulent
suspensions have been limited to macroscopic studies in which bulk overall
characteristics have been deiermined.

Kada and Hanratty (1960) showed the effects of solid particles on the

Mk il
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fluid turbulence for upward flow in a vertical pipe.v The solid concentra-
tion levels varied from approximately 0.15 percent to 2.5 percent. Point
source diffusion measurements indicated that the fluid diffusion rates were
relatively unchanged until there was a sufficient slip velocity between the
twokphases and unless the particle concentration was large, (> 1%).

The mean settling velocity of particles in quiescent fluids was investi-
gated by several authors. The results of Cheng and Schachaman (1955), and
Me Nown and Lin (1952), as reported by Happel and Brenner (1973) show a
relative decrease in the particle's velocity as the volume concentration (or
loading) was increased. This phenomenon has been known as "hindered settling."
Also reported by Happel and Brenner, was experimental data of Kaye and
Boardman (1962) in which the particle velocity was seen to increase initially
for low volume concentrations, then fall off fapid]y at higher concentrations
(> 3%). This was attributed to the formation of particle cluster whith en-
hanced their free-fall. | ‘

Hino (1963) described Elata and Ippens (1961) experimenf in which a
suspension of solid particles, considered to be neutrally buoyant; was
examined for volume loadings in the range of 15 and 25 percent. The experi-
ments showed that the turbulent intensity increased as the volume loading
was increased, but some doubtkremains as to the sensitivity of the instru-
mentation employed due to a large spread in the data at similar particle

concentrations.



CHAPTER 2 THEORY

2.1 Non-Dilute Particle Equation of Motion

Consider initially the Equation of Motion*** developed by Tchen (1947)
for a particle suspended in a turbulent fluid field and in a sufficiently

dilute suspension so as to ignore interactions between particles:

z . 3 P B . 'lTOs P
%QFPUP,; = 4%9-%‘: (Mg, Dp.) — 4—3——~ KL

t o (2.1)
2rd (L, - Ly,) + 60 VIup | Nec=Bee a2 4
T3 LR t - D)%
to
+ F
where: LJP : Particle Velocity

g, : Fluid Velocity

Fp : Particle Density

P : Fluid Density

F* . Momentum Transfer Coefficient
M Fluid Viscosity

P . pressure

Fi : External Applied Force

* : Convective Time Derivative With Respect to the
Particle

Q . particle Radius

***This Equation of Motion is known as the B.B.0. Fquation developed by
Basset (1961), Boussinesque (1903), and Oseen (1927).

s
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7

Basically Equétion 2.1 is a force balance on a single particle taking into
account the viscous drag due to unsteady motion and any applied potential
force.

It is the intent of this chapter to expand Equation 2.1 for the case
of a non-di1ute or multiparticle suspension.  This requires a cérefu1 Took
at the individual terms of the equation.. Assumptions will be made throughout
the development, as seem appropriate.

One of the more dominant terms of the equation of motion is the viscous

drag. term:
- 4Ta’ P, F* ( Mg — Mp: ) ’
i Z t . (2.2)
where: ,
F¥ - —2— Cn-?f: al My, — Mg, | (2.3)

It should be noted that CD’ the drag coefficient, is a function of the
particles Reynolds number. In later ‘sections various forms of CD will be.
presented- in order to model the drag over a wide range of particle Reyno1ds’
numbers., |

In a multiparticle situation, motions of neighboring particles distort
the fluid's behavior near a particle of interest. This is basically done
thfough hydrodynamic interaction and depends on the number density of the
particles and their characteristics dimensions. A modification of Equation
2.2 to account for particle-particle hydrodynamic interaction has historically

taken the following form:

Fo (N, @) = Fo; A(n) (2.4)
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where A(n) modifies the viscous drag experienced by a single particTe at a
given number density, n. The number density is directly related to the
volume fraction loading of particles, ¢.

Substitution yields the modified viscous drag force as:

3
ggo Pp F¥ (Ug— Up) A (D) (2.5)

A functional form of A(¢) was developed by Tam (1969) for the case of
spherical particles of uniform size. Tam assumed that no direct collisions

among particles occured. A(¢) functional form is:

() . 4+3P+ 3(8 - D)
- (2-30)% | (2.6)

Figure 2.1 shows A(¢) for volume loading, zero to ten percent. It should be

pointed out that Tam's results closely follow experimental results for
particles falling in a quiescent fluid. Figure 2.2 shows a comparison of
Tam's results and those of Happel and Epstein (1954).

The next term in Equation 2.1 is known as the pressure gradient force:

4Tg® 3P
3 axXi

(2.7)

For very di]ute'suspensions, Corrsinand Lumiey (1956) suggested that the

pressure gradient take on the following form:

Qe A
ax.. ~/“ - P(oe= + Uy aﬁ") (2.8)

which is the Navier-Stokes Equation. Buyevich (1971) derived a modified
Navier-Stokes Equation in which allowances were made for the vo]ume fraction

occupied by the particle; this is shown as:

1.
_ EYT AUg:
28 = S _ PO @) (a4 uy Qs (2.9)

1LFor none dilute concentrations 1 should be replaced by an effective dynamic
viscosity, the form of which is not yet well defined in the Titerature.

(IR,
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Tam's (1969) Prediction of A(¢) at
_ Loadings ¢,%

Figure 2.1

Various Volume
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Figure 2.2 Comparison of Experimental Values of A(¢
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Here once again ¢ is the volume fraction of particTes. Substitution
of Equation 2.9 into Equation 2.7 yields the mddified pressure gradient

term:

u; aUF' au ) : '
The third term is known as the virtual or apparent mass force, which i;

the force necessary to accelerate the fluid in gontact with the particle.

Buyevich -(1971) suggested that the virtual mass term be modified in

the following Manner

3 . | | '
-é—q(tb) 3’-1%9- f(u,:i' uh-) - | (2.11)

Buyévich (1971) estimated n(¢) for spherical particles as:

| | |+(,—$¢-)[5_f—%§_l%;?i o |
n(é) = - (2.2)

1+ ()] 1+ ]

The function f}(Qﬁ is a slowly varying parameter of order unity, hence

it provides a small change in the virtual mass force as the volume loading
increases. | _

The next term in Equation 2.1 represents the force or drag due to
unsteady motion of the partit]e. This term has beén_ca11ed the Basset term
after A. B. Basset's (1961) work on particle drag.

 The modification of the Basset term for the presence of other particles

may take the following form:

t . .
2 .
a Vi f Me, — Up;
/ f toe(m _(ftT-__L )% dT (2.13)



12

where 6(¢) is an unknown function of ¢. Questions arise as to what effects

other particles have on the response of a particle to an impulse force from

the turbulent fluid. Buyevich indicates that 0(4) may be of order unity for
volume loadings where particle interaction were not dominated by collisions

with other particles.

The last térm, Fi,'is the force of an applied field, and unless the
presence of additional material in the f1uid alters the applied field, it
will be assumed that Fi’ is invariant with respect to ¢, the volume loading.

Combining all of the above terms yields the equation of mdtion for a

particle in a multiparticle suspension as:

ATCF, i, = ATQp F* MO it - ) _ 4T 2P
3 > F ‘

3 0 Xi

s 2 Ny | (2.18)
4%a” N (ui_u Y+ eavt { Lei— Alp- ’
*oy e Pl e o :w) s oc+ R

i?;%?l is defined by Equation 2.9. Note that the overdot is defined

as the convective derivative:

where

-:(% + U"i‘g‘z-') (2.15)

Equation 2.14 represents a non-linear second order equation with the

additional stipulation, as Lumley (1957) points out, that the fluid velocity

must be evaluated at the yet unknown particle position. This has become

known as the "essential non—]ineafity."
The coefficients, A{#), n(¢), and 6(d) are bulk parameters that

assume a linear relation with the equation of motion for a single particle.

st o)

i
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This approach inhérently states that the fluid's characteristics are those
for the case in which a single particle is present and the parameters take
into account the presence of other particles through hydrodynamical means.

A review of the assumptions indicates that:

1) No particle collisions are considered.

2). The particles are spherical and of a uniform size. This assumption
may be dropped if Tam's solution is considered fora‘known particle
size distribution. |

Histo}ica]ly, certain physical assumptions are made to linearize the particles
equation of motion in order to obtain a solution. The next section dealé With |

these assumptions and produces a set of equations for further consideration.

2.2 Linearized Equation of Motion
Approximations. are made in order to simplify the governing equation of
motion. Once again the assumptions will be presented as deemed appropriate.

Starting with Equation 2.14 with Equation 2.9 substituted for the pressure

gradient, we have:

3 . | 3 3
i:lf’_O Pp Up, = 41& B, F* (DN (Me =~ Up) 4 5;10_ P~ )

. 3 2. 3 i‘__ o)
3y, . Mg 4Ta’ u 9 “5' (9)2llq I ¢~ Mp)+
* 3€ Ug; 9 Xj ) 3 3 X; =1 3 F( '

t . . ' (2.16)
+6QV g Mg, = Up: 42 4 Fi
F Vi f toem—(tgc—_—.z,—)&;
Noting that:
| 8

ot 4 8x;j
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Equation 2.16 becomes:

. * T _ 2
fp Up = FoF " A (D) g - up) + PO~ D) g, (U‘l-u")%(lf‘]_ﬂgg +

. . t . ' , (2.18)
+Mf(uf°“kjp.) i" U —Up; g F
2  § L + a %gl 9(¢) .—a-_z-%o; + L
to
Hinze (1959) noted that the non-linearity is negligible if:
d Mg; , ,
ax® <<t | (219)

where x* = 23 thus if the particle is small as compared to the Taylor microscale,
as Chao (1964) pointed out, this term is negligible. Furthermore, the equation

becomes first order if the viscous term can be neglected, that is

| S QUs;
Up o Ug; g OR Mp 9% s
' 9 X;*
which by the above assumption states:
—,}Jl’h-— > | - |
9 Us (2.21)
3 x'*

This states once again that the particle must be very small as compared to

the microscale. Thus:

B Up, = £ FTACD U, ~ V) [P(1-4) +n%’)]f_|ﬁ_ ﬂéﬁfﬁ;ﬁ
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R AR

% o |
4 %\//_T‘r_gz(e(m Llﬁ_—_ue.. at 4 Fi o (2.22)
', |

Meek (1972) had shown, that for particles whose density was within an order
of magnitude of the fluid's density, the contribution of the Baéset term
toward statistical parameters, were negligible. This will bhe discussed

further in Section 2.6. Thus, dropping the Basset term:

(fp+ 2R2p) Lp = B F* AN g - Up)~ P ¥ @ Mg+ Fi=0 (2,23
Where: ' . |
(o) = [\-—¢+_'zml] (2.24)

can be expressed, for a particle with a finite free fall ve]oc1ty as:

ufi Vp'l‘ 'FK

Up ;

Where VP ; is the particle fluctuating velocity. Thus equation 2.35 becomes:

[f+ 2]V, = F 20N (e~ Ve - PT@ D=0 (2.25)
The above equation is linear only when F* is‘a’constant. This is only the
case when the particles are assumed Stokian (particles with Reynold's
numbers Tless then one). For particle Reynold's numbers greater than
one, the situation becomes non-linear. The next section will examiné_

Equation 2.25 for various particle Reynold's numbers.

2.3 Linearized Equation of Motion at Various Particle Reynold's Numbers
The simplified equation of motion contains the particle's physical

characteristics in the term F*. Reviewing Equation 2.3

F¥= %8 Co P o' |ug - Upl (2.3)
Fe
The principle parameter is the drag coefficient, CD' CD is a function of

the particle's Reynold's number, defined as follows:
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‘Rep = —%Q-‘“ﬂ—“"cl | : e

Figure 2.3 illustrates the behavior of the drag coefficient. There are
three princip}e regions of behavior: Stokes Law, Intermediate Law and the
Newton Law Region. A general description for each region is in order.

