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NOMENCLATURE

In this nomenclature, the symbols used for quantities with di-
mension are: L for length, T for time, M for mass, 6 for temperature,
and V for volts. Dimensions are indicated within the brackets follow-
ing their definition. Dimensionless quantities have no brackets fol-

lowing their definition.

a droplet radius (L)

c fluctuating droplet concentration (M/L3)
c mean droplet concentration M/L3)

T mean droplet concentration (M/L3)

Cc* local droplet mass concentration M/L3)
Cd droplet concentration (M/L3)

CMAX droplet concentration at r = 0 (M/L3)

Cw droplet concentration at wall (M/L3)

d,d' droplet diameter (L)

D duct diameter (L) ,

D° molecular diffusion coefficient for water vapor in air (L2/T)
Dp molecular diffusion coefficient for property P (L2/T)
e fluctuating anemometer output voltage (V)

eq droplet voltage pulse (V)

eg fluctuating voltage - air flow only (V)

E mean anemometer output voltage (V)

E, =ep/Vp (L)

g gravitational acceleration (L/T?)

G defined by Equation (3-11)

hfg heat of vaporization (Btu/M)



zeroth order Bessel function

vector droplet number flux (l/LzT)
scalar axial droplet number flux (1/1%T)
mass transfer coefficient (L/T)

duct length dimension used in L/D ratio.
transverse Eulerian integral scale (L)
droplet mass (M)

droplet mass flux (M/LZT)

total mass velocity (M/L%T)

droplet number concentration @/
partial pressure of water vapor (M/LT2)
arbitrary property

static pressure at lst pressure port (M/LT?)
static pressure (M/LT2)

wall heat flux (Btu/L%T)

turbulent flux of pr

radial coordinate (L)

duct radius (L)

Lagrangian fluid particle correlation function
gas constant (MLZ/TZG)

transverse Eulerian correlation function
Reynolds number = DU /v

droplet source (sink) rate (M/L3T)

time (T)

particle response time (T)

Lagrangian temporal integral scale (T)

absolute temperature (6)



< ¥ << < <y

W

- axial component of turbulent velocity (L/T)

i“h component of Eulerian turbulent fluid velocity (L/T)
particle terminal velocity (L/T)

droplet deposition velocity (L/T)

turbulent velocity vector (L/T)

mean square turbulent velocity (LZ/T2)

local mean air velocity (L/T)

mean axial air velocity at r = 0 (L/T)

relative velocity between droplet and air (L/T)
vector fluid velocity (L/T)

radial component of turbulent fluid velocity (L/T)
i*th component of fluctuating particle velocity (L/T)

local fluctuating vector droplet velocity (L/T)

- local mean particle velocity (L/T)

- scalar mean axial velocity (L/T)

local vector droplet velocity (L/T)
local mean vector droplet velocity (L/T)
spatial coordinate (L)

mean square molecular displacement (L2)

- axial coordinate measured from plane source (L)

axial coordinate measured from point source (L)

Greek terms

§

Kronecker delta function
turbulent diffusivity for property P (L%/T)
turbulent mass diffusivity (L%/T)

turbulent particle diffusivity (L?/T)



\Y

$2

turbulent thermal diffusivity (L2/T)

air viscosity (M/L-T)

air kinematic viscosity (L2/T)

fluid density (M/L3)

particle density (M/L3)

fluid particle displacement (L)

mean square fluid particle displacement (L?)
particle (droplet) displacement (L)

mean square particle (droplet) displacement (L2)
time (T)

defined by Equation (3-8a)

defined by Equation (3-8b)

gradient operator (1/L)



DROPLET TRANSPORT IN TURBULENT PIPE FLOW

by

Theodore Ginsberg

ABSTRACT

Analytical and experimental investigations of the Fick's law diffusion
model of turbulent droplet transport are described here. The turbulent
diffusion model is applied to the transport of liquid droplets in the central
core region of fully developed turbulent pipe flow.

The Fick's law formulation is defined, and its implications are discussed.
The particle diffusivity is defined in terms of the statistical properties
of the particulate motion. The momentum equations for a single particle
moving in a turbulent fluid are presented. An expression for the particle
diffusivity is obtained for the case of a particle falling with terminal
velocity greater than the rms turbulent fluid velocity.

A study of droplet transport in turbulent pipe flow was carried out.

»

Water droplets, introduced into the center of a pipe, flowed vertically
downward and concurrently with the air flow. A droplet generator was
fabricated which produced a continuous stream of uniform size droplets with
known diameter. Radial distributions of the droplet concentration were
measured downstream from the droplet injector. A hot wire anemometer was
employed as a droplet concentration sensor.

The droplet concentration data were used to extract particle diffusivity
information., For each droplet size, Reynolds number and axial measurement

station, a least squares analysis yielded a value of the diffusivity.

xiil
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I. INTRODUCTION

An important consideration in the design of liquid-cooled or
boiling nuclear reactors is the possible occurrence of a critical con-
vective heat transfer condition. This condition, frequently referred to
as boiling burnout, results in a relatively sudden change in convective
heat transfer characteristics from '"good" to "poor." Both the rapidity
of the change and the relative difference between ''good" and '"poor" heat
transfer depend on the particular boiling regime at which the critical
condition occurs. These different boiling regimes are characterized
mainly by the relative amounts of liquid and vapor present.

The particular regime of interest here is chéracterized by a
highly dispersed flowing mixture of vapor and liquid. The major portion
of the duct cross section is occupied by a relatively dilute (large
vapor volume fraction) suspension of droplets carried along with the
turbulent vapor. This regime is frequently referred to as fog flow.

Models of the critical heat trinsfer condition in high vapor
volume fraction flows have been proposed which incorporate some mathe-
matical description of turbulent droplet transport. It has been postu-
lated that this transport process is responsible for the motion of drop-
lets transverse to the duct axis. This motion leads to droplet deposi-
tion at the duct walls and to the removal of energy from the heated walls
by evaporation. Droplet deposition, therefore, represents a mechanism
of cooling the walls which may prevent or delay the onset of a critical
heat transfer condition.

Two distinct mathematical descriptions of turbulent droplet
transport may be found in the critical heat transfer literature. Neither

of these descriptions has been clearly defined. The conditions under



which one or the other would be more useful in the formulation of a
theory of the occurrence of a critical heat transfer condition have not
been established.

The purpose of this investigation was to study one of these drop-
let transport descriptions. The basis of this description is a Fick's
law representation for the turbulent flux of droplets. The Fick's law,
or turbulent diffusion, model was applied to the description of droplet

transport in adiabatic, turbulent pipe flow.




II. LITERATURE REVIEW

The first section of this chapter reviews the literature dealing
with the critical heat transfer condition in the convective boiling re-
gimes. Particular emphasis is placed on the fog flow boiling regime and
on the proposed models of the droplet transport process which are found
in the critical heat transfer literature. The discussion of the turbu-
lent diffusion literature reviews past work on the statistical theory of
turbulence and on the eddy diffusion model of turbulent tramsport. The
last section is a discussion of past investigations concerning the trans-
port of particulate matter in turbulent flow.