1) The Stokes Law or creeping flow region is defined for particle's
Reynold's numbers less tHan one. The very nature of the functional form of
CD is linear, therefore most authofs restrict the particle to reside within

this region. The form of Cy is:

Cn_ 24 - |
D= e . (2.27)
P
Substitution of CD into Equation 2.3 yields a linear function of F*,

2) The Intermediate Law Region is defined for:

| & Re, < 400

Several investigators have estimated CD analytically for Rep less than
ten, but only after a considerable amount of effort. The result seen in
Figure 2.3 1is based on experimental data. An approximate form of the curve

is given by Ingebo (1956) as:

Cox —I%r : . (2.28)
Reg ' L |

where B is a constant and 6 an exponent less than one. If one substitutes -

Equation 2.26 into Equation 2.3:

——
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Figure 2.3 Drag Coefficient for Sphere Various Reynolds tHumber [Curve Taken

from Bird, Steward and Lightfoot, "Transport Phenomena", John Wiley
and Sons, New York, p. 192]
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.>\(¢\FF*(U¢1—UPL = C\U¢;-Uﬂ.|'-(°uﬂ_ Up) A(D) P (2.29)

where C is constant, this result makes Equation 2.25 non-linear and in its
present form is very troublesome to work with analytically.
3) The last region is known as Newton's Law Region. This should not

be confused with Newton's Law of Motion or Viscosity. The Newton Region is

defined for:

400 & Re, < 10° | (2.30)

where the drag coefficient can be assumed constant, that is:
Cp= 0.44 | (2.31)

| Substitution of CD in F* results in:

A D) P, F* (U~ Up)= 38 G P A Co L~ Mg | (utg— )
| (2.32)

As before, this is non-linear and prevents an ana]jtica] solution to
the equation of motion. ‘

As pointed out before, most investigators assumed that the particle
resides within the Stokes region, when in reality suspensions contain particles
within the intermediate and Newton region. In order to pfesent a complete
multiparticle theory, three forms of the multiparticlie Tinearized equation of
motion will be presented. This includes an exact Stokian form and two

approximate forms for the intermediate and Newton regions.
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Let us consider first the Stokiaﬁ drag form. Substitution of Equation

2.25 into Equation 2.3 yields

F*_ qm o

Substitution into Equation 2.25 gives:

=32 NOBO(U, ~V,) -8 ) [, =o

(2.34)
~ Here 7 ? a
.V(d)); _-%_3‘(@ =-§.[(|"¢)+ﬂ2(—@] | (‘2.35)
Bl 3P | | (2.36)
| 2P + N(PIP '

Equation 2.34 represents the Stokian multiparticle linearized equation of
motion. |
Consider now the intermediate region. Substituting Equation 2.28 into
Equation 2.3 and then into Equation 2.23 yields:
. -0 ’ .
_ . -
[PP +ﬂéﬂ P] Upl - _%_?izk (¢)fC| ‘U;i - UP‘;I Clg-2p) — fa‘ (P £=0

(2.37)
Where

GeE@ET e

Linearization of this equation is reduced to an investigation of the second

term in Equation 2.36 that is:
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q\) _ -8 | _
- PA@) Cllg - e Cug - wp,) | (2.39)

Jones et al. (1973) investigated the above term without the presence of
the multiparticle parameter A{¢). By choosing the gravity force toact in

the Z-direction, Jones expresséd the relative ve1oc1’ty,'vR as:

Vei = Usi- Mg, = Vo, T4+ Ve, ]+ (Vey - ) K (240)

and

|- : (1-8)/2
fue- upd = (Vep + Voot Vo + 57 2V F) 1)

By expanding the above equations in a binomial series and taking a zero

order consideration, Jones et al. determined that Equation 2.39 take the form:

2a*

where Gi is the drag due to the steady gravitational free-fall and 61 is

defined as

-9 :
& = C R, L1,1,2-9] (2.43)

D_pdi (ug- Vo) + Gi | (2.42)

[y
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IT one considers Ingebo's relation where B=27 and 0=.84, the 61 hecomes

di= 1.12 R&o"e[_l,l,l.isl | (2.44)

Where: ' ' '
Re= 20F/V . . (2.45)

As Jones et al. points out, this drag modifier is Timited to particle

Reynold's numbers in the realm of 6 g_Rep < 400 which is sufficiently large

to accomodate the intermediate range. A comparison of Jones results to
Ingebo's data is shown in Figure 2.4. Reasonably good'resu]ts are indicated.
Applying this technique to Equation 2.40 results in the following form of

Equation 2.23:

V& - ?;g d. A(P) pum(uﬂ—y@- BMV(@ g, =0  (2.46)

This represents the linearized equation of motion for the intermediate region.
Looking at the Newton law region, the drag coefficient is assumed to be

constant. If we make use of the particle velocity definition:

Mp, = W + {?2‘ ' | (2.47)

Equation 2.3 becomes:

+ Mo+ UG — 2 (Vg + Ve, g, (Ve + FIMg,) +

| ' | ) |
T Vgt ViV HER 26y, 17 (2.48)
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Taking note that:

Vo £{L £ | (2.49)
and

Ve =2 Mg | - (2.50)
Thus, Vg, V? and Vpr terms are much smaller as compared to other terms,

therefore, they are neglected. Thus., Equation 2.48 becomes:

P % % _PE'['FZ—F 2F (Ve - UFQ]VZ C (2.51)
A |

Substitution into Equatfon 2.25 yields:
[f + ORIV, _ 3 Co p AW £+ 2F (¥~ W,)] B
| Q | | | ‘o

- Vp':) - f’l"(d)) A.J;, =0 , ' (2.52)

Using the same order of magnitude evaluation as before reduces the above

equation to:

Vo _ L2 E200) (o1 (Wei- Vo) = I () Ng;=0 (553)
Q ' , :

Equation 2.93 represents the Tinearized multiparticle equation for the

Newton region.
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Reviewing Equations.2.34, 2.46, and 2.53 indicates they fo]]ow a

comron form:

Vp = %y () BN (W= V)~ RO L = O (254)

Where ak(¢) is a parameter, unique to each region, defined as

o = (G £/20) A(Q) o (255)

o = __'5__0\3. Ald) | | (2.56 )

ay= 3V di A®) | (2.57)
. 02. . .

It should be noted that the viscous contributions in the Newton region is
found within the drag coefficient.

Equation 2.54 is the mu]tipartic]e‘1inearized equation of motion for
particles of a wide range of particle Reynhold's number.

Hith the linearized equation of motion, a solution will be dehonstrated
in the next section for the particle response function and statistical
quantities.

2.4 Particle Response Function, Energy Spectra, Autocorrelation and

Dispersion

In this section, the multiparticle equation of motion will be used to
calculate statistical quantities, making use of the method described by
Chao (1964).

Starting with the equation of motion:

Vo, — o () B(O) (g~ Vo) — BIOP@ING=0  (254)
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Grouping the particle velocities on one side of the equality yields:

\7P;_ + ok (P) ﬁ(@ Vp-‘_::: ﬁ(tb) | § N)) ﬂﬂ‘l-qn(‘b)@((b) Me; (2.58)

For convenience, we will drop subscript i and independent parameter ¢.

If we defined the Fourier trahsforms in the following manner:

~ T ~jwt |
() = gu(t)e - (2.59)
- ‘
| ~jat
a (%) __ﬁ[ u cme dw . (2.60)
-T

where T -+ o, Applying the Four1er transform to Equation 2.58 y1e1ds

~S
/3 Jw€>8'+ o B ‘
U
Chao defined the particle response function, Q(y) as:
2 ~ v
Q(OO)._-__ Eg(w) U:‘» l|m Ve. Ve ‘ ( )
TS ~ 'UES , 2.62
E¢ (W) 7 V T>o “ﬁ- e
where Epfw’v: Energy spectra for the particle.
Ef@) : Energy spectra for the fluid.
. ,
V}(k) : rms value of the particle velocity, Vp(tL
Ue® . rms value of the fluid velocity, Uc(t).
® : Indicate complex conjugate of the argument.
Substituting from Equation 2.6], the responée function is to be:
2
Q((Q) M ( (¢))
- . VPL": (2.63)

\ 2
U+ ()
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From the definition in Equation 2.62, the particle energy spectra is: .

Ep(w) = Q) E¢(w) o o (2.64)

Thus, if the fluid's energy spectra is known, the particie's energy can be
determined through the particle response function. Hence,.the prob]em
reducesrto obtain the energy spectra for the fluid.

The fluid energy spectra can be obtained from the fluid's Lagrangian
autocorrelation by making use of a common technique in turbulence. The

energy spectra can be determined from:

. [s9)
| 2
Ee (@) = T“—I Re, (1) cqscmt)d"c (2.65)

v)

To determine the Lagrangian autocokre]ation consider a particle as it falls
through the fluid. The particle samples the fluid's pehavior ét a rate that
is proportional to its Ve]ocity. With this in mind, the Lagrangian spatial
correlation, defined as

_;}AQLZ ‘ .
Re (20 = € (2.66)

where AZ is the Lagrangian spatial macroscale. Recalling that the spatial
correlation is invariant with respect to translation in homogeneous, isotropic

turbulence, we can express the spatial scale and its argument as:

z.—_-[( Ve + g2 %]3 ) (2.67)

A= )U';,, 7@" (2.68)
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Hence, we have a properly scaled Lagrangian time autocorrelation:

Ya '
~ (V2 +£2) 22 /7
e 2 /TF* e (2.69)

Re, (%) =

It should be noted if the sampiing particle is a "fluid particle", the’above

equation results in the familiar Lagrangjan autocorrelation for a fluid:

-t/ th

Re, (V) = e (2.70)
If we define:
1a 1
T, = 7"-3 /L(V"z' 'H:z)/“‘!] | (2.71)

Then the axial Lagrangian fluid energy spectra is found to be:

E,cmw) = 2 . -rFi'

T s o) (2.72)

Since isotropy cannot be assumed for the particle of finite free-fall and
size, the particles Tateral autocorrelations must be determined froh the
fluids lateral autocorrelation. Making use of the isotropic behavior of

the fluid:

Re. (T)= Rgy () = Re () +-sz'- %—%ﬁnﬂ' O (2.73)

which results in:

o/n,

Re (0= Re ()= [ 1= (¥/2T®,) e (2.74)
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and hence, the energy spectra yields:

, ' 2
Er (W)= Efgll= Tea 1+ 3(W0Tr) (2.75)
’ t + ((‘OT(-‘Q)Z
It should be noted that for Wd=0 the ratio:
EF'(O) = jii‘. = 2 (2.76)

Epr(O) 72r

which is the case for isotropic turbulence. Substitution of the corresponding
fluid energy spectra into Equation 2.64 produces particle spectra for the

longitudinal and lateral directions:

[ [+ o) (%ﬂﬂﬁ -

k.

EP (W) -

—

2 ,
¢ ™oy [I+ é;)%ﬂ[w(w‘ﬁz)z] |

(2.77)

and
|+ o[-
4t [.w.‘cm] L+3(W T2

-2 2 T k3
|,+6wf)[%(§)] | + (W (2?7;8)

The particle energy spectras can be transformed to represent the particle's

Ep (@) = Ept@). Tig Mic
r ] - ‘“‘ VlPZ.
r

autocorrelation and thus the particle's dispersion characteristics can be

determined. Use of the classical definition for the autocorrelation transform

gives:.

@©
Rp, ()= S'Epa(w) cos (WA T (279)

0

o abnd

P

Sttt aaions
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and

o |
que ()= ( Ep (W) COs (WTF) LT (2.80)

]

Substitution of the respective energy spectra after integrating the auto-

correlation is:

2 ' - T, : - ;
sz(?:)_-_ Meg .| l(l—szw‘)e 7 T**_ *s(l-w‘)ey’r"]
V;,;' |—~3%
) (2.81)
an _
R
Rp (V) = Uie I(T-x)(1-33%) & s
o Ver 2(1-3%)% -+
o L2 _2'.. ( 2 |
" _g_(l-ZK_)— ‘&Jz l-"K-) . _3.2(]_ K'a.) e"’ /T";z )80
| 2(1—3%) - (=32)* (2.82)
where:
3 |
Yo (DIBCD) Tiq (2.83)
O] e

K= ¥ () Ad) 3(¢) | (2.’85)
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Noting for RP(U) = ]

|2
Mg (D) = I +3(P) - (2.86)
Vl;:ccm 1+ W34d)$(D)

2
_L_’i;_(_@ = 2(1—3H* (2.87)
Ve (9 T(I- KO =3T3) - 2K2(52-2) +2

Through substitution, the final form of the autocorrelation is:

-
Re, (T) = ' [ - (sl le /E_',_
Li- ey w21~ 3(01]
BT (€))%
+ (P [1— wED)]e l (2.88)
and
-T -2
RP'_('Z):: R?O(t) = K,e /23'3'(@)4. K,(2) e /1;5 (2.89).
where

Ki= (%210~ 33-2) (2.90)
T(I-K2)O-33"%)+ 252K2 —4K> +2

Kz(t)_.: LZ(‘—ZK‘Z)—(‘-‘Kl)t/ﬁz-](l""sz)+- 2E*(1—k®)
(3 - kBO1-3372) 4 2 72K3- 4KC 2
(2.91)
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Thus, with the proper substitution, lateral and longitudinal aﬁtocorre]ation
for particles of various Reynold's numbers can be obtained. Taylor (1927)
predicted the dispersion in a homogeneous isotropic turbulent flow field.

Kanpe de Feriet (1939) expressed Taylor's results in the following form.

N

: t ‘
X3 (H) = 2 M [(t ~Z) Re, ()2 (2.92)

[+

Through substitution and a considerable effort, the dispersions were found

to be:
| N |
Xp,04) = 2 {1~ (3 v@?][ Tt -
Li- ) -5 |
t/sm
- '|;-} (1-e MTea )] = SHdLI- ¥ (dn][ﬂ;; SLLI- e E']]]
A | (2.93)
z ‘2
XE_ ()= Xp(t) — 2 b e
3(3% K2)(I—35-2)42F2K> - 4K3+2
» [1 (0T, [50)— e[~ 330Nt ~ T T 1 - ;;s«»]]

+ (NG (T~ t"""ﬂ*, —t é"t/"?z] +

t
+ (1+ %+ 3oK3 —3(‘)[1:'[;, 1}2(1 “‘)]} (2.94)
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2.5 Discussion of Parameters

Several parameters have been defined in the development of the theory.
Some of the parameters were defined for convenience while others are of

importance. The primary parameters are ak(¢), B(¢) and &(¢).

The parameter ak(¢) defined in Equations 2.55, 2.56 and 2.57 contains

"the particle's physical characteristics, as well as the fluid's. The particle-

fluid ‘hydrodynamic effects are also included through the function, A(¢).

If one rearranges the 8(¢)‘1n the following form:

@(dﬂ: P+ Pr2 (2.95)
B+ P/ |

This can be seen as the ratio of the mass of a "fluid particle" plus its
virtual mass to that of the particle's mass plus its modified virtual mass.
It is when the ak(¢), B(¢) terms are combined that one sees the impor-

tance of these parameters. & is defined by the Equation 2.83 as

S(d) _ | | |
T Ak (D) BT, | (2.83)

where Tf 7 is the properly scaled Lagrangian macroscale, as defined by

Equation 2.71:

T, = 7e

_ 5 2.71
: (V= + £2)2/0;, (270

Consider the case for Stokian particles, assuming very dilute suspension

such as A(¢)=1, the Stokian response time is defined as:

w S | . :
S = ‘EQ—E;- (2.96)

]

Nem—mny

i
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extending this to non-zero volume loadings:

o5 (D) — l | (2.97)
A (P} Bcd) o

~ Thus  becomes:

@) - T (9 ~ o (2.98)
Tea ()

This can be regarded as the ratio of the particle response time to the time
available to sample the local turbulent structure (or the time of fluid

correlation).

This is applicable for each particle's Reynold's number region:

1;t(1pj::' —j;'(<p) |
. -E-a_ ((b—) 7 (2.99)
Sy (0= I o (2.100)

1%E(q0

2.6 Discussion and Summary

| The assumptions leading to the non-dilute particle equation of motion
(Equation 2. 14) are not overly restrictive. They are: that the particles
are spheres and of uniform size, and that direct collisions between particles
do not occur. A problem arises with the yet unknown function of 8(¢), found
in the.Basset term, but as noted, it is of order unity and hence of ]itt]e

concern.
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The assumptions leading to the linearization and simplification of the
equation of motion require the particie to be very small as compared to
the.microsca1e’of the turbulence, and that the Basset term can be ignored.
Meek (1972) calculated the response function for the linearized equation of
motion with Basset term (for very dilute suspensions). A comparison between
Meek's response function and the response function calculated without the
Basset term is shown in Figure 2.5. For particles of B's near 1, the simpli-
fied results are reasonéb]y close to the general theory of Meek's. As the
particle becomes very heavy with respect to the fluid, the Basset term
predicts more information being transferred to the particle, hence it's
importance becomes apparent. It is’felt that the Basset term contribution,
‘at B's close to unity, is not sufficiently large to warrant the additional
. complexity of the solution.

The Tinearized equation has been extended from Stokian restrictions to
a wide range of non-Stokian behavior. This is an important addition due to
the fact that most applications are of non-Stokian particles suspended in a
fluid such as rivérs and slurries.

The past work of Meek and Howard assumed incorrectly the isotropic

behavior of particles with finite free-fall velocites. The approach taken 1n‘¥

this development assumes that only the fluid is isotropic in behavior. Hence,
lateral fluid autocorrelation was used to predict lateral particle behavior
instead of applying isotropic relationships to the particles directly.

The parametef £(¢) discussed earlier can be thought of as the ratio of

the amount of time a particle needs to respond to the eddy it resides within,

to the time it resides within the eddy. This can simply be seen for a particle

fa]]fng within the newton region of drag. Consider Te 2 from Equation 2.71
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-I;a,: "2 j;g s : (27])
(Ve + £%) /Uty

i f>>0 !
Since b

= T Mg - A (2.101)
| — T

which states the time particle resides within an eddy of typical length AZ.

If one substitutes Equation 2.101 into Equation 2.100:

(@) o _Tu(P) | ' | (2.102)

Thus £(¢) is the ratio of the particle response time to the time spent within
an eddy. The particle response time is‘a]so a function of the volume loadings.
This is expected. As the volume Toading increases, the response time apparently
decreases. This is due to the expected increase in the fluid intensities or',i
amplitude, thus allowing the partfcle to sense larger impulses and hence
appearing to respond in a shorter time.

In closing, the theory set forth here is capable df predicting the
statistical quantities of particles within a turbulent fluid. Thus, if the
theory proves to be valid, engineering predictions of particle behavior can

be made for a variety of applications.
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CHAPTER 3 EXPERIMENTAL FACILITIES

3.1 Experimental Loop Description

Experiments were conducted to meésure fluid and particle Statisticall
quantities in a turbulent environmenf. “Fluid measurementé were perfofmed
using sfandard anemometer techniques. Partit]e trajéctories.were investi-
gated using the same method developed by Jones (1966) ahd improved upon by
ShiraZfA£1967), Meek (1972) and Howard (1974). This consi;ted of tracking
the trajectory of a radioactive]y tagged particle as it traverses through
the test section. The tagged particle was tracked by a group of.photd—
multiplier tubes mouhtedhon a moving carriage, this 5ystem’w111 be desribed
in detail in Section 3.3. |

‘The flow facility was initially designed and built by Jones (1966). -
,Modificationsvwere necessary to accommodate the non-dilute particle suspen-
sion flow. This section will be concerned with the description of the flow
facility as modified for mu]tiparticie measurements. - The flow facility,
shown in schematic form in Figure 3.1, provides a turbulent environment in
which the behavior of the fluid, as well as that of the particles were
investigated. The facility consists of tWo systems; the particle loop sys-
tem and the supportive system, which maintained stable conditiohs_within
the particle Toop. |

The particle 1QOp starts_at the header tank, 30 feet above the datum.
A slurry of particles exits from a perforated plate into a screened tube
~of 7 1/4 inches I.D. and of 4 inﬁhes in length. Within this mixing region,
the particle slurry, jetting from the perférated plate, mixes with make-up
water supplied to the header tank{. From the screened tube, the particle
suspension enters the inlet section of 7 1/4 1.D. and 11'feet.in lTength.

This provides a development length to insure a homogeneous mixture of
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particles as well as fully developed turbulent flow. The homogeneous mix-
ture of particles and water exits the inlet section into the vertical test
section where the turbulent characteristics of the fluid and particle were
measured.

The test section would be fitted with one of two 17 foot, 7 1/4 inch
I.D. sections. Fluid measurements were conducted in an aluminum section.
with'entry ports provided at several axial and radial bositions, for which
a detailed description could be found in Howard's thesis. For particle
tracking, the aluminum section was replaced with a ;mooth, clear lucite
tube with dimensions identical to the aluminum section. This provides a
uniform track for the carriage to traverse down thé test section.

At the base of the test section, a 90° elbow was fitted with a honey-
comb of tubes to assure symmetry of the flow upstream of the elbow.

From the test section the particle suspension enters the pértic]é
separator; the purpose of which was to concentrate the particle suspension

to a slurry of partié]es, originally the separator consisted of a 2 foot

‘diameter circular tank with an 8 inch I.D. inlet, a 6 inch I.D. screened

bypass outiet and a 3 inch I.D. slurry outlet. The operating performance
proved to be poor due to dropout of'partic]es within the separator. Hence
a reducing 3 inch I.D. perforated pipe was fitted within the separator to
provide a confined path for the particles, while allowing fluid to flow
through the bypass. The particle slurry éxited from the separator into a
Venturi Fiow Meter.

TheVenturi Flow Meter was constructed of lucite, with an inlet of 3
inches 1.D., a throat diameter of 1 inch and diverging with a 5° included

angle to a 3 inch 1.D. Calibration of the flow meter was performed using
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a weigh tank. The results are shown in Figure 3.2. Because of

the unavailability of a slurry weigh tank system, calibration was performed

‘with no particles in suspension. The error, introduced by the presence of

the particles, was calculated to be less than 5%, based on the physical
observations of a no—s]fp condition betWeén the parfic]es~and the fluid.

From theVenturi,the particle slurry enters the jet pump, to be
returned to the header tank in order to re-enter the inlet section. The
jet purip was selected for 'its ability to pump the slurry without crushing
the particles. The pump was capable of pumping at a flow rate corresponding
to a Reynolds number in excess ~ of 50,000 within the test section. The
Reynolds number maintained in the test section was 50,000 for all experi-
ments. - 7 |

It should be noted that the particles are initially introduced into
the Toop in a batch injection process, eventually distribute themselves
equally throughout the closed loop. Typically the'system requires approxi-
mately 10 minutes of operatidn to achieve a hbmogenéqus mixture of particles
throughout the test section. With the particles being continuously re-
cyc1ed through the test section, the inventory of particles is small and a
stable environment is established for data acquisition for indefinite
periods of time.

The support systems of the experimental facility have various functions.
This includes injection and retrieval of particles, maintaining constant
temperature, providing make-up water, and.supplying_pressure to drive the
jet pump. | 7

Bypass water exiting from the separator passe§ through a measuring

orifice plate and enters the storage tank. The storage tank is capable
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of holding the entire water inventory, approximately 750 gallons. The
water is drawn through several baffles and down through a tubular heat
exchanger within the storage tank. The temperature of the water can be
regulated by passing hot or cold water through the tubular heat exchanger,
The temperature within the system can be held constant, within =+ 1°F,
during the experiments. In all the experiments the water temperature

was 80°F.

The water is drawn from the storage tank by an Ingersoll Rand Centri-
fugal Transfer pump (11.5 hp, 400 gpm at 90 foot head), which drives the
jet bump and additionally provides the make-up water to the header tank.

In order to maintain a constant Tevel within fhe header tank, an over-
flow weir was employed. - |

Since one of the particles was radioactiVe,'it had to be removed from
the system at the end of each day and placed in a shielded safe storage
area. In order to accomplish this task, as well as change the relative
loadings, a particle "Catchér-injector“ was installed in the s]ﬂrry return
line. Referring to Figure 3.3, a stainless steel screen cone, with a trap
door at its base was fitted with a 55 galion steel drum, 18 .feet above the
datum. The base of the trap door 1ead, via a 2 inch I.D. p.v.c. pipe, to
the particle slurry return line. Coming from the slurry return line a 2
inch I.D. p.v.c. pipe leads up through a'butterfly‘va]ve to the top of the
screenéd cone. Injection of particles was accomplished by fi]]ing the
screen cone with a desired amount of particles, opening the trap door
a11owing particles to travel down to the slurry return line and being
drawn to the header tank by the jet pump. Recovery of the particles was

performed by closing the trép door and a]]oWing the particle slurry to

Nbimast
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travel up to the screen cone; excess water drained to the storage tank and

the particles remained within the cone.

3.2 Fluid Data Acqufsition and Analysis System

Standard anemometer techniques were used to obtain the fluid Tluctuat-
ing velocity. A schematic diagram of the E]ectrbnic Data Acquisition
System is shown in Figure 3.4.

Due to its rugged désign,it was felt that a conical probe would with-
stand direct collisions with particles, with a minimum amount of damage,
hence a thermosystems 1230W conical sensor was employed. The sensor was
mounted on a traversing mechanism, capable of sweeping across the diameter
of the aluminum test section at various axial port locations. For a
detailed description of fhe traversing device, éonsu]t Jones (1966) and
Howard (1974).

The sensor was operated in the constant temperature’mode by a Disa
55D01 anemometer; Linearization was performed by a Disa 55D10 Linearizer,
with the proper exponent obtained from calibration experiﬁent.’ The
voltage signal from the Linearizer passes through a bandpass filter. The
bandpass frequehcies were 0.01 hz to 100 hz, this was done to eliminate
the D.C. component of the signal, as well as, unwanted high frequency
noise. Prior to the bandpass filter, an integratok in Tine with a D.V.M,
was used to obtain the mean D.C. voltage, corresponding to a mean velocity
measurement. Voltage Tms measurements were made by a T.S.I. 1060 True
R.M.S. meter.

A data switch was incorporated for providing a means of selecting a

sine wave signal for calibration and experiment separation. The data were



HOT FILM
CONICAL
SENSOR

PRS-,

ANEMOMETER

SCOPE

RMS

LINEARIZER

FILTER

DVM

INTEGRATOR

SWITCH
) ——

BOX

FM TAPE
RECORDER

SINE WAVE
GEHERATOR

Figure 3.4 Fluid Data Acquisition System

- GP



46

recorded on analog tape by a Sangamon Mode] 3560 FM tape recorder, at a
speed of 3.75 inches per sécond. Record lengths of ten minutes were re-
corded for most of the experiments. The long record length was necessary
for a reasonable record length at a playback speed of 60 inches per second.
By playing back_to data at 60 ips the data's frequency spectra was arti-
ficially shifted up by a factor of 16. This was necessary in order to
employ audio equipment in the data analysis.

‘Analysis of the data was perfokmed offline using the ana]ysisvsystém

shown in Figure 3.5. Voltage signals were played back in a 100 point

correlator, Saicor Model 42;vmere autocorrelation functions were ca]cu]éted.

The data from the correlator was displayed graphicé]]y'by a X-Y plotter,
Houston Instruments Omnigraphic 2000 X-Y p]ofter. The numerical values of
the autocorrelation obtained from the correlator by a microcomputer.

This employed the 6ﬁ00 Microprocessor L.S.I.-chip, to interrogate the
correlator for the voltage value of the 100 points plotted, perform a
binary to B.C.D. conversion and disp]ay the values on a printer. Addition-
al information, in the form of power spectra and macroscales was calculated

from data obtained from the 100 point correlator.