2.1 The Critical Heat Transfer Condition
2.1.1 Boiling Regimes in Forced Convection Flow

Observation of liquid-gas flow systems has indicated the exis-
tence of a continuous range of possible boiling regimes. A brief des-
cription of current ideas of different boiling regimes in forced convec-
tion flow follows. ;

The flow of an initially subcooled liquid through a long, heated

(1)

duct is traced in Figure 1. The fluid leaves the duct as saturated
vapor. There is no boiling in Region 1. The bulk liquid in Region 2 is
subcooled; bubble generation takes place in a superheated region near the
surface. These bubbles condense as they are swept into the subcooled
bulk liquid. In Region 3, the bubble flow regime, the bulk liquid is
saturated. Bubbles coalesce in the central region of the duct. Region
4, the slug flow regime, is characterized by the presence of large slugs

of vapor, occupying nearly the entire duct cross section. The annular

flow regime of Region 5 is visualized as one in which liquid flows as a
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Fig. 1. Vaporization of a Liquid Flowing
through a Heated Duct (1)



thin film along the duct walls; most of the vapor is contained in the
central core. Vaporization occurs as small bubbles within the liquid
film. Liquid is dispersed in the vapor in the form of droplets. Droplet
deposition from the turbulent vapor core acts to replenish the liquid
film. In Region 6, also termed an annular flow regime (and sometimes
called the fog flow regime), vaporization occurs only from the liquid
film interface. Region 7, usually referred to as the fog flow regime, is
one in which all the liquid is completely dispersed as droplets in the
vapor phase. This regime probably occurs only for very high vapor qual-
ity flows.

2:1.2 The Fog Flow Regime

There are differences in the literature pertaining to the use of
the term fog flow, relating to the presence of a liquid film and its
structure. These differences appear to be a result of the lack of dis-
tinct boundaries between the different flow regimes described above. The
intent here is to define that flow regime which is subsequently denoted
as fog flow. .

The annular, annular-dispersed, or dispersed regime (Region 6 in
Figure 1) has also been called a fog flow regime. These terms have been
used to imply a regime in which the liquid phase exists both in the form
of droplets dispersed in the vapor and as a thin, flowing liquid film.
Two distinct qualitative pictures of the liquid film have been implied
by use of the term fog flow. The first, incorporated in the unstable

(2,4,5)

liquid film model, has implied that liquid is continually ejected

from the liquid film in the form of droplets. The process of liquid

ejection is called entrainment. The second picture of the film has been

(23,6,1)

considered in the stable liquid film model. In this model, en-



trainment is considered an insignificant mass transfer mechanism. Pre-
sumably, there is a region of high vapor volume fraction and high flow
rate in which mass transfer by entrainment is negligible and in which
the stable film model is applicable.

The term fog flow is reserved for the following two phase regime
in forced convection flow: A region of high vapor volume fraction and
high mass flow rate in which the bulk of the liquid phase is dispersed
as droplets in the turbulent vapor core. If a liquid film exists, then
it is assumed stable.

2.1.3 Theories of the Occurrence of a Critical Heat Transfer Condition

in High Quality Flov Regimes

Several qualitatively distinct theories of occurrence of a crit-
ical heat transfer condition in the annular and fog flow regimes appear
in the literature. The essential difference between the theories lies
in the relative importance assigned to the mechanisms of entrainment and
droplet deposition. Turbulent diffusion of droplets has been considered
responsible for droplet deposition.

In developing a theory based on an unstable liquid film model,
15)

s i :
Hewitt and Lacey assumed that a critical condition occurs when the

liquid film is completely torn away from the wall by hydrodynamic forces.
The problem of liquid film stability is outside the scope of this work
and is not considered further.

(8)

Vanderwater, and later Isbin et al.(4) proposed a model based

on an unstable film theory. They assumed that entrainment occurs con-
tinually, along with droplet deposition on the film and evaporation from
the liquid film. According to this theory, if the rate of droplet depo-

sition on the film is insufficient to replace the losses by entrainment



and evaporation, the liquid film thickness reduces to zero and a criti-
cal condition occurs.

(5)

Grace considered droplet transport from the core to the wall
a negligible mechanism for mass transfer. He argued that in most situ-
ations of practical interest, there would be a negligible amount of
droplets dispersed in the vapor core of the annular flow. According

to Grace, therefore, there is no mechanism at play to replenish the
losses from the film taking place because of entrainment and evapora-
tion. Grace assumed that a critical condition occurs when the film
flow rate diminishes to zero.

Application of the theories discussed above requires no knowledge
of the liquid film thickness prior to the onset of a critical heat
transfer condition. Tippets(3) attempted to develop a more sophisti-
cated theory which included the effect of liquid film stability. Tip-
pets' work, however, reveals that his mathematical formulation is iden-
tical to the formulation based on the stable film model; he finally as-
sumed that entrainment is negligible at the onset of a critical heat
transfer condition. Tippets assumed that a critical condition occurs
when the film thickness diminishes to zero.

(2)

Stein proposed a stable liquid film model of the critical
heat transfer condition. He considered a flowing liquid film from
which entrainment is negligible. According to this model, liquid is
evaporated from the film at the boundary between the film and the vapor
core, Stein assumed that a critical condition occurs when the rate of
evaporation exceeds the rate of droplet supply to the film.

A further simplication of the stable film model was proposed by

(6) (2)

Goldmann et al. and was developed further by Stein. They postu-



lated that there exists a flow regime in which the existence of a liq-
uid film can be neglected. Vapor generation occurs as droplets deposit

and evaporate on the duct walls. A critical condition occurs, according

to this negligible film model,(z) when the rate of droplet deposition is
insufficient to remove the energy generated in the wall.
2.1.4 Droplet Transport Representations as Found in the Critical Heat

Transfer Literature

Two distinct mathematical formulations for the calculation of de-
position rates of droplets on duct walls may be found in the critical
heat transfer literature. Both formulations were developed to describe
the mechanism of turbulent droplet transport in duct flow.

The mass transfer coefficient formulation assumes that the rate

of droplet transport from the turbulent vapor-liquid core to the duct

boundary is

m = k(C - Cw), (2-1)

where C is an average droplet concentration in the core region, C_is
w
the concentration at the wall, and k is a "film coefficient for mass

n(6) sl o ;
The implication of this formulation is that droplets dif-

transfer.
fuse readily in the core region, but are hindered in their travels by a
thin, relatively stagnant, film of vapor near the wall. Application of
this formulation requires some assumption relating k to flow para-
meters. In addition, a boundary condition is required in the form of a
restriction on Cw.