3.3 Particle Data Acquisition and Analysis System

The objective of the Data Acquisition System was to provide continuous
monitoring of the particle's velocity as it proceeded through the test
section. This section will discuss in detail the data acquisition and
analysis systems shown in Figure 3.6.

The original concept Wa$ provided by Jones (1966). Although his data

were plagued with noise, he was able to show that the basic concept was

i e
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workable. Improvements by Shirazi (1967), Meek (1972) and Howard (1974)
e1iminate most of the noise within the system, but unéertainties were still
present and a complete overhaul of the Data Acquisition System was in order.

Referring to Figure 3;7, an aluminum carriage, which surrounds the
lucite test seétion, traces a radioactiveTy tagged particle as it navigates
down_the test section. Mounted on the carriage, as shown in Figure 3.8,
are eight Harshaw Chemical Co. Gamma Ravaétectors.v'Each detector consists
of a photomultiplier tube (RCA Mode] 6199) with a Nal crystal mdunt within
a hermetically sealed a1uminum shell. In addition, each detector was '
.wrapped in Mu metal to shield the detector from magnetic disturbances.

Eéch of the electronic boxes contained the résistor network for fhe P.M.
tubes. The P.M. tubes were operated at 800 volts from two well regu]ated’
power supplies. Depending upon the distance between the particle and the
face of the detector, the output voltage vafied from 0{0 volts to -8.00
volts. Typica]]y.a tvo hour warm-up period was necessary for stable
operation.

The carriage was driven by a hydrau]ﬁc system connected to the‘
carriage via steel cables. Details ofyits operation may be found in Jones'
fhesis. The tracking capability of the carriage is due to a feedback cir-
cuit driven by the difference between the Z1T and Z1B sfgna]s; the carriage
seeks to minimize the difference as the particle traverses the test section,
causing the particle to be near- the relative axial midp1ane of the carriage.
The sensitivity of the feedback network may be adjusted to follow the
particle closely or lowered to maintain a constant velocity. At either

end of the test section, limit switches were provided to stop the carriage.
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In past investigations, problems associated with the carriage_ve]oci-

meter had hampered interpretation of the axial velocity data. The past

system consisted of two potentiometers, 180° out of phase with respect to each

other, driven by a common shaft from the idler pulley. As the carriage
descended,a series of ramps were generated from which velocities vere
inferred. This method proved to be noisy from several points of view with
reasonable filtering doing Tittle to improve the data. Thus a new analog-
digital hybrid velocimeter was developed. The hybrid velocimeter employed
a timing wheel, shown in Figure 3.9, which contained 180 pairs of slots.

As the timing wheel is spun, by “the idler shaft, a 1light beam
passes alternately through the timing siots strikihg the photoresistor

and changing its resistance by 10,000 fold. The optics are of a simple
nature as shown by Figure 3.10. The photoresistor 1srcohnected in the cir-
cuit shown in Figure 3.11. The first two stages provided a digital signal,
the frequency of which was dependent on the angular velocity of the timing
wheel, and hence the carriage's velocity. The digital, TTL compatibles
signal is used to trigger a monostable. The monostable provides a 35 psec
pulse width at the given input rate. Conversion froh the frequehcy domain
to the voltage domain was provided by a linear frequency to voltage con-
verter, Datel Model VFV-10K. A 10 Hz low pass filter was incorporated to
remove residual ripple on the output D.C. signal. An amplifier with a

gain of 20 db was used to provide a signal to the recorder. ~The Tinear

relation between the voltage from the velocimeter and the carriage ve?bcity

st \Vz: = 9.4le e, | (3.1)

Where VC is carriage velocity in cm/sec and ec is the velocimeter

PO
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voltage. Experiments were conducted to ccnfirm the velocimeter charac-
teristics. The results indicated an error of less than 0.1%.

The carriage velocimeter voltage, along with the eight photomulti-
plier tube signals completes thé initial stage of the Data Acquisition
System. From the carriage, the 8 P.M. tube signals were fed into an
attenuator in order to balance and'calibrate the characteristics of the
P.M. tubes. In order to remove the noise génerated by the random decay
of the radioactive source, pre-analysis filtering was provided by a
third order, active low pass filter for each channel of data. The cutoff
frequency was 100 Hz and the characteristics are shown in Figure 3.12.
Figure 3.13 shows the attenuation and filtering circuit.

From_the active filter the four pair of data channels are differenced

by four Bay laboratories differencing amplifier such that the output were:

T= ey, — ex (3.2a)
M= e, — €y (3.2b)
Vi = €z ~ €ar | (3.2c)
Vo = €zp8 — €azT (3.2d)

where ex] indicates the voltage from the X1 P.M. tube and so on.

From the Bay Lab amplifiers the four differenced signals (T, U, V],
V2), the carriage velocimeter signal and a trigger signal were fed
through a data switch to the Sangamo 3560 FM recorder. The recorder
operated at 3.75 inches per second.

The four differenced voltages were used to determine the position of

the particle within the test section. 1In order to assure that the particie

experienced relatively homogeneous isotropic turbulence, only runs where
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the particle resided within the core region of'the pipe were analyzed. A
calibrated region, shown in Figure 3.8, was defined as a 14 cm by 14 cm‘
right circular cy]indér within the core region of the pipe. Calibration
of the T, U, V], and V2 voltages to absd]ute position was accomplished by
placing a test source at over 1232 separafe lTocations throughout the

calibrated region. By summing the V] and V2 voltages as:
V=V, + Vo= €z + Bz~ €t — €227 (3.3)

it was found that T, U, and V provided a relatively linear relationship

between position and voltage. This is demonstrated in Fiqure 3.14. The

-calibration data was fitted by a Teast squares technique, to a third order

polynomial for the X, Y, Z directions. The functional form being:

4+ 0; T3+ Qg u* + 0gTL?+ 9o U’+ @, V+ Q,TV+

4+, TVi+ O quV34 Q2 V3 - (3.4)
or:
XK= -CCQJ’)T-; u, V) | | (3.5)
Similarly for the Y and Z directions: |
Y = £C, T, 1, V) \ | (3.6)
z = £(¢,T,uM,V) - (3.7)

With the recording of the analog signals, a permanent record was
created for Tater digital analysis. To convert from the analog domain to

the digital domain a Spiras 65 Analog-to-Digital converter was employed.
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This unit digitized all 13 channels coming from the Sangamo 3560 at a rate
of 1 millisecond between points. The 2‘Byte,-16 bit words were recorded
in 780 word blocks on a 9 channel digital tape.

“The digital tapes created by the Spiras 65 were converted by a tape
conversion program (TACOS). <Conversion was necessary to improve the
efficiency of the data handling and also to provide the proper normali-
zation of the data. Normalization was performed by analyzing a zero sig-
nal and a 5.00 volt gain signal, from which the proper zero and gain con-
stants were calculated. With the digital tapes from TACOS, statistical
analysis could be performed by the main analysis program (MAP).

The main analysis program was the workhqrse for partic]e analysis.
MAP provided most of the statistical quantities for each run of data.
Figure 3.15 shows a very simplified flow chart of Map/7. Once the data for
a run has been read from the tape, a Gaussian digital Tow pass filter is
applied to the data. The cutoff-frequency, F90' for all of the analysis
was 3 Hz. Figure 3.16 shows typical particle spéctra, determfned from
autocorrelation data; obtained for experiment., with the»character1st1cs of
the filters also shown.

- The filtered data, consisting of T, U, V and the carriage signal are
converted to X, Y, Z positional data using equation 3.5, 3.6, and 3.7.

The cartesian positions were then converted to cylindrical position as

follows:
G = (Xf + Y;_z)vz (3.8)
6 = arctan ( Vi/Xi) o (3.9)
2 = B ,, (3.10)
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The cylindrical ve]oéities were‘inferred from the cylindrical positional
| data using the first order difference method; This is discussed 1in Appehdix
A |
The velocity autocovariances were calculated usingrthe standard lagged

i_products method:

N-j R |
cov(Bl= 1 P V() V(te+ B (3.11)

N=J) k=ai - B
Additional statistical information such -as the skewness; kdrtosis, mean
position and velocity, rms position and velocity, and the velocity probabili-
ty density functions. A description of thefr cé]uc]atiohs can be found in
Appendix A. Further analysis was provided by anqtherfprogrum, ENSEMBLE; the

details of which will be discussed in Appendix A.

3.4 Description and Fabrication of the Particles

The particles used for the experiment had to meet the following require-

ments: | 7

1. The size and density had to be such that experimeﬁta]
data could be,compafed effectively withItHeory developed -
in Chapter 2. - S

2. The physical characteristics of the particle had to be
such that they remained stable over the time of the
experiments. ;

3. The impact strength of the particles had to be high
due to the high velocity collision the particles

experienced within the slurry return 1ine.
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4. Mass production of the particles was necessary due to
the number of particles needed.

With a review of the available materials, two sets of particles were obtained
from the Precision P]astfc Ball company. - The materials chosen were poly-
strene and acrylic plastics. The physical properties of which are listed in
Table 1. The parti¢1es were fabricated by initia11y'grinding of extruding
material to the desired size, then several steps of polishing were performed
to produce a smooth, spherical particle. The molding of particles by an
injection molding machine did not produce quaTity particles, since usually
air bubbles were intrained with the particles.

The radioactive source for "tagging" a particle was a nickel plated
Cobalt-60 cylinder ofk1 mm in diameter by 1 mm in heightt Cobalt-60 was |
chosen because of its accessibility and reldtive]y Tow solubility in water.
Due to the 1arge specific gravity of Co-60, NRC regulations, density of the
plastic material, and current fabrication techniques, the size of the
particle used was 0.476 cm. Howard (1974) estimated the Taylor microscale
to be about 1.7 cm, hence the particle size met the requiremenfs that they
be less than the microsca]e'of the turbulence. The tagged particle was con-
structed by taking a lighter density particle of identical size and drilling
through a 0.03 undersize hole 3/4 of a particle diameter. Calculations
yielded the amount of Tead ballast necessary with the Co-60 to yield a
tagged particle of identical characteristics. With the lead ballast added
the Cobalt cylinder was press fitted into'the‘hole, sealing the particle.
Free-fall measurements, obtained by timing a particle fa]]ingldown an 80 cm
column of water, completed the verification of the fabrication. The particle

vas then soaked in an agitated water bath for 96 hours, resulting in no
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Table 3.1 Physical Properties of Particles

Free Fall  Approx.

Density Diameter Velocity Weight

Experiment GM/cc cm : cm/sec mg
LTAG 1.05  .47625 - 71.26 59.4
HTAG 1.8 47625  14.54 . 667

Reyno1ds
Number

413.0

©821.0

Water _
Absorption
%

0.03

0.03

measurable difference in the density. A close watch of the density of the

tagged particle was maintained throughout the expefiments.

it
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CHAPTER 4. EXPERIMENTAL MEASUREMENTS AND COMPARISON WITH THEQRY

4.1 Fluid Measurements and Discussion _

It 15 widely acknowledged that suspended matter modifies the
turbulent structure of the residing fluid. To what extent a non-dilute
volume loading changes the fluid's intensities and integral scales was
of interest in the present experimental loop in order to provide input
parameters for the theory deVe]dped in Chapter 2. Hence, an experimental
investigation was initiated to quantitavely describe the fluid's
characteristics at various non-dilute particle volume loadings.

Two separate series of experiments were performed: first, Eulerian
velocity measurements were attempted with the use of a rugged conica]_
anemometer; secondly, Lagrangian characteristics were to be estimated
by tracking a neutrally buoyant particle circulating within the non-
dilute suspensions.

A preliminary series of experiments was first conducted to determine
to what extent the modification made to the system had on the Toop's
turbulent characteristics. Using the data acquisition system shown in
Figure 3.4, the fluid's main velocity profile was meésured. A conical
probe was radially traversed across the test section. Al1l the Eulerian

measurements, referring to Figure 4.1, were made at port A, located 35

.inches above the datum. The mean velocity data, normalized to centerline

mean‘ve1ocity, U% , 1s shown in Fiqure 4.2. Good agreement exists with

o _
the profile obtained by Howard (1974). The turbulent intensity defined

as U% /Uf , was measured in the same faéhion as the mean velocity
iz 't ;
profile data. The results, shown in Figure 4.3, show good agreement with

Howard's data. As a comparison, intensity measurements by Laufer (1954)
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are also included. Relatively good agreement exists with Laufér's data. It
should be pointed out that Laufer's results were originally normalized with
the friction velocity, U, and that some uncertainty is introduced in deter-
mining the centerline mean velocity from UT and the friction factor.

The fluid's fluctuating velocity was also recorded at several radial

locations. Off-1ine analysis yielded the autocorrelation functions, R

e,F’
shown in Figure 4.4. For each radial location, the time integral scale,

:TE(r), defined as:
o0

T = fREF(G)dG (4.7)

(&)

was determined. Referring to Figure 4.5, excellent agreement exists
between HoWard's data and that for this study.

After reviewing the mean velocity, intensity and integral scales pro-
files, one comes to the conclusion that the modifications to the f]ow system
had a minimal effect on the Eulerian turbulent structures in the test sec-
tion. As a result it would be expected that the conyectfve'pfoperties, as
measured by Howard, would not be significantly changed also.

Additional experiments were also conducted to confirm the particle sus-
pension homogeneity. Particles, at the desired volume loading, kere bulk
Joaded into the system. After approximately 10 minutes of operation the
axial variation in the particle concentration appeared to be small from
visual observations. With the use of an isokinetic particle sampler, shown
in schematic form in Figure 4.6, radial traverses of the cross-section of
the inlet section were made. The radial particle concentration profiles,
for the particle volume loading, ¢, equal to one, two and three percent are

shown in Figure 4.7. As a whole, general agreement was observed between the
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calculated paftic]e concentration and that which was observed by the sampler.
MNote, as the vo]ume loading was increased from 3 pektent, the sampler was
“prone to clogging. Based on visua]_observatibns of_the system at higher
volume loadings, no evidence was observed to indicate avdeviation.from the
previous linear loading behavior.

With the completion of the zero partic1é’1oading‘déta, and the sus-
pension characteristfcs, the fluid investigation was directed toward the
chafacterigtics of the turbulent fluid structure for non-di]ute particle
volume 1oadings. Fluid measurements-were made for voidhe 1badings'of 1, 2
and 3 percent. The rugged conical probe was pTéced atrthe'centerline of
the pipe and for each volume loading, the fluctuating signal was recorded.
Off-1ine analysis provided the.statistiCa] quantities of the recorded sig-
nals. Initial results indicated larger mean and rms voltages than previously

observed when ¢ = 0. A signal intensity S', was definéd'as‘
|
S'= e"“s/emedn o - (4.2)

S? emean are the rms and mean linearized signals from the anemometer,

respectively. A comparison of the signal intensities at various ¢ is shown

where erm

in Figure 4.8.-'5' is seen to increase sharply from ¢ equal to 0 to ¢ equal
2 percent. It then tends to jeve] off at the higher volume Toadings.  This
large increase in the intensity is believed to be due?t§ partié]e interaction
with thé probe.  As shown in ngure 4.9. | o ' |

The effects of paftic]e cd]1isiéns and near misses with the.probe cause
large disturbances in the signal.. The rate of_octurrenéé of the-intéractions
was proportional to the vo1ume'1oading and appeared as a higher rms voltage.

This was observed until the point was reached where the interactions were so
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numerous that the probe's output was saturated by them. (As indicated for
¢ = 3 percent.) The autocorrelation functions, shown in Figure 4.10,
indicafe a rapid loss of correlation for ¢ equal 1, 2 and 3 percent.
Simultaneous visual observations of the anemometer signal and the proximity
of the particles to the sensor showed strong correlation. It is not clear
that the signal can be interpreted as a true measure of the fluid's turbu-
lent velocity. Therefore, caution must be exercised in utilizing the
anemometer results for the fluid turbulence. It is suggested that only after
direct comparison with neutrally buoyant partic]e data should the anemometer
results be accepted as true measurements of the fluid turbulence. As dis-
cussed below, this was not accomplished in these studies.

With the uncertainty of measuring the Eulerian characteristics of the
fluid for non-dilute suspensions, the experimental investigation turned to
estimating the fluid's Lagrdngian characteristics from the earlier work of
Howard. A comparison was,mgdé between the tagged particle's axial integral
time scale and that of thé_f]uid's convective integral time scale at various
particle free fall ve]ocifies. As shown in Figure 4.11, good agreement was
found between the experimental scale ratio -7;.‘3 /,7‘;2 and the theoretical
predictions. This indicated that for very small free fall velocity, the
particle's scale measurements approached that of the fluid's. Thus, if one
was consistent with the theory's assumptions of very small particles, a
tagged neutrally buoyant particle could be used as a Lagrangian "probe" to
estimate the fluid's behavior. With this in mind, experiments were conducted
in which a tagged particle's trajectories were recorded at various volume
loadings.

Several 3mm particles were constructed by molding expandable polvstyrene

plastic in whichba radioactive Co-60 source was placed. For a detailed
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description, consult Howard's thesis. Unfortunately,  the particle was not
able to withstand the highly agitated environment imposed by the jet pump.
Most of the particles showed damage after several posses through the loop,
and in one case a particle was destroyed. Several techniques were advanced
toward making the particle's outer surface harder. This includes applying
various epoxy resins, paints and even encapsulation of the particle within
an epoxy macrosphere. This resulted in stronger particles, but still an
unsatisfactory performance. As a result, a larger 4mm particle made of

polypropylene was used to construct a low free-fall velocity particle. The

.partic1e's construction was similar to the technique described in Chapter 3.

This particle exhibited excellent stability of its physical properties over
hany'hours of operation in the loop. The free féT] velocity in qufescent
water was 2.05 cm/sec., with a Reynold's number of 94.2.

Experiments were performed using the particle data.acquisition system'
shown in Figure 3.6. Initially, experiments were run with only the tagged
polypropylene particle in the loop. This was to provide data for a direct
comparison with the fluid structure reported by Howard. The experimental
investigation moved on to loading the system with 1 and 2 percent volume
fraction of the heavy (p = 1.18) particles. ODuring the data recording, an
oscilloscope was used to display the four different voltages from the
differential amplifiers. From the relative level of the signals of the X-Y
p]ane; and that for the carriage velocity, it was observed for most of the
220 rUns recorded that the tagged particle was located near the wall of the
pipe. Upon close visual observation, it was found that the slower moving
tagged particle underwent a constant bombardment from the bulk particles.

The tagged particle eventually migrated to the wall, where it experienced

Ceeria s
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less collisions and a relatively lower fluid velocity. Occasionally, the
particle was swept away from the wall region, but returned rapidly to it.
This behavior resulted in an insufficient amount of data for the particle
in the core region to provide adequate analysis.

In Tight of the results described above, unsuccessful attempts were
made to define the fluid's structure in the presence of the particles. Thus,
without in-house measurements, the investigation turned to examining the
theoretical and experimental information reported in the literature.

Hinze (1972) indicated several effects that discrete partit]efs sus-
pension have on the fluid turbulent structure. This included an: effect due -
to the wakes of the particle moving with respect to the fluid, thus modifying
the energy-spectra of the fluid in the wave number range corresponding to the
particle's dimension and effects due to the decreased volume of the fluid Qith
the presence of particles, on the turbulent intensity, inteqral scales and
viscous dissipation of the fluid. Hinze showed that particles modified the
fluid spectra at the relatively higher wave numbers. This implied, according
to Hinze, a higher energy-dissipation rate within the fluid. This was sup-
ported by Owen (1969) in which he demonstrated a direct proportionality
between energy dissipation and the particle volume Toading. Experimental work
by Kada and Hanratty (1960) supported Owen's work by reporting a linear
relationship between enerqy dissipation and particle volume loading.

The other turbulent characteristics of interest, the intensity of inte-
gral scale, and eddy-diffusion coefficients don't enjoy the same support
between theory and experinent. Hino (1963) showed for neutrally buoyvant
particles tﬁat the intensity of the fluid increased with the presence of

particles. This seemed to agree satisfactorily with experimental results,
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as reported by Hino, for Elata and Ippen (1961). Eiata and Ippen's data was
for higher loading of approximately 15%'and 25%, showing changes of 10-15
percent in the intensity. Hino also predfcted.for'heavy partjc]es a con-
tinued decrease in the intensity as vo]ume'loadihg increased. “Oven on the

| other hand, showed a decrease in the fluid intensity for a11 partic]e den-
sities. The'only available experimental intensity observations of heavy
particles was by Kada (1960). He showed a general increase in the intensity

as volume loading increased. Hino also reported that'the»integra1 scales

decreased, for all cases of particle density, as the volume loading increased.

Ho experimental evidence was found to support his prediction. Owen and Hino

agree qualitatively that a decrease of the eddy-diffusion coefficient shou]d‘

occur for increased particle loading. But Kadaldnd_Hanratty showéd a large
increase in the eddy diffusion'for particles of high frée-fa]] velocity with
respect to the fluid, and small effects for Tow re]ati?e free-fall velocity
particles. . | | |

-As one can see, the experimental evidencé and the theories themselves

are not in general agreement with each other.

This is due in part to the different systems under consideration. Kada

and Hanratty's experiment was conducted in an upward]y,flowing vertical pipe,
Owen's predictions were based on a horizontal pipe, and Hino, an open channel
flow. A general conclusion cannot be drawn, at this point, as to the turbu-
lent characteristics of the fluid in the present system. ‘Further discussion
will be presented in the next section, as to estimates of the fluid turbu-

lent properties.

"
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4.2 Particle Meaéurements and Comparison with Theory

Two series of experiments were conducted to investigate the behavior
of particles in a non-dilute turbulent suspension. The first set of experi-
ments (HTAG series) consisted of spherical particies, of uniform size
(0.476 cm diameter) with a specific graviﬁy of 1.18. The second series
consisted of similar size particles with a specific gravity of 1.05. The
density differences were provided to investigate the free-fall effects at
various particle volume loadings. The physical properties of the particles
are shown in Table 3.1. As was the case for both expgriments, the particle
volume loading, ¢, rangedzfrom single partic]e‘ciréu]ation (i.e., ¢ =0) to
a bulk particle volume loéaing of 10 percent. The volume loadings investi-
gated for each series are shown in Table 4.1.

The mean and rms positions of the tagged particle, at various volume
Toadings, is shown in.Table 4.1. Asrone can see, the HTAG series particle
was generally found at a rqdia] position of approximately 3.0 cm, where as
the LTAG series particle waé found at a somewhat larger radial position.
The mean axial position for a given run was strongly dependent upon the
adjustable feedback charqc?gristics of the carriage tracking circuits. It
was found.that the carrié?é?é&hibited its best tracking performance when
tHe particle's position‘Waﬁ.in the upper half of the calibrated region
(refer to Figure 3.8). This is evident from the number of runs resulting
from the anatysis of the LTAG series. Fewer runs were rejected because of
the carriagés inability to lock onto the particle's trajectory. This was
accomplished by increasing the feedback tracking sensitivity. The rms
positions are the standard deviation about the mean position. Generally,
the results are as expected for the physical system in which the particle's

position is constrained to reside within the calibrated region.
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HTAG LTAG
16 21
38 9
19 23
15 25
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16 24

9 22.
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3.
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838
318
898
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168
918
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Table 4.1 Mean and rms Positions

LTAG

(& B S

.668
.378
.628
.488

.258
.398
.424
.278

Mean Position

HTAG
3.

N w W

w

(]

07

.50
15
.76

2.50

.64

.08

.18 .

LTAG
3.50
4.33
3.33
2.83

2.90
3.39
3.00
3.14

Z

wrc ,
HTAG  LTAG

.115
.255
.295
.095
.785
.205
.025

.347

-2.245
-0.795
-1.765
-2.115

-1.185
-1.585
-0.487
-0.051

HTAG

0.789
0.922
1.096
1.103
1.166
1.125
1.135

1.264

LTAG

0.708
0.888
1.458
2.268

2.238
0.828
1.828
2.598

rms Position

g
HTAG
0.988
0.325
1.004
0.908
1.038
0.908
1.068

0.776

LTAG

1.308
0.388
0.908
1.028

1.088
0.884
0.738
0.988

-
HTAG
0.532
0.962
1.062
1.442
1.392
1.301
1.302

1.062

LTAG
0.695
0.4%4

0.723

0.962

0.827
0.884
0.740
0.560
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The mean and rms velocity data for both series of experiments are shown
in Table 4.2. An initial look at the radial and azimuthal mean velocities
show them to be nearly zero, with no apparent volume loading dependency, as

would be expected in a vertical pipe flow. On the other hand, the axial
Up,z
volume loading. The general trend of Up Z(¢)/UP Z(0) is demonstrated in

mean velocity, (¢), indicates significant effects of increasing the

Figure 4.12. Note the initial increase for low volume loading, followed by
a gradual decrease as ¢ is increased. Several models to predict the volume
loading behavior on the mean particle velocity are included 1n‘Figure 4.12.

It can be shown from Equation 2.23, that for steady state case:
*
-~ GFTADFD + 96 =0 (4.3)

Recalling that F* = g/f(0), we find:

£(0) A

Poor agreement is found from comparing Tam's (1969) functional form (equation
2.6) with the experimental data. Similar results are found for a model

developed by Batchelor (1972), where A(¢) was given by:

AP = /(1 — 6.550) (4.5)

In both cases, the predicted behavior for hindered settling, fails to show

the initial increase in the particle mean velocity. The third model shown
in Figure 4.12 combines two effects of particle settling; the hindered
settling demonstrated by Batchelor, and the reduced drag experienced by

binary particle interaction.:'If one considers the classic solution to the
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HTAG
0.047
0.013
-0.139
0.065
-0.124
-0.031

0.014

-0.089
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0.008

0.089
-0.035
-0.113
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0.015

Table 4.2 Mean and rms Velocities

MEAN VELOCITY
1]
Pg
HTAG  LTAG  HTAG
0.079 0.271 13.2]

-0.063 0.000 14.13

0.213 0.199 14.76

0.073 0.104 13.67
-0.060 | 14.28
-0.32° -0.95 12.31
-0.088 0.057 12.04

0.062
-0.08 0.128 11.12

. LTAG

5.70
6.77
6.00
5.72

3.73
4.68
3.027

HTAG

2.59

2.84

2.96

LTAG

1.06

RMS VELOCITY

HTAG

1

.09
.21
.79
.26
.07
.23
.96

.53

VI
Po

.........