Vanderwater(s) and Isbin et al.(A) assumed that k = ij, where b

and j are empirical constants, and M is the total (liquid plus vapor)

mass flow rate. In addition, the authors assumed that Cw is zero, since



"the droplets unite with the annular liquid film upon striking it."
(6)

Goldmann et al. estimated the film coefficient by proposing an anal-
ogy between droplet transport and fluid momentum transport. They
pointed out, however, that the analogy cannot be expected to be very
accurate for droplet transport. The authors assumed that the wall con-
centration, Cw’ is zero since, they stated, the wall is a ''droplet
sink."

Tippets(a)

attempted to construct a more detailed model of the
mass transfer and hydrodynamic phenomena taking place prior to the onset
of the critical heat transfer condition. Turbulent mixing length argu-
ments were employed in estimating velocity and concentration gradients
at the liquid film surface. Tippets' final result, however, is equiva-
lent to that of the mass transfer coefficient approach. In addition,
Tippets assumed that the droplet concentration at the liquid film is
zero.

(2,9)

Stein proposed a second approach to the droplet transport
problem. He wrote differential equatiens of mass balance for the gas
and liquid phases. Stein assumed that droplets are carried along with

the mean vapor velocity. He applied the following mass conservation

equation to the transport of liquid droplets:

> -

e, VI = 0, (2-2)
The first term represents the convection of liquid with the mean vapor
velocity U. The second term represents the transport of droplets by the

turbulent gas. Stein assumed that the turbulent droplet flux, 3, is

described by the Fick's law formulation

iy
J = -epvcd, (2=3)



10

where ep is the turbulent particle diffusivity.

Stein proposed the boundary conditions that apply to Equation
(2-2). These characterize the particular fog flow model being consid-
ered. For the wall condition applicable to the negligible liquid film
model, Stein proposed that the rate of diffusion of droplets to the
wall is equal to the rate of evaporation. In the case of pipe flow,

3C
Girarton Lok, Jirps, G4

where hfg is the heat of vaporization and q, is the heat flux at the
wall. If q is independent of circumferential position then the formu-
lation is a two-dimensional one. Stein assumed that a critical condi-
tion occurs when the droplet concentration at the wall is zero. The
boundary condition that Stein proposed for application to stable film
model is that the rate of diffusion of droplets to the film is equal to
the rate of deposition. In mathematical terms, this condition states
that

aC

d
— = u*C,.(R,z). (2-5)
P or =5 d

(
In Equation (2-5), u* is a characteristic droplet deposition velocity
and u*Cd is the rate of deposition. In order to complete the mathemat-
ical formulation of the model, an initial condition must be stated that
specifies the droplet concentration at the inlet to the duct. In the

case of the stable film model, the liquid film flow rate at the inlet

to the duct must also be specified. If the boundary and initial condi-

tions are specified, then Equation (2-2) may be solved and applied to
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critical heat flux calculations.

The authors whose works are discussed above claimed some degree
of success in correlating experimental critical heat flux data. These
data were obtained from complex experimental systems in which entrain-
ment, droplet transport, and evaporation probably occurred simultaneous-
ly. It is difficult, therefore, to draw significant conclusions re-
garding the validity of the two droplet transport formulations that are
discussed above.

2.1.5 Summary

The review of the critical heat transfer literature pertaining
to the fog flow boiling regime reveals several attempts to develop ana-
lytical descriptions of the fog flow regime. Two distinct models of
turbulent droplet transport have been proposed to describe the motion
of droplets in the turbulent gas phase. The first is a one-dimensional
model. According to this model, the rate of droplet tramnsport to the
duct walls is proportional to the difference between the bulk droplet
concentration and the droplet concentration at the wall. This is the
mass transfer coefficient approach to the transport process. The second
model is a two-dimensional turbulent diffusion formulation, based on
Fick's law representation for the turbulent flux of droplets.

The experiments that have been carried out in critical heat
transfer studies have been too complex for the purpose of evaluating
the utility of either of the two formulations discussed above. It is
difficult, therefore, to make a judgment as to the relative merits of
the two approaches in describing the turbulent transport of droplets in

the fog flow regime.
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2.2 Diffusion of Molecular Species in Turbulent Flow

As a preliminary to the discussion of the turbulent diffusion
literature, the reader who is unfamiliar with the terminology of turbu-
lent flow is referred to the Appendix for a brief discussion of some
statistical quantities which are used to characterize turbulent flows.

2.2.1 Statistical Description of Turbulent Diffusion

(10)

Taylor developed the statistical description of turbulent
diffusion. He showed that the diffusion process, in homogeneous turbu-
lence, may be described in terms of the motion of a single "fluid par-
ticle." The following relation was established between the mean square
fluid element displacement after diffusion time, t, 37??7, and the
Lagrangian turbulent correlation function RL(t):

£t
oZ(t) = 2 ?( J R (£)dedt, (2-6)
0 Jo

J
where uZ is the mean square Lagrangian turbulent velocity. The limit-
ing behavior of this expression was obtained. For "small" diffusion

times

oZ(t) = ult2 (2-7)
For "large" times

=2 = 5=

o= (t) 2u TLt, (2-8)
where TL is the temporal Lagrangian integral scale.
2.2.2 The Eddy-Diffusion Model of Turbulent Diffusion

. (1) - :
Boussinesq first introduced the concept of the eddy viscosity

for turbulent momentum transfer. The eddy viscosity relates the turbu-
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lent Reynolds stresses to the mean velocity. Turbulent diffusion coef-
ficients for the transfer of heat and mass have been similarly defined.
In general, the turbulent flux, qp, of an arbitrary property with mean

value P is given by

q, = -eVP, (2=9)

where ¢ is the eddy diffusion coefficient for property P. With this

assumption, the conservation equation for property P is

—tirN- V'[(Dp + ¢) VP], (2-10)

where U 1is the mean fluid velocity and Dp is the molecular diffusion
coefficient for property P.
(12)

Einstein, in his paper on Brownian motion, showed that one

consequence of the diffusion equation

3P 32p

3t p oy? » (2-11)

as applied to a spatially uniform medium, is a relation between the dif-
fusion coefficient and the statistical description of the motion of a

single molecule. The diffusion coefficient is given by

d
» - 14 7w, (-12)

where yz(t), the mean square molecular displacement after diffusion time

tavip



Ao

' y 2 (y,t)dy
o i e

[ P(y,t)dy

o
J

For large diffusion times, Einstein showed that Dp is constant.
Dryden(l3) applied a diffusion analysis to turbulent mixing in
homogeneous, isotropic turbulence in analogy with molecular diffusion.
For turbulent transport, however, the displacement of "fluid particles"
is considered instead of molecules. Dryden showed, citing Taylor's
previous work, that the turbulent diffusion coefficient is constant

(independent of time) for large diffusion times. Consequently, he ar-

gued, the turbulent diffusion equation

R 2 02p
BEe e (2-14)
with
Ind
By Tkl (2-15)

is a valid representation for large diffusion times. In Equation (2-15)

(14)

s
;3??7 is the mean square fluid particle displacement. Batchelor
assumed, citing experimental evidence, that the probability density
function for particle displacement is Gaussian for all diffusion times.
As a consequence he showed that Equation (2-14) is valid for all diffu-
sion times.