LTAG

1.

15 1.
.36
43
51

.50
.42
.34
.19

HTAG

3.38
3.89
3.90

LTAG -

1.40

2.47
2.78
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problem of two spheres, aligned in the direction of the flow, one finds that
the particles experience a reduction in their drag as the distance between
them decreases. A reasonable approximation of the drag reduction was shown

by Milne-Thomson (1960) to be:
M = 4/ [+ ¥2(a/)] (4.6)

where d is the average distance between particles and a is the radius. If

one assumes a uniform spacing between particles such that:

d= a i/ﬁé%%;:— ; dbi>()

then Equation 4.6 becomes -

, -1
N 1./[|‘.+3/2(g%) ’] (a.7)

If we combine the hindered settling term, we obtain the fo]Towing expression

for A(¢).

A )‘: L N >0
(I.—G.SSCP)[I.-&--’Yz(%) '/5] ’ (4.8)

Applying Equation 4.8 to Equation 4.4 obtain the upper curve shown in 4.12.

As one can see, reasonable good agreement exists with the experimental data.
The general phenomena, shown in Figure 4.12, has been observed by Kaye
and Boardman (1962) (as reported by Happel and Brenner, 1973) as shown in
Figure 4.13. In their experiments a considerable amount of particle cluster
formation was observed. It has been well established that clusters of
particles will settle at a faster rate than the same number of particles

that are uniformly distributed. In the present study, cluster formations
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were observed for ¢ equal to 1/2, 1, 2 and 3 percent, but not to a large
degree. This may explain the smaller relative particle velocities in the
present study, as compared to Kaye and Boardman's data for ¢ less than 3
percent.

‘Happel and Brenner lent theoretical support to the development of
Equation 4.8 for the case of cluster formation, but it is imperative to
point out that Equation 4.8 is not based on any rigorous theoretical
development and caution should be exercised in applying it outside this case.

Figure 4.14 shows the turbulent drag coefficient, C, for both series.

D
: T
This was based on the particle Reynold's number, Rep, defined as:

Rep-:_ -%%f\lc_i@. (4.9)

As one can see good agreement exist with Ingebo's (1956) turbulent drag
coefficient.‘ The empirical drag curve of Zahm (1926) for spheres in a
quiescent fluid is shown to point out the differences in the drag for
particle 1in turbulent fluids.

The effects of particle volume loading becomes evident in light of the
particle's rms velocities, Vé,r’ Vﬁ,e and Vﬁ;z' Referring to Figure 4.15,

the rms velocities for ¢ equal zero are approximately equal, but as ¢ is

increased, the rms levels rapidly increase initially, but as ¢ is further

“increased (¢ > 2%) the rms velocities tend to Tevel out; then slowly begin

to drop off for higher loadings (¢ = 10%). It is interesting to note

several points. The lateral rms velocities, V6 . and Vé gs 85 demonstrated

in both experimental series, are in close agreement. This suggests that

the particles are experiencing lateral isotropic fluid behavior. The axial
(or longitudinal) rms velocity, Vé ,» appears to be slightly higher, but
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follows the same trend as the Tateral rms velocities. It is interesting to
point out that for ¢ greater than zero, the rms velocities for the HTAG
series prove to be much higher than the LTAG series. Referring to Figure
4J€, for ¢ greater than 0, the free fall effect on the rms velocities can
be removed by normalizing them by the quiescent free fall velocity, f .
This indicates the important role that free-fall velocity plays on the
turbulent environment. Further discussion of this phenomena is present in
the latter portion of this section.

The particle's velocity variance, skewness and kurtosis, shown in
Table 4.3, are directly related to the secohd, third and fourth moment of
the velocity's probability density function (p.d.f.). As one can see the
magnitude of the skewness is relatively small. The average value of the
kurtosis is 3.06. This would indicate a Gaussian behavior of the velocity's

p.d.f, the form of which is:
-1

T ~ W2 w2
pwp) = kbl =75 “r (2.10)

where w5 2 is the variance of the instantaneous particle velocity, wp.
P.d.f.'s calculated from the experimental data are shown in Figure 4.17a
through 4.17d. As one can see they further support the skewness and kurtosis
data. A Gaussian probability density function is generally anticipated for
turbulent fluid measurements, and as one can see it's indicative of the
particle's behavior as direct consequences of the particle-fluid interactions.
Referring to Figure 4.18 and 4.19 , an interesting note as to the effect of

the volume loading on the pFobabi]ity density functions. Comparison for each

direction at various volume Toadings, indicates as a whole, that the p.d.f.'s
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Table 4.3 Variance, Skewness and Kurtosis

Volume RADIAL

Loading

Series  HTAG LTAG
0.0 1.251.13
0.5 4.541.94
1.0 6.71 1.67
2.0 8.06 2.09
3.0 8.78
4.0 9.44 1.87
5.0 7.311.84
6.0 1.56
10.0 5.20 1.43

VARIANCE

AZIMUTHAL

HTAG LTAG

1.19 1.
4.88 1.
7.76 2.
10.61 2.
9.44
10.40 2.
8.75 2.
1
6.42 1.

32
86
04
29

25
02

.79

42

AXIAL

HTAG LTAG
1763 1.97
12.23 4.59
11.45 4.28
15.11 6.11
15.23
15.80 6.11
16.01 7.73
4.76
15.17 4.71

RADIAL

HTAG  LTAG
-0.168 -0.153
-0.013 -0.158
-0.147 -0.207
-0.03 -0.173

- -0.066

-0.076 -0.165

0.01 -0.062
0.031

0.137 0.02

SKEMNESS
AZIMUTHAL

HTAG LTAG
-0.082 0.082
0.036 -0.107
-0.149 -0.046
0.130 -0.010
-0.133
-0.075 -0.11
-0.152 0.059
0.021
~-0.110 0.04

of HTAG and LTAG Series

AXIAL

HTAG
-0.132
-0.025
-0.17

0.076
-0.018
-0.055
-0.326

-0.10

KURTOSIS

RADIAL

LTAG HTAG LTAG

~0.047
0.081
-0.088
0.190

-0.065
-0.065
0.017
0.048

2.91
3.28
2.89
2.81
2.97
2.99
3.16

2.78

3.12
4.20
3.25
3.19

3.4
3.39
3.17
3.38

AZIMUTHAL  AXIAL

HTAG LTAG HTAG LTAG

2.

75

.08
.75
.07
.04
.83
.66

.78

3.04 2.96 2.97
3.22 2.95°2.70
3.21 2.91 2.93
3.09 2.75 3.12
2.96
.13 2.68 2.94
.17 3.16 2.99
.92 2.87

w N W W

.02 :2.68 3.08

L6
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become broader as the volume loading is increased. Also the lateral and
longitudinal p.d.f.'s are respectively very similar at ¢ =0, but as the
Toading increases the HTAG p.d.f.'s tend to be more diffuse, indicating a
Targer HTAG variance. This observation is in agreement with the trend of
the previous rms velocity data. |

A preliminary look at the velocity autocorrelations for the HTAG and
LTAG series, shown in'Figures 4.20 and 4.21 generally show the expected
form. It was found that the autocorrelations for the LTAG 0.5, LTAG 10,
HTAG 10, and HTAG 0.5 experiments showed an external noise problem.” An
investigation into the source of the noise, indicated that a faulty coaxial
cable coming from the tape recorder to the digitizer may have provided a
Tow level 60 Hz signal. Efforté to remove the noise proved to be success-
ful in all but the radial autocorrelation of the LTAG 0.5 experiment.

In general, the radial and azimuthal autocorrelation for each experiment
are in good agfeement with each other. This once again supports the isotropic
lateral behaviof observed earlier. Thé form of the correlations areas one

expect for lateral pipe turbulence. PReferring to Figure 4.22 to 4.25, a com-

parison was made of the lateral autocorrelations at the various volume lToadings. -

Motice the slightly lower lateral correlations for the ¢ = 0 percent case;
As the volume loading is increased the lateral correlations collapse to a
common curve showing little difference between them. This is also indicated
by the Tateral time macroscale shown in Table 4.4. It's of interest to note
the LTAG series particles are correlated for longer times than the HTAG
series. The macroscales show a factor of approximately equal to 2 between
the LTAG and HTAG series. This is as expected, for it can be shown from

Equations 2.90 and 2.94 that:

St
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Table 4.4 Microscale and Macroscale of HTAG and LTAG Series

MICROSCALES MACROSCALES

JoLAME . RADIAL AZIMUTHAL AXIAL RADIAL AZIMUTHAL
Series HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG . HTAG  LTAG
0.0 .04 .108 .09 .123 .18 .128  .134  .098  .076  .188
0.5 .01 .3 .107 .40 .076 .07 .079 .126  .086  .199
1.0 .10 126 127 .48 152 154 073 179 .088  .213
2.0 .9 133 127 183 .45 157 085 .175 L1115 178
3.0 M4 125 .160 . L0872 .099
4.0 N7 130 .13 .14 57 162 0618 .183  .079  .185
5.0  .109° .128 .126 .143 .17  .158  .1299 177  .049  .199
6.0 132 .135 .139 168 179

10.0 .116 .100 .116 Ja22 .142 .116 196 (107 .1875  .205

AXIAL
HTAG LTAG
.276 .232
.280 175
.321 .372
.243 .319
.279
.328 .350
.404 .456

.230
.500 .237

L11
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~,
Ve %, (4’)- Ve y_af__ A g g ($) (410
Ve,
r
Where V' js defined as (—'2 +V. )1/2 Since B ~ 1.0, as shown in
P,z P z P,z : v

Table 4.5 for the dynamic characteristics of the particle, it can be shown
that U'2 /Vr',2 ~ 1.0 and for a given ¢ and phys1ca1 system Af . is invari-
ant. Also one will note that V UP 2 thus VP,z = Uf,z' Hence we see

that T, () Jp’r

fore we see as U% , decreases by a factor of 2, which is approximately true

(¢) equals a constant for a given volume loading. There-

between LTAG and HTAG experiments, ;J' P,r(¢) is expected to increase by
an equal amount. | |

The axial autocorrelations, shown in Figures 4.20 and 4.21, tend to
show the expectéd form, but upon close examination one will notice a Tow
frequency sinusoidal oscillation. The oscillation is more apparent in all
the LTAG series and the HTAG 0.5 experiments. This is shown clearly in
Figure 4.26 and 4.27. An intense investigation into the cause of the oscil-
Tations showed that the problem lay within the carriage velocimeter's
analog signal conditioning. As one will note in Figure 3.6, the analog out-
put from the carriages velocimeter's frequency‘to voltage (F/V) converter
was filtered (cutoff of -36 db/octave at 10Hz). Thfs was done to remove
some high frequency ripple produced by the F/V convertor. It was found
that the filter caused a phase shift in the fnput signal. The result of
which caused a small apbarent velocity to be formed during the axial particle
velocity determination. The problem became especially apparent when the
carriage was changing velocity. From the experimental logs compiled during

the experiments, it was found that the sensitivity of the carriage tracking
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Table 4.5 Dynamic Properties of B
LTAG, HTAG Particles

Experiment T, v e(¢)  B(¢) ep CDT @
LTAG 0 5.70 5.87  .872  .968  312.3  .170 5.25
1/2 6.77 710 .835  .967  370.7  .121  7.32
1 6.00 6.35 408 .966 328.6  .154 6.97
2 5.7 6.23  .453  .964  312.9  .169  7.38
4 5.12 5.68  .397 .95  281.8  .209  7.77
5 3.73  4.65  .393  .952  204.4 .39  6.07
6 4.68 5.6  .593 .98  256.1 .253  B.14
10 3.03 372 .730  .930  165.7  .604  6.72
HTAG 0 13.21  13.27 .31 .893 - 723.2 .14 12.20
12 143 14.5  .274  .893  773.6 .09  15.29
1 14.76  15.14  .212  .892  808.2  .096  17.14
2 13.67  14.21  .276  .889  749.5  .107  17.64
3 14.28  14.80  .210  .886  782.1  .098  20.07
4 12.31  12.93  .192  .883  674.0 .132  18.68
5 12.04  12.69  .148 .88  659.6  .138  19.60
10 1.2 11.78  .097  .861  608.8 .61  24.64
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circuits was increased for the LTAG series, HTAG 0.5 and HTAG 10 experiments.
This was done to provide a smaller run rejection rate by having the carriage
follow the particle closely; this compounded the phase shift problem. It
was also noted, that the carriage tended to hunt the particle at a frequency
of approximately 1 Hz. As can be seen in the correlations this was close
to the oscillations frequency. Although no actual value may be associated
with the noise magnitude, it is reasonable to say one must take it into con=
~ sideration when interpreting the axial data. Qualitatively speaking,.due to
its cyclic behavior, one would expect the effects of this "noise" to be
minimal for averaged axial quantities such as the mean position ahd velocity,
integral scales and dispersion calculations.

With the noise problem in mind se?era] observations may be made. In
general the axial correlations for the LTAG series are longer than for the

HTAG series, as is evident from the tabulated macroscales. As was shown for

the lateral correlations, a similar expression may be found for the particles

time macroscale, the form of which is:

Vb Toul P Ui g,
Pa

(4.12)

Once again the same arguments hold for the axial cése as they did for the
lateral case, and one finds larger correlations for the slowek particles.
It is interesting to note that the lateral integral scales are smaller than
the axial scales. Thi§ can be seen directly from Equations 4;]1 and 4.12.

Solving Equation 4.11 and 4.12 for the fluids spatial scale and equating

them we would find:

2 2 |
713‘}((‘)):: 2 \_\{/_‘?— —he Tgr(cb)
1 C o

U, (3.13)
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Mow for an isotropic fluid U%fr/U%fz = 1, from experimental results we see
Vﬁ?z ~ Vﬁfr' Thus we find that :7'p’z(¢) ~ ) :f;,r(¢). As shown in Figure
4.28, the actua]ijp,Z/Zj'P,r is in general larger than predictéd, but aone
must take into account the axial noise's possible effect in determining the
rms axial ve]ocityvand axial macroscale.

It is apparent from U%z/véz, that‘if the particle variance is known,
then the f]uid variance may be calculated. Using Howard's (1974) experimental
data, Meek (1978) has provided evidence to support this calculation. The
particles Howard used in his experiments had a 8 very close to unity, hence

the fluid-particie variance ratio, U%z/vﬁz, was equal to 1. Meek determined

intensities for the Tateral particle velocity as
|

Le= =t (4.14)
Ueg

where U% was the centerline mean fluid velocity, and Uﬁ, the average lateral

rms velocity, defined as:

U'Pa= (V"ﬁ?;""v,\?; )/ 2  (4.15)

It was assumed that the intensity méasurement‘was made at the mean radial
position of the particle. Fiqure 4.29 shows a compafison between the measured
fluid intensity and the lateral particle intensities. As one can see,
excellent agreement exists between the fluid and particle intensities.

For the present experiments the latéra] particle variances were used to

calculate a particie intensity as:
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w! fo— T : :
I: UP ((D)/u.‘:¢. . (4.16) -

where Uﬁ'(¢) was determined by:

N 2p) _ Ure @\ |
us () = 7;:{__@_). V() (4.17)

where:

2 ;2
VL: o) [V'a,.("Pl + v%«b)]/z ,_ (4.18)

Although the same calculation could be performed using the axial particle
.variahce, Uﬁ?z, it was felt that the axial noise, inherent in the particle
variance, would not provide the best estimate of the fluid's intensity at
various volume loadings. For the case wheré ¢ equals zero, we see good

. agreement with the fluid data as shown in Figure 4.29. Extending this con-
cept for non-dilute suspensions yields an estimate for the fluid intensity
as a function of ¢. This is shown in Figure 4.30. It is interesting to
note the same trend exists for both experimental series;'with the effects of
the free fall particle velocity playing an importanf role in the fluid's |
turbulent characteristics. It should be pointed out once again that for the
very dilute suspensions (¢ ~ 0), the intensities are the same, showing the
insensitivity of the particle free-fall velocity in Jetermining the fluid's
intensities, but as the volume loading is incfeased the effects of the free
fall velocity become apparent. The higher fluid's intensity for the faster
free fall partic]esvmay be a direct result, as’Hinze pointé out, of a com-
bined effect from the wakes of the spheres and to a lesser extent the

shear experienced by the fluid as it passes through the particle suspension.

[

[
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As one would expect, the slower particies have smai]er,effect on the fluid's
characteristic. This cén be seen in the Timit for neutrally buoyant par—
ticles where the wake effects would be neg]igib]e;

In addition to the fluid's intensity, an estimate of the fluid's axial
integral scales can be made from the particies' data. :From Equations 4.f1
and 4.12, we see that the axial and Tateral particle time macroscale may be
used to determine the fluid spatial scales Af,z(¢)’ such that§

' N : 2 -
Ag{Pl=2Ve, F () Moo (49)

2
1
u"‘lf“

N _ . _
Nga®= Ve, @) Ve, (4.20)
_ Uz o
Once again lateral daté; obtained from Howard's experiments, was used
to calculate the fluid's spatial scales for ¢ equal to zero. As shown in
ngure 4.31, good agreement exists between the calculated scales and the
convective scales AZ, determined from two point hot film anemometer data
by Howard. With this in mind, estimates of the fluid's spatial scales for
the non-dilute suspension case were made using both the lateral and longi-
tqdinal time macroscale scales. The results of whiéh are shéwn in Figure
4.32. It is.difficu1t to draw any concrete conclusion from these calcu-
lations, other than the scales are widely scattered about the 2.5 cm region,
with the HTAG 1ongitudfna1 scales displaying ]argef va]ués. As input to
the autocorrelation functions presented in Chapter 2, the fluid time macro-
scale, Tf,z’ properly scaled for the suspended particle is réquired. Re-
ferring to Figure 4.33 one can see in comparison a slightly smoother trend
of fluid's integral sca]evdata.

Using the particle's physical characteristics and the input parameters

PRS-
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shown in Table 4.6, autocorrelation functions were generéted using the
Newton's law region model described in Chapter 2. The're501tant comparison
is shown in Figures 4.34. |

In general one can see that the lateral prediction shows reasonable
agreement with experiment. Based on the model's aSsumption of an exponential
Lagrangian fluid autocorrelation, poor agreement exists for small lagtime .
This characteristic is inherent in the niodel. |

Itis diffiéu]t to assess the performance of fhe Tongitudinal predictions;
due to the apparent noise associated with the axial Qe]béity.data.

The abplication of the theory, developed in Chapter 2, was in its
ability to predict thé dispersion of the particles at various volume loadings.
Thus a comparison was made of the particles dispersidn ;;?kt), as calculated
from experimental data,.and that predicted by Equétions 2.93 and 2.94. The

experimental particle dispersion was calculated, as was the theory, using

from the particles autocorrelation in the following manner:

— t |
Xg (%) = EV%ZS(*-"T) RPW)_CW (4.21)

v (V)
This was first shown by Kampé de Fériet (1939) for earlier work by Taylor

(1921). |

A compérison is shown in Figures 4.35 to.4.38 for several volume
loadings of both the LTAG and the HTAG series. In general good agreement
is seen fof both experimental series. It should be noted that the dispersion

is directly related to the autocorrelation functions used by the theory and
2
(

obtained in the ekperiment, in that XP t) is an integral quantity of the

autocorrelation as demonstrated by:
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Table 4.6 Input Parameter in Theory
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Experiment UL/ug f(¢) Tf,z(é)
LTAG ¢ .0427 5.70 .225
172 .0531 6.77 170
1 .0525 6.00 .364
2 .0573 5.72 .310
4 .0557 5.12 .339
5 .0543 3.73 .440
6 .0505 4.68 .219
10 .0475 3.03 .219
HTAG 0 .0437 13.21 . 261
1/2 .0867 14.13 .267
1 .1065 14.76 .309
2 .1206 13.67 .231
3 1194 14.28 .268
4 .1261 12.31 .315
5 1117 12.04 .391
10 .0940 11.12 .487
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—_ 12
X:(‘H = 2 VP -Tpt loarge t (4.22)

It is interesting to note the overall effects of the volume loading on

particle diffusion coefficient, e,

< |
€ = Ve Tp L (4.23)

which is shown in ngure 4.39 for the lateral and longitudinal directions.
For the lateral direction there is an initial increase in ¢ for small ¢.
As the volume loading increases, ¢ levels off where at higher loadings
(6 = 10%), We see a s]fght decrease. This may be due to the particle's
motion being restricted by the close proximity of the other particles. We
élso note the effects of the particle's free fall velocity, showiﬁg higher\
diffusion for HTAG series. This was also noted by Kada and Hanratty (1960)
where the relative velocity between the f]ﬁid and the partié]e played an
important role in the diffusion coefficient of the fluid (which is indica-
tive of particle behavior). |

The longitudinal diffusion coefficient shows the relative effect of the

volume loading. As expected diffusion is greater for the longitudinal

direction due to the turbulent fluid structure,'but caution must be usedfin"

interpreting these results due to the uncertainty in the measured axial

macroscale.

4.3 Error Analysis

This section deals with the relative uncertainty of the experimental
data presented in the previous section. Howard (1974) compiled a very
thorough analysis of error to be expected for the particle data acquisition

and analysis systems. Using Howard's analysis as a guide, errors were
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Figure 4.39 Particle Diffusion Coefficients for
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ca]cu]ated for the present system. For a detailed discussion of the tech-
niques employed one is referred to Howard's thesis. In an effort to con-
firm the techniques empioyed by Howard, static error-eXperiments were con-:
ducted, with a corparison shown between predicted errors and those measured
in the laboratory. A brief discussion is presented as to the relative
efforts of ensembling of a finite number of non-stationary observations.
Howard examined the data acquisition systém; shownkin-Figure 3.6, to
ascertain whichrcomponents were the major contributors of error, and to
what degree that error was propogated through the data ana]ysis; He pointed
out that the strongest source of noise came from the‘photomultiplier tubes.
This was attributed tb the time varying, quantized decay of the Co 60 source
‘used in the particle. As a result of this observation,,improvemehts were 
made to reduce the problem in the present facility. This consisted of incor-
poratfng a more 1ntehse radioactive source within the part1c1e. Howard
reported a sjgna] to noise ratio of 26.5 db for a 20 millicurie source,
the signal to noise ratio was improvéd to 46.5 db by using a 50 millicurie
source in the present system. Table 4.7 outlines the major components of
the data acquisition system, their relative characteristics and Timitations.
If the basis of the error in the present system is restricted to the
uncertainty of the time varying decay rate of the source, the expected errors
pro:ogated through the data analysis would be smé]Ter than those shown by

Howard. Following Howard's development, the errors were calculated for such

quantities as the instantaneous relative position, the mean and rms position, .

the instantaneous velocity, as well as the mean and rms velocity.

Referring to Table 4.8, a comparison is made between the expeCted errors

of the present system, and those of Howard. The relative error, in general,

is lower for the present study.



Table 4.7 Data Acquisition System Component Characteristics

Linear ~ Frequency

Device ‘ Input Output S/HN Non Linear Limitations
Photomultiplier Y rays Voltage 46 db | : Linear Dead time bf NaI Crysta
Tubes R - o 107% sec, 1 mhz |
Carriage . Digital Analog 54 db Linear 10 KHz
Velocimeter . Voltage - Voltage .
Active -  Voltage -~ Voltage - 84 db Linear -1 db at 100 Hz
Lowpass , S LT S o e
Fi]ters
Differential = Vo1tage Voltage 86 db . .Linear " =3dbat 74 Hz
Amplifier : L : Lo o _ ;
and Filter '
Tapé . Voltage -Vo1tage, _ 50 db Linear
Recorder S o + 40% of

' - s ‘ Center

Freq.

Analog to ‘Analog Digital 90 cb Linear 1 msec samp]é rate - 1000 Hz

Digital -‘Voltage
Conversion ‘

6t
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Table 4.8 Predicted Errors

HOWARD

.52 ¢cm
.75 rad
.24 cm

.063 cm
.018 rad
.098 cm

.022 cm
.007 rad
.040 cm

.42 cm/sec
.59 cm/sec
.77 cm/sec

.001 cm/sec
.001 cm/sec

.002 cm/sec

.17 cm/sec
.17 cm/sec
.32 cm/sec

.283

- GRONAGER

cm

.73 rad
41 cm

.031
.010
.045

011
.001
.016

.194
.227
. 286

.005
.005
.008

.069
.069
.102

cm
rad
cm

cm
rad
cm

cm/sec
cm/sec
cm/sec

cm/sec
cm/sec
cm/sec

cm/sec
cm/sec
cm/sec
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Experiments were conducted to establish a direct measure of the error,
for comparison with the predicted results. This was done in a similar manner
in which the calibration experiments conducted, as described in Chapter 3.
With the carriage mounted on a static test section, a particle was placed at
selected locations within the calibrated region. With the data acquisition
operational, the rms voltage of the T, U, V signals were tabulated as the
particle was placed at the selected radial and axial positions. The results,
shown in Figure 4.40, for a typical case indicates a constant rms voltage
across the region of interest. Thus one can assume that the relative source
of error is independent of position. |

With the particle located at the origin of the calibrated region, data
was recorded for an immobile particle. Thirty runs, typical in length to
the particle runs, were recorded and subjected to the same data analysis as
the particle data.

The results, shown in Table 4.9, are compared with the predicted error.
Agreement between the predicted and experimentally observed error data is
generally good. The exception is the instantaneous velocity error. Similar
results were found by Howard, in which he attributed the source of the error
to be the estimate of the particle's relative position correlation.