The validity of the turbulent diffusion formulation, as applied

to homogeneous, isotropic turbulence, has been confirmed by many experi-

(L6307 S 18,19)

ments. In these experiments, measurements of either tem-

perature or tracer-gas concentration were made downstream from either a

source of heat or mass. Statistical information about fluid particle
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displacement were obtained by fitting a Gaussian curve to the data,
thereby determining the dispersion, G2(t). Equations (2-7), (2-8),
and (2-15) were then employed to determine the Lagrangian integral
scale, the turbulent velocity and the turbulent diffusion coefficient.

The turbulent diffusion model has been applied to flow fields
that are not homogeneous (the case for most engineering applications)
by allowing the diffusion coefficient to vary spatially and by intro-
ducing a dependence on coordinate direction. Since local momentum dif-
fusivity data are generally more common than heat or mass diffusivity
data, one assumption commonly made in engineering practice is that the
ratio of the thermal (or mass) diffusivity to momentum diffusivity is
unity.(zo)
2.2.3 Summary

The review of the turbulent diffusion literature shows that the
eddy diffusion model, as applied to the diffusion of molecular size
species and heat, has been clearly defined. Experiments in nearly
homogeneous, isotropic turbulence have‘proved the validity of the eddy
diffusion model in describing the turbulent diffusion process. The
diffusion model has proved useful in engineering applications where the
turbulence is neither homogeneous or isotropic. The relationship of
the diffusion model to Taylor's statistical theory of turbulence has
been established. Taylor's analysis, however, is difficult to use in
practice because of the difficulty in specifying the form of the Lagran-
gian correlation function.

2.3 Diffusion of Particulate Matter in Turbulent Flow

2,.3.1 Analytical Investigations

The turbulent diffusion model may be formally applied to the
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transport of particulate matter, including liquid droplets. A diffu-
sion equation may be written for particulate matter (or discrete par—
ticle) concentration and the particle diffusivity may be associated
with the mean square particle displacement. Taylor's work remains
valid for the motion of discrete particles if, in Equation (2-6), the
fluid particle velocity is replaced with that of the discrete particle.
The question then arises as to how one may analytically characterize or
experimentally measure this diffusivity. The literature pertinent to
this question is reviewed below.

The particle diffusivity is defined by

Selbadie—— e
e Op(t). (2-16)

The problem in applying Taylor's work to the calculation of ;E is the
difficulty in obtaining information about the Lagrangian particle cor-
relation function. Attempts have been made to relate Eulerian fluid
statistical data, which may be obtained with relative ease, to Lagran-
gian particle statistics, which are of interest in diffusion calcula-
tions.

The analytical approach to this problem has been to formulate
equations of motion for a single representative particle, placed in a
turbulent fluid. The solution to the equations would, given the neces-
sary fluid velocity data, yield trajectory information about the parti-
cle. In principle ;g and, hence, Ep could be calculated.

Equations-of motion for a particle in a fluid at rest were writ-
ten independently by Basset, Boussinesq and Oseen.(zl’zz)

These equa-

tions were subsequently modified by Tchen,(23) who considered a particle

in a spatially uniform velocity field. Lumley(24) genmralt e R
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equations, considering a particle in nonuniform turbulent flow. Where-
as Tchen's equations are linear, those developed by Lumley are nonlin-
ear. The nonlinearity of Lumley's formulation arises because of the
dependence of the Eulerian velocity on the particle position. The con-
ditions under which the linear and nonlinear theories lead to signifi-
cantly different results have not been established.

Several authors(25’26’27’28)

have used the linear theory as a
basis for calculating statistical quantities pertaining to particle
motion. The justification often given for employing the linearized
equations is that the particle is assumed surrounded by the same fluid
eddy at all times. The validity of this assumption, related to the ap-
pearance of the particle position in Lumley's formulation, has not been
established.

Consider a particle travelling in a spatially uniform turbulent
fluid. The turbulent motion is composed of velocity fluctuations with
a continuous spectrum of frequencies. The linear theory predicts the
following general picture of particle motion: At low frequencies, a
particle can follow the turbulent fluid fluctuations; the relative
velocity between particle and surrounding fluid is small. At large
frequencies the particle lags behind the fluid because of its inertia.

It has been shown(23)

that the diffusivity (particle or fluid) for
large diffusion times depends on the low frequency range of the fre-
quency spectrum. At this end of the spectrum, the particle and fluid
act nearly identically. A consequence of the linear model, therefore,
is the equality of the fluid and particle diffusivities. One might

intuitively expect this theory to be valid for particles whose response

times are much less than the smallest time scale of the turbulence. In
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addition, the linear theory predicts that the turbulent velocity of a
particle is less than that of the fluid, and that the Lagrangian parti-
cle integral scale is greater than that of the fluid.

Lumley's work on the nonlinear model is discussed in detail in
Chapter III. Briefly, however, he reduced the equations of motion to a
nonlinear, stochastic integral equation. Though simplified, the equa-
tion still contains the particle position as a parameter in the Eulerian
fluid velocity representation. The implication of this model is that,
contrary to the assumption inherent in the linear theory, a particle
""passes through'" eddy after eddy, encountering different fluid elements
along its path. Although Lumley discussed an approach to the solution
of the equation, results for physically significant situations were not
obtained.

(29)

Peskin calculated the ratio of particle diffusivity to fluid
diffusivity, beginning with Lumley's integral equation. The ratio was
shown to be a function of the particle time scale, the fluid particle
Lagrangian microscale and the Eulerian time microscale. One consequence
of Peskin's result is that the ratio of particle diffusivity to fluid
diffusivity decreases with increasing Reynolds number. Peskin cited
data taken from SOO(BO) to qualitatively support his findings. In the
opinion of this author, however, these diffusivity data ‘appear
qualitatively incorrect. Additional comments about these data are givern
in the following section
2.3.2 Experimental Investigations

Two types of experiments have been performed to obtain informa-

tion about particulate motion in turbulent flow. In the first type of

experiment, individual particle trajectories were tracked. Particle
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displacements were measured as a function of time and statistical in-
formation were inferred therefrom. This technique has been

g (30131,32,33)

to determine the particle diffusivity, turbulent
intensity, energy spectra, integral scales and microscales, and the
correlation function. In the second type of experiment, concentration
distributions were measured downstream from a source of particles, The
pertinent form of the diffusion equation was then used to extract sta-
tistical information about the particle. Particle diffusivity data
were obtained in this manner.

(26,30,34-37)

In a series of papers o and his co-workers

described experiments with solid particles in turbulent air flow. In
what appears to be the most significant work of this group of papersfso)
they experimentally determined particle diffusivities, particle in-
tegral scales,and particle turbulent velocities in turbulent pipe flow.
In addition, tracer-gas diffusion experiments were carried out to deter-
mine Lagrangian properties of the single-phase flow, including the fluid
diffusivity. The particulate experimemts were carried out with 100u-and
200u-diameter glass beads. The results indicate that the particle dif-
fusivities are significantly less than that of the fluid. The data
(Figure 7 in Reference 30) indicate, however, that the diffusivity of a
200pu-particle is greater than that of a 100y particle. This result is
intuitively incorrect, as mentioned in the discussion of Peskin's work,
since it is expected that a heavy particle should diffuse less readily
than a lighter one. The following additional conclusions are drawn from
the data presented in Soo's paper:

1. The fluctuating velocity of the particle is greater than that

of the fluid.



2. The particle integral scale is less than that of the fluid.
3. The ratio of particle diffusivity to fluid diffusivity de-
creases with mean flow Reynolds number.

The first conclusion seems unrealistic, since the particle derives its
energy from the fluid. The second contradicts the implications of the
linear theory, as discussed in Section 2.3.1. The linear theory does
not predict a Reynolds number dependence on the diffusivity ratio. Al-
though several questions have arisen concerning the data presented in
this paper, the results, as a whole, are incompatible with the implica-
tions of the linear model of particle flow.

Wakstein(38) measured particulate concentration, and mean and
fluctuating velocities in turbulent pipe flow of air. The diffusion
equation was integrated numerically to calculate local values of the
particle diffusivity. Axial particle concentration gradients, neces-
sary for the calculation, were not measured; they were deduced from an
independent experiment on the turbulent diffusion of a tracer gas.
Neither the air ror particulate flows were fully developed.

Several experiments dealing with the flow of liquid droplets, of
particular interest in this research, are considered next.

Alexander and Coldren(39) investigated the transport of droplets
in turbulent pipe flow. Experiments were performed in which droplets
were injected into the air flow at the center of a 1.86-inch diameter
pipe. Impact tubes were employed to sample the liquid phase. The rate
of collection of liquid was assumed proportional to the local droplet
mass flux. The results indicated to the authors that two regions down-

stream from the injector should be considered separately. The first,

immediately downstream from the injector, showed considerable variation
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of mass flux across the pipe diameter. It was proposed that in this re-
gion the turbulent diffusion process in the central region of the pipe
controls the transport process. The eddy diffusion model was applied to
this region, with the assumption of zero droplet concentration at the
wall. The second region, further downstream from the injector, showed

a relatively uniform mass flux distribution across the pipe diameter.
Alexander and Coldren proposed that the droplet transport process in
this region is controlled by the relatively stagnant film of fluid near
the wall. The mass transfer coefficient formulation was used to des-
cribe the droplet transport process in this region. The authors used
the droplet flux data to determine droplet diffusivities and mass trans-
fer coefficients.

In the opinion of this author, the major drawbacks to the

work of Alexander and Coldren are:

1. The air velocity through the air-atomizing nozzle, which was
used as droplet generator, was about 800 ft/sec; the mean air
velocity in the pipe was 100-200 ft/sec. Thus, the region
just downstream from the droplet injector had mean and turbu-
lent velocity properties which were probably markedly differ-
ent from fully developed turbulent pipe flow characteristics.
The diffusivities extracted from the data cannot, therefore,
be interpreted as applying to pipe flow conditions.

2. The droplets emerging from the nozzle had velocities consid-
erably above the mean flow velocity. They did not decelerate
to their steady state velocity in the 67 inches downstream
from the source in which the diffusivities were determined.

3. The droplet size distribution generated by the nozzle was not



22

determined. An estimate of the mean drop size was made,
however, based on previous experience with the nozzle.
Based on the previous discussion, it is concluded that the particle
diffusivity data obtained by Alexander and Coldren are not character-
istic of fully developed turbulent pipe flow. The significance of this
data is, therefore, questionable.

Longwell and Weiss(AO) measured droplet mass flux distributions
downstream from a point source of droplets in turbulent pipe flow. The
stream was sampled with an impact probe at an axial position 35 inches
from the droplet source. The major objections to this work are:

1. No information was presented regarding the nature of the

droplet source or the size droplets.

2. The turbulent air flow was not fully developed.

3. Air velocities were about 300 ft/sec, whereas the droplet
injection velocity was 7.5 ft/sec. The droplets had not
accelerated to their steady state velocities in the 35 inches
from the source in which the measurements were made. The
diffusivity was not constant with axial distance.

The point source solution of the diffusion equation fits the concentra-
tion data well. The diffusivity information, however, are not proper-
ties of fully developed turbulent pipe flow. The significance of the
diffusivity data is, therefore, questionable.

Stein et al.(g) described an attempt to use a photographic tech-
nique to measure droplet concentration distributions downstream from a
point source of water droplets in a turbulent pipe flow of steam. A

limited number of experiments were carried out with the droplets confin-

ed to the central region of the pipe. The turbulent diffusion model was
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proposed to describe the droplet transport process. Particle diffusivity
information was extracted from the data. On the basis of photographic
evidence, however, it was speculated that the diffusivity data might be
erroneous because of possible injector nozzle vibration. This investi-
gation was meant to be preliminary to a more definitive study, which did
not materialize at the time.

(41)

Goldschmidt and Eskenazi used a hot wire anemometer to mea-
sure liquid droplet mass flux distributions in the similarity region of
a two-dimensional turbulent jet. The air velocity and particle concen-
tration distributions were shown to be self-similar. The droplet size
distribution was measured; the mean droplet size was 2.2 microns with a
standard deviation of 3.3 micromns. It was found that the ratio of par-
ticle diffusivity to fluid diffusivity was 0.9. This indicates that
the results of the linear theory of the particle dynamics problem is ap-
proximately valid for the droplet size range and flow parameters consid-
ered by Goldschmidt and Eskenazi.
2.3.3 Summary

The review of the literature pertinent to particulate motion in
turbulent flow reveals a scarcity of available data. In particular,
there are little data describing the particle diffusivity as a function
of particle parameters and turbulence properties. The application of
the diffusion model to particulate flows of practical interest is,
therefore, difficult.

The linear model does not adequately explain the existing data.
The data reveal that the particle diffusivity is less than the fluid
diffusivity, contrary to the equality of the two predicted by the linear

theory. The linear model appears to be approximately valid, however,
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for the 2.2y droplets in the turbulent plane jet described by Gold-

schmidt and Eskenazi.

Although the approach taken by Lumley(ZA) holds some promise of

(29)

overcoming the shortcomings of the linear theory, only Peskin has
attempted to pursue the approach. There are insufficient particle dif-

fusivity data appearing in the literature to assess the validity of

Peskin's result.
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III. ANALYTICAL CONSIDERATIONS

In this chapter the conservation of mass equation is applied to
droplet transport in turbulent pipe flow. The turbulent diffusion model
is defined and the implications of the model are discussed.

Lumley's nonlinear equations of particle motion are discussed
and a solution to the equations is obtained for the case of large parti-
cle terminal velocity. For this case, an expression for the particle
diffusivity is obtained.

3.1 Droplet Transport Model

3.1.1 The Conservation of Mass Equation

The mass conservation equation for droplets flowing in a fluid

with convective velocity v may be written
=24V . vck =5, (3-1)

where C* is the local droplet mass concentration and S is the droplet
-
source (or sink) term.

For the flow of droplets in a turbulent gas, let
Ck*=C+c

v = Vp + v, (3-2)

where C are Vp and the temporally averaged droplet concentration and
convective velocity; respectively, and c and v are the corresponding fluc-
tuating quantities. Insert Equations (3-2) into Equation (3-1) and time

average the result. Consider the region away from droplet sources. For

the stationary-state case, the resu



¥ -vc+V - ve=0. (8-3)
P

The quantity ve represents the turbulent flux of droplets in the three
coordinate directions. The over-bar denotes a time average.

3.1.2 The Turbulent Diffusivity Formulation

Equation (3-3) contains two dependent variables: the mean con-
centration, and the turbulent flux of droplets. The turbulent diffu-
sivity formulation provides a relation between the two quantities.

The particle diffusivity is defined by
ve = —e_ VC (3=
P

This expression is a relationship between the local concentration gradi-
ent and the local turbulent flux of droplets. In general, Ep is .a fune-
tion of coordinate direction and position. If ep is dependent on coor-

dinate direction, then the diffusivity is a tensor quantity.(14)

In ad-
dition, ep is expected to depend on fluid turbulence characteristics and
particle parameters.

Consider the flow of droplets in fully developed turbulent pipe
flow. Assume that the droplet concentration distribution is azimuthally

symmetric and that axial diffusion is negligible. The transport equation

for this case is

(e =), (3-5)

where Vp is the scalar mean axial velocity. For the case V_ a constant,
P
and Ep a constant, Equation (3-5) is recognized as the classical diffu-

sion equation. For this case, Equation (3-4) is the Fick's law diffu-
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sion formulation. Equations (3-5) and (2-16) represent the link be-
tween the Eulerian description of the droplet flow field and the Lagran-
gian statistical description of particulate motion. If the Eulerian
quantities are measured, the above relations may be used to draw infer-
ences about the Lagrangian particle statistics. This was the approach
taken in the experimental portion of this investigation.

3.1.3 Droplet Transport in the Central Core Region of Turbulent Pipe

Flow
Experiments have shown that turbulence in the central core re-

(50)

gion of turbulent pipe flow is nearly homogeneous and isotropic.

Hinze(AA)

showed that the turbulent momentum flux may be characterized
by a constant eddy viscosity in this region. Heat and mass transfer
studies have shown similar behavior for the eddy conductivity and turbu-

lent mass diffusivity.(43)

There is some justification, therefore, in
presuming that the particle diffusivity is independent of radius in the
central core region of pipe flow. It is also reasonable to assume that
the mean droplet velocity in this regio; is uniform.(BB)

For a droplet falling in the same direction as that of the gas

flow, the mean droplet velocity is

Y =1 4 u
o

P t’

where Uo is the mean gas velocity at the pipe center and u, is the par-

ticle terminal velocity. Let

Ep = ep/Vp. (3-6)

Equation (3-5) becomes
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il g aC/' (3-7)

The assumption of radially independent diffusivity implies a
diffusion model for turbulent transport. A diffusion model implies that
the length scale of the process responsible for the transporting is much
less than the characteristic dimensions of the fluid-medium boundaries.
Although this is generally true for the molecular diffusion process, it
is not necessarily the case for turbulent transport. In turbulent pipe
flow, for example, the characteristic dimension of the eddies doing the
transporting is of the same order of magnitude as the pipe diameter.

The assumption of uniform diffusivity is made, however, recognizing that
experiments must show how reasonable a description it represents of the
transport process.

The solution to Equation (3-7) for a plane source of droplets,
S(r), located at z = 0 is required. This problem is mathematically
equivalent to the heat conduction problem for the temperature in an in-
finite medium with an initial radially symmetric temperature distribu-

(45)

tion. The solution as applied to the present problem is

o
(r2 + r'2)

- Grl
3 ) J S(z%)r dr'Io(ZE Z) exp [- 4Epz ] (3-8a)
Eyz) it dg
CMAX (= e
S 1 1 1 =3 r
{ (r')r'dr" exp [ 3 z]
¥ P
= ¢1(1‘,Z),

where CMAX = C(0,z), I0 is the zeroth order modified Bessel Function,
and z is the axial distance from the plane source.

For a point source of droplets, the solution to Equation (3-7)
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is the Gaussian

C(r.=z r?
SRaE = e - 0 (3-8)
P
= ¢2(r,2"),
where z' is the axial position from the point source.

3.2 The Motion of Discrete Particles_ in Turbulent Flow

3.2.1  The Equations of Motion for a Particle in Turbulent Flow

Basset, Boussinesq and Osseen(22,23)

developed the equation for
the net drag force acting on a spherical particle moving through a fluid
at rest. Using the Stokes' approximation for the drag on a sphere, the

particle momentum equation is

t .
()
= madp v, = - Z-naap = 6mpa  [v, + - dt 4
3 p i 3 : s : 2 Vi
Sobielly o5 heboggt o0 Gt 2) (3-9)
3 P s Al .
where vy is the ith component of the particle velocity, and the dot z.

presents time differentiation.

The first term on the right side of Equation (3-9) describes the
apparent mass effect. This term represents the force required for a
perfect fluid to accelerate the sphere. The second term is the sum of
the steady state Stokes' drag force and the unsteady, viscous drag force
which arises out of particle acceleration. The last term is the gravi-
tational force acting on the particle, which acts in the ith coordinate

direction.
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Tchen(23) wrote Equation (3-9) for a particle in a uniform fluid

46 :
velocity field ui(t). Corrsin and Lumley( ) rewrote the equation of

motion for a particle in a nonuniform velocity field ui(xj,t). The
equation as given by Hinze(ZB) is
2
‘—i—v . 3pf [-d—u 3k aui]
de 1 20 +p de" "1 ax,axj
du
2 18 i
55 2o, + 0 {—3% i 2wl 4o 0o = v ] =1
s d
P e — [usi=val
* @ 18 )d i apr 4L L srbeilsgl (3-10)
P Df . 7——‘: B
o

where the Eulerian velocity ui(xj,t) is interpreted as the fluid veloc-
ity at the instantaneous particle position. The term duj/dt is the
derivative of the fluid velocity, following the motion of a particle.
The Einstein subscript convention is used in Equation (3-10).

Equation (3-10) is a nonlinear, second order differential equa-
tion. The equation is nonlinear on two accounts. First, Equation
(3-10) contains the nonlinear inertial terms characteristic of the
Navier-Stokes' equations. The second cause of the nonlinearity is the
appearance of the particle position in the Eulerian velocity function
u; . Neither of these nonlinearities appear in Tchen's formulation of
the problem.

(24)

Lumley investigated the implications of the second type of

nonlinearity, i.e., the appearance of the particle position in the fluid

velocity expression. A simplified version of Equation (3-10) was
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studied. Lumley assumed that:
(a) The Eulerian flow field is homogeneous, isotropic, incom-
pressible and stationary.
(b) The particle diameter is smaller than the smallest length
scale of the turbulent flow.
(c) The time scale of the particle is smaller than the smallest
time scale of the turbulence.
With these assumptions, Lumley reduced the equations of motion to
;o1

cpi(ak’t) S agak G(t-Duy [cpj(ak,r),T]dT, (3-11)
0

where ui(cpj,t) is the Eulerian fluid velocity at the particle position

0_ .. In additiom,
PJ

G(t) = 1- exp (-t/T), (3-12)

where T, the particle response time, is

P
a2(2 2+ 1)
- °t (3-13)
T = 9y 3

Equation (3-11) may be written in the equivalent differential form:

d?o do
T—PBL s BLoy (o ,,0). (3-14)
dt dt i9p3?

As discussed in Section 2.3.1, this equation, in its linear form (ui
time dependent only), has been studied by several authors.

Equation (3-11) is a nonlinear, stochastic integral equation.
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The Eulerian field ui(xj,t) is the given quantity. The solution to
this equation is the description of the motion of a particle in terms
(24)

of the Lagrangian coordinates, Upi' Lumley discussed an approach

to the solution of this equation. Further study by this author of
Lumley's work is required to meaningfully assess his analysis.
3.2.2 Case of Large Particle Terminal Velocity

Consider a particle with large terminal velocity. Assume that
the particle falls through turbulent eddies. This assumption is con-
ceptually different from the assumption of the linear model, in which
a particle is considered retained in a single eddy throughout its his-

tory. For this case, Equation (3-11) is

t

opi(t) = JO G(C—T)Ui[Upj(T),T]dT + utté (3-15)

Skl

where i = 3 is the direction of particle free fall, &,, is the Kronecker
1]

delta, and u, is the particle terminal velocity given by

£

o = 4
11 18, d¢g. (3-16)

Note that T = u_/g for 1 :
/8 for large o /o

For i = 2, a coordinate perpendicular to the free fall direc-

tion, Equation (3-15) is

=
t) = =
cpz( ) : GGE T)v(opl,op2,0p3 - utr,r)dr. (3-17)

J

In Equation (3-17) v = u,.

Assume that the terminal velocity of the particle is much greater
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than the turbulent fluctuating velocity, i.e.,

v/ut el

For this case, the distance utt travelled in the i = 3 direction is con-

siderably greater than the distances opi travelled in response to the

turbulent fluid fluctuation, i.e.,

g << u b
P

Let n = u,T. For large u, the component of the Eulerian fluid velocity

transverse to the free fall direction becomes

limit v(opl,opz,cP3 + utr,r)=lim1t V(°p1’0p2’°p3 + n,n/ut)

ut > o0 u_t > ©
= V(O’O’n’o)- (3_18)
On defin

V(O»O;nyo) = v(n) = V(ut‘r),

Equation (3-17) becomes

t 1
55(8) = J [1- exp (- 597 vlu D' (3-19)

0

The mean square particle displacement is

t. 7 1 "
o2 (t) = JO JO [1-exp(- £ 1 [1-exp (- )]

x v(utr')v(utT") dr'dr" . (3-20)
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Let n = u.t, n' = utr', and n'" = utr". Define the transverse Eulerian

correlation function, R22, as

VZ Ryy(n' = 1™ = vGOVGM (3-21)

Equation (3-21) implies that the turbulence is homogeneous. Equation

(3-20) becomes

u u
et
=%, ot L
o = A D 5 (EE T
=y 7 i [1-exp (= =) 1 [1-exp( ut )]
P2 t 0 0 t
| N | (% I 3-22
X Ryy(n n'")dn'dn ( )

A functional form for R22 must be chosen in order to evaluate this in-

tegral. Assume that(47)

Ry, (8) = (1-£/2Ly) exp(-£/Ly) . (3-23)

The function Rzz(g) is the transverse correlation function which, in
isotropic turbulence, corresponds to the longitudinal correlation

exp(—E/LE). In Equation (3-23), Lp is the Eulerian integral scale

Lp = J exp(—E/LE)dE.
0

The particle diffusivity is defined by
L g At
poE 24dES B s

Insert Equation (3-23) into Equation (3-20) and the result into Equation
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(3-24). The particle diffusivity, for large diffusion time 15(47)

g i_;z - (3-25)
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IV. EXPERIMENTAL INVESTIGATION

The major objective of the experimental investigation was to
test the validity of the Fick's Law description of turbulent droplet
transport, as applied to a region of spatially uniform turbulence. The
second objective was to investigate the dependence of the particle dif-
fusivity on the particle terminal velocity and on the flow characteris-
tics of the turbulent fluid. The central core region of fully develop-
ed pipe flow was chosen to approximate a spatially uniform turbulent
flow field.

A o e

The motion of a particle in a turbulent fluid is determined by
the statistical properties of the turbulence and by the particle char-
acteristics. The experimental investigation, therefore, was carried
out in two parts: First, a study was made of the properties of the
turbulent, single phase air flow; second, a study was made of droplet
transport in turbulent pipe flow.

4.1.1 Air Floy Measurements

The air flow measurements were carried out to satisfy two ob-
jectives:

(1) To determine whether the properties of the air flow were

independent of axial distance along the pipe.

(2) To establish the mean velocity and turbulent intensity

characteristics of the air flow.

These measurements were carried out with a hot wire anemometer.
4.1.2 Droplet Flow Measurements

The objectives of the droplet flow experiments were:
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(1) To test the validity of the turbulent diffusion model, as
applied to droplet transport in a region of approximately
uniform turbulence.

(2) To measure the particle diffusivity as a function of parti-
cle terminal velocity and turbulent flow characteristics.

The approach taken in this portion of the experimental study is
analogous to the approach employed in previous investigations of turbu-
lent diffusion of heat and molecular size species. These investigations
are briefly discussed in Section 2.2.2.

Uniform size droplets were introduced into the flow at the cen-
ter of the pipe. The droplets flowed vertically downward, concurrently
with the air flow. Droplet concentration distributions were measured at
several axial positions downstream from the droplet injector. Equation
(3-8a) describes the droplet concentration distribution downstream from
an arbitrary, axially symmetric source of droplets. The distributions
measured downstream from the source of droplets were fitted to Equation

(3-8a), using a least squares fitting p}ocedure.(Ag)

This procedure
yielded a value of the particle diffusivity for each position downstream
from the source, and for each set of droplet and flow parameters.

The droplet concentration measurements were carried out with a

hot wire anemometer.

4.2 Description of Apparatus

4.2.1 Experimental Design Criteria

The experimental apparatus was designed to meet the following
general requirements:
(1) To ensure fully developed pipe flow conditions at the site

of the droplet flow experiments.
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(2) To allow as large a region as possible away from the pipe
walls for the droplet concentration measurements. In this
region the air flow properties and the particle diffusivity
were considered uniform.

(3) To inject droplets into the pipe flow with a clearly de-
fined droplet size distribution.

(4) To inject droplets into the flow stream with velocities as
close as possible to the sum of the air velocity and drop-
let terminal velocity.

(5) To minimize the flow disturbance caused by the droplet in-
jector structural members.

4.2.2 Fog Flow Test Facility

A flow facility, shown schematically in Figure 2, was construct-
ed to provide a turbulent field in which to carry out the droplet trans-
port study. Figure 3 is a photograph of the facility.

The duct was fabricated from 6-foot lengths of 7 1/2-inch dia-

meter commercial Lucite tubes. The tubes were vertically stacked to a
total height of 38 feet. Each 6-foot section was provided with a set of
Lucite flanges machined with O-ring grooves. A neoprene O-ring was in-
serted into each groove. This provided the seal between sections. The
tubes were tapered at the ends of the sections to ensure against abrupt
changes in the inside diameter, as the air flowed from one tube to
another.

A centrifugal blower, driven by a 5-horsepower, constant speed

motor, was situated at the base of the duct. The blower delivered up to
600 cubic feet per minute of air into the éystem, equivalent to a maxi-

mum mean flow Reynolds number of 100,000. The air flow rate was control-
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led by means of a gate placed downstream of the blower.

Air entered the system at the top of the column and flowed into
a 26"x26"x12" chamber, containing a fiberglass filter, The filter, rated
95% efficient for 5-micron-diameter particles, removed particlate solids
from the air stream. The air then passed through a contraction cone,
with a contraction ratio of 3 to 1. The purpose of the cone was to
provide a "smooth" entry of air into the flow tube. Following the con-
traction cone was a one-foot-long flow-straightening section. This sec-
tion was composed of 3/4-inch inside diameter, 1/8-inch wall thickness,
Lucite tubes. The tubes were cemented into, and completely filled, the
7-1/2-inch-diameter outer Lucite tube., A 24-mesh screen was placed at
the downstream end of the flow straightening section.

The entry section to the flow tube discussed above was designed

in a manner analogous to the design used by Laufer.(so)

The purpose of
this design was to attain a fully developed turbulent pipe flow in a
minimum length of pipe downstream from the entry. Other designs have

been proposed,(51’52)

but were not used, since the author did not become
aware of them until after the equipment was fabricated.

After flowing through the test facility, the air passed through
an aluminum container located at the base of the flow tube., The air ex-
hausted through the blower into the environment, The container housed
a set of baffle plates, which served to separate the liquid from the
flow stream, The aluminum container, upon which the flow tube was mount-
ed, rested on a 3-inch-thick cushion of foam rubber, which served to ab-

sorb vibrations from the blower

4,2,3 Liquid Supply System

To avoid plugging the small capillary tubes employed in the drop-
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let production apparatus, it was necessary that the liquid used in

the experiment be free of solid contaminants. It was required that the

liquid storage and supply system be kept extremely clean, and be con-
structed of noncorrosive materials.

Distilled water was used in the droplet flow experiments.
Stainless steel was used in all liquid supply system apparatus. Copper
tube was used in all connecting lines. Valves were constructed of
stainless steel and brass.

A schematic of the liquid supply system is shown in Figure 4.
The water was stored in a stainless steel vessel, which was hydrostati-
cally pressure tested to 1000 psi. The vessel held 6 gallons of liquid.
A helium gas bottle, connected to the storage vessel, supplied the pres-
sure (up to 400 psi) to feed the liquid through the system. The water
flowed out of the storage vessel and through a 3-micron particle dia-
meter filter. The filter was installed to ensure that any particulate
matter in the system did not reach the capillary tube. After leaving
the filter, the water passed through a metering valve designed to con-
trol liquid flow rates up to 34 cc/min. A Brooks Instrument Company
Rotameter, Model 2-FV-1110-6, was employed to measure the liquid flow
rate. The rotameter tubes were designed for liquid flow rates of 2-20
cc/min and 0.6-2.0 cc/min. Measurements of liquid flow rate were made
with #27 full scale accuracy. After leaving the rotameter, the liquid
flowed through another filter and from there to the droplet injection
system.

4.2.4 Droplet Production System
The choice of a droplet injection system was subject to the fol-

lowing requirements:
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(1) To introduce into the air stream a source of liquid drop-
lets with a well defined droplet size distributionm.

(2) To confine the stream of droplets to the central core re-
gion of the pipe. This required that the droplets be
introduced within a small spray angle.

(3) To inject the droplets with velocity close to the sum of
the droplet terminal velocity and mean air velocity.

(4) To produce droplets at a rate great enough to ensure ''rea-
sonable" counting times at the site of measurement.

(5) To minimize the possible flow disturbance caused by the
droplet injector structural members.

Fuchs and Sutugin(53) summarized the techniques which have been
developed to generate liquid droplets. These techniques may be employed
to produce droplets with various diameters, and with varying degrees of
droplet size uniformity. A difficult experimental determination of
droplet size distribution is generally required to calibrate the drop-
let production apparatus.

The technique chosen to satisfy the above requirements takes ad-
vantage of the natural instability of a laminar liquid jet. Raleigh(54)
showed that a liquid jet is unstable, under the action of surface ten-
sion, with respect to disturbances of wavelengths greater than the cir-
cumference of the jet. If a disturbance of the proper wavelength is ap-
plied to a liquid jet, the jet is broken into a stream of uniform dia-
meter droplets. The rate of droplet production is equal to the frequency
of the applied disturbance. The droplet diameter is given by

2
d0 v 1/3

(4-1)
£ ) 4

1/3
=Y - 6
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where
L liquid jet velocity
Q = liquid flow rate
do = liquid jet diameter
£ = frequency of applied disturbance.

Equation (4-1) has been verified in several experiments described in
the literature. The technique has been employed to generate droplets
with diameters in the range of 25-350 microns.(55’56’57)

The droplet generator section of the flow facility is shown in
Figures 5 and 6. The brass tube leading into the flow tube was thread-
ed to accomodate a liquid injector nozzle. A capillary tube, having
the desired diameter, was cemented into the nozzle. A laminar jet was
formed by forcing liquid through the capillary tube. Capillary tubes
of various diameters could be installed into the system by simply inter-
changing nozzles.

A schematic of aninjector nozzle is shown in Figure 7. A capil-
lary tube was inserted into a hole drilled through the tip of the brass
holder. The tube was cemented into place with a metal-base epoxy. The
bond withstood 400 psi with no evidence of leakage. The nozzles were
fabricated with extreme care to keep them free of traces of particulate
matter. An O-ring provided the liquid seal between the nozzle and the
brass tube. A brass retainer sleeve was placed over the O-ring to keep
it in place at the high pressures encountered in the experiments.

Three capillary tubes were employed in the experiments. A 4-mil
(100p) stainless steel hypodermic tube was bought, and two glass capil-
lary tubes were drawn by the Argonne National Laboratory