In order to estimate the relative noise associated with the autocorrela-
tion, let us assume that the measured velocity time series of the particle
Vs(t) contains the velocity corresponding to the true velocity (noise free)
plus an additional velocity, V”(t), from the data acquisition system, due

to its inherent noise. That is to say,

Ve () = VM (1) + V,, (%) (4.24)
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- Table 4.9 Comparison of Predicted Error
with Observed Error

Quantity

Absolute Position
)
)
)

0(rabs

O(eabs

O(Zabs

Instantaneous
Relative Position

c(ri)
o(ei)
O(Zi)
Instantaneous
Velocity
O(Vri)
a(V
a(V

oi)
zi)
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Predicted Error

.283 cm

.73 rad

410 cm

.031
.010
.045

.194
.227
.286

rad

cm

cm/sec
cm/sec

cm/sec

Observed Error

.160 cm
.295 rad
.285 cm

.021 cm
.032 rad
047 cm

.28 cm/sec
.25 cm/sec

.635 cm/sec
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Forming the autocovariance of Vs(t)’ as done in the data analysis programs,

Cov\,s(t)—_-._ Vs(t)\@(t+f’7 - (4.25)

where the overbar indicates a long time average, substituting for Vs(t)

and carrying out the indicated operations gives:

| Cov, (2) = V) elt+d) + vt<aVN(t+?:)+

+ V@ e (E+B) F Vi (t) Ve Kt D)
(4.26)

Since the noise siqnal and the true particle velocity are statistically

‘independent, the crosscovariance terms would vanish yielding:

| Covvs('t‘) = va“t (T) + COVVN(’C) | (4.27)

Solving the above equation for the covariance of the true velocity time

series yields:

| Covvt('lﬂ = COVvscm - COVVNVC] . (4.28)

The covariance of the noise shown in Figure 4.41 was provided by £he
static error experiments. Referring to Figure 4.42 and 4.43, the improve-
ment to the covariance function by applying this technique is apparent.

As indicated in the previous section, a 60 Hz noise was introduced into the
LTAG 0.5, LTAG 10, HTAG 0.5, and HTAG 10 experimental data during digitali-
zation. The above technique was used to remove the noise's contribution.

As was pointed out before, the experimental data is non-stantionary
due to the relatively short length of data per run. In order to fmprove

the statistical uncertainty of the data, the data were ensembled. The

[
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pracedure is stréightforward; the results for each experiment of the
analysis program, MAP, produced a set of good runs, NG' This set of NG
runs were ensembled with equal weight by the program ENSEMBLE. As one can
easily show, the errors one would expect for an individual event would be
reduced by a factor of 1/v/H for M independent events. To obtain an estimate
as to the effective number of events needed to stabilize a measurement, a
comparison was made of a typical measurement as a function of the number of
runs ensembled. Referring to 4.44, the radial rms Qe]ocfty of tHe HTAG 1
experiment. is shown at various number of runs ensembled. It is found that

after ensembling 10 runs the data has stabilized. This was found to be

true for the other statistical quantities also.

[e—
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CHAPTER 5  SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary and Conclusions

An investigation was made‘to determine the effects of particle density
and particle volume cohcentratibn on the behavior df suspended particles in
a turbulent flow field. An analytical model was deye1oped in Chapter 2, as
an extension of earlier work by Meek (1972). This model incorporated the

- hydrodynamic interaction between particles in non-dilute turbulent sus-
pensions. -The model was further extended for a large range of particle
Reynolds numbers. As shown, good agreement existed between experimental 7
data and the model's prediction for ¢ greater than 0. A complete test of
the theory was not realized sinée an independent experimental observation
of the fluid turbulence could not be made in the experiments.

Modifications were made to the experimental facility in order to cir-
culate an increased inventory of particles. Expefiments were conducted to
determine the influence the modification might have had on the fluid's
turbulent structure. The results indicated no observable change in the
fluid's behavior, as réported earlier by Howard (1972). The data acquisi-
tion system was up-dated in order to improve reliability and accuracy. A
more intense radioactive source was employed to improve the signal to noise
ratio of the photomultiplier tubes. The statistica]luncertainty was
found to be less than 8% for the experimental data.

Two techniques wére employed in efforts to directly measure the
fluctuating fluid velocity at various partiC]é concentrations. An attempt

was made to employ standard anemometer techniques, but the re]iabi]ity of

the data was compromised by particle-probe interference. Efforts to utilize -
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a nearly neutral buoyant tagged particle also proved to be fruitless, due to
the inability of the tagged particle to remain within the ca]ibrateg region
of the flow.

‘Due to the lack of direct experimental observation of the fluid's
structure at various particle concentrations, an estimate of the structure
was made based on the Tateral behavior of the particle. This was based on
results obtained from Howard's (1974) data. It was found for particles with
a B close to 1, that lateral particle data compared closely with independent
measurements of the fluid's intensity and spatial scales (for ¢ = 0).
Although it has not been experimentally verified, it is reasonable to infer
that for particles with g- 1, such a comparison will yield reasonable
estimates of the fluid structure for particle loadings in which direct par-
ticle-particle collisions are not the dominant factbr (e.g., Batchelor, 1972
suggests that ¢ < 20%).

Two series of experiments were conducted to statistically determine
the behavior of non-dilute turbulent suspension, for‘different particle
free fall velocities. The mean velocity of the particles were determined
for .various particle concentration. A comparison with the previous work
by Kaye and Brbadman (1962)‘in quiescent fluids showed that particle
gathering in clusters played an important role fn the mean velocity of the
particles. The effects of particle clusters tend to produce higher free
fall velocities.

The effects of the volume loading, as well as, the free fall velocity
are clearly brought out in the observed rms velocity of the particles.

Thé rapid rise in the rms velocities indicates-that.the fluid's turbulent

structure changes for small volume loadings. This may be due to the
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particle wakes acting as generators of turbulence as they fall through the
fluid. As one might expect, the effects are enhanced for particles with
large free fall velocities. (Kada and Hanratty, 1960> reported similar
particle velocity effects in their measurements of point source fluid
diffusion). It was also found that the rms ve1ocities reached a maximum:
for values of ¢ between 1 and 5 percent. It is not clear which mechanisms
come into play within the fluid to cause this rather broad peak. As ¢ is
further increased a slight drop in the rms velocities was detected. This
might be due to the restricted motion of the particles at higher volume
loadings (¢ = 10%), where particles are in close proximity with one another
(approximately 3/4 of a diameter between particles).

The velocity autocorrelation brought to 1light the relative isotropic
behavior of the particle's Tateral fluctuating velocities. This observation |
is supported by the Tateral rms velocities. The correlations exhibited a
strong relation to the particle mean velocity in which the LTAG series
showed longer correlations than the HTAG series due to its slower mean
velocity.” The lateral experimental autocorrelations showed good agreement
with theory. Such a comparison for the axial autocorrelation data was
hampered by an inherent noise caused by a phase shift in the carriage ve]ocify

time series.

The app]ication of the theory toward engineering problems was demonstrated.

The particle's predicted disperson enjoyed good agreement with the experimental
data. Due to the avekaging characteristics of the dispersion calculation,
the axial data was shbwn to be useful. The turbulent particle diffusion co-
efficient, €, indicated a greatly enhanced diffusion for a relatively small

volume Tloading. As ¢ was further increased, e was observed to level off to a
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maximum value, then to reduce for ¢ equals 10 percent (similar to the rms

behavior).

5.2 Recommendations for Future Research.
The research undertaken by this project provided experimental data for
a relatively small region of the overall turbulent transport of solids in
fluids. The fo]]bwing recommendations are made for future research:
1. The behavior of the fluid phase in non-dilute suspensions
should be investigated to provide jndependent data to verify
fhe,theory.
2. A variation of particle size and density should be studied
to provide a more complete range of parameterized data'to
compare with the theory. This has not been realized for
the non-dilute cases.
3. Larger particle concentrations could also be investigated
to determine the overall loading effects for applications
of engineering interest.
4. The transport of suspended solids in horizontal pipes is
found in many engineering applications. It is suggested
that modifications be made to the existing system to utilize
the same unique data‘acquisition system for horizontal

turbulent flow.
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APPENDIX A
PARTICLE ANALYSIS PROGRAM

'A.1 Main Analysis Program

A simplified flow chart of the main analysis pfogram is shown in Fig-
ure A.1. Thevmain program generally provides initialization of variables,
as well as providing data management for each run.

Analysis of each run begins with a call to the éubro@tine DATA. The
function of which is to read the raw voltage dffference signals and carriage
velocity voltage from digital magnetic tape. This ié performed by Utili-
zing the TPIOZ system provided by the University of I11inois Computer
Services Office.

Once the raw signals are obtained by DATA, main calls the subroutine
FILTER to apply a digital Gaussian filter to the data. The filter fs applied
at every 40th point of the time series. The relationship between the input

voltage signal VK and the output voltage VS p is:
_ "/2 . ,
Ve + & (Mex +Viek) expl-(d.68Fg0 katY]

|+ 2 2 expl- (.68 K 41)°]

\451 =

(A.1)
where At is the time increment between voltage points, M is the total number

of points over which the filter is applied, and f90 is the frequency at
which the-voltage signal is attenuated by 0.1. The relationship between f90 ;

and M is:

m- .0.20664 (lano -+ 9.298)'/2 (A.2)
At ‘Fgo ‘ .

For the present study f90 was 3 hz, At = 0.001 sec. and M equalled 223 points.

[PI——
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(;) Control data

'

FILTER [==»  MAIN e DATA

DIGITAL
POSVEL MAGNETIC
TAPE
AUTO
SKEM
PRINT - = MAGNETIC DISK

d) ~ouTPUT

Figure A.1 Main Analysis Program Flow Chart
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The filtered data is next manipulated by the subroutine POSVEL, the pur-
pose of which is to calculate the instantaneous position and velocity of the

particle. As discussed in Chapter 3, the particle position was determined

from:
Xi= £ (q,T, u,v) o | (A.3)
‘%::-F(th.U,V) ; (A.4)
z. = £(¢, T, U, V) | (A.5)

The Cartesian position relative to the carriage are converted to cyiindrica]

position hy:

G o= (x2+ %3)" (A.6)
0; =arc tan( %/x¢) | A7)
o= Bl - (A.8)
The cylindrical velocities, relative to the carriage are calculated as:
Vi o fiw=C (A.9)
Ve,.; = fin4€  Oun-6< (A.10)
2 At
Vacgi= -%3‘ (A.11)

In order to provide the axial particle velocities relative to the fluid

velocity the following calculation is performed:
Vz)i.:' VZ(C,L+VQ — U;i(r{_) (A.12)

Where V. is the carriage velocity and U}(ri) is the mean fluid velocity at-

the radial position rye They are determined'by:

Ve = 9.416 €. (A.13)

— . 0156 |
Ug iy = Ugg (1 — Wo2) (A.14)

where €. is the voltage from the carriage velocimeter.
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The subroutine POSVEL also calculates the mean and rms position of

particle for each direction as

. N ,
. Lo
N Z_l - | (A.15)
§_ 150
_ L ‘ | A.16
MLZ_ (A.16)
_ N -
l .
Z=W£& o a
and: X z 92
Lo (- ] '
[ N t[_;( | (A.18)
N - VZ
e ! 8)
rmsz [‘i{.‘ & (8- ] (A.19)
N 21V/2
Zrms [ ﬂ(zt"'Z) ] (A.20)

A similar method was used to calculate the mean and rms velocities.

The autocovariance functions were calculated in the subroutine AUTO by

the method of lagged products: N=)
| Cov, Y = e Z| Vi = Ve i (A.21)
N=) (=
C 5 |
OV G) = _J tZ_-_ Vo,. = V6,04 (A.22)
Cov (jr= 2 _J ‘2_:_l Vai = Vz,i4 (A.23)

Statistical parameters such as the skewness and kurtosis were calcu-

lated in the subroutine SKEW.

The skewness and kurtosis 1in the radial direction is determined by:

. ] 3 3
s\:ewuess.:‘-_'gZ_(VnO ]/(V\‘,rms\ (A.24)

L=t
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L=l

N4 R
KurRTOS!IS - {'.l- 2 (V".L) ]/CV",er (A.25)
. N _ |
A similar method was used for the azimufha] and’ax1a1 directions.

The subroutine PRINT provided the probabi]ity densjty function (p.d.f.)

calculation, as well as output data for each'run.' The p.d.f.'s were cal-

culated in a standard manner:

If Vi V5 < Yy Then BIN 1 = BIN 1+ 1
If V<V, <V Then BIN 2 = BIN 2 + ]
If VN_] h V1' < VMAX Then BIN N = BIN N +. 1

Where Vi is the correspondihg velocity in the time series, VMIN through

Vuax are the minimum and maximum velocities expected in the time series, and

the BINs are counters (when LF is found to reside within interva] between V,,

and VM-]’ the bin M is incremented).

The output data is printed in the brief form shown in Figure A.2 for

each run. In addition the calculated statistical information 15'storedron'u;,r

magnetic disk for future use by ENSEMBLE.

A.2 ENSEMBLE _
The program ENSEMBLE provided the ensembling of the statistical data
as well as, calculated the INTEGRAL Scales and Taylor Micfosca]es; The

ensembling was calculated as:

—_— : N . - _ o
Wy = L2 e e ~ (A.26)
where Hy i is the statistical quantity for each run and Wk is the ensembled

result, and'N is'the.number of runs ensembled.

[EO——
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" Figure A.2 Sample Output Data From Subroutine Print
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The integral Scale was calculated from the ensembled autocorrelation

as:

. ._ -
T :JE('&‘)d’t’ o | (A.27)
Q
and Taylor's microscales as:
2 (“rz= ' o
Ao 27 j«f HGER (a2
s .
T o o .
where E(f) the particle energy spectra, is calculated as:
— O__ '
ECF) = S R(T)cos(2W+T)d T (A.29)
R _

ENSEMBLE creates an output file in which the ensembled statistical infor-

mation is written for further use by the programmer.
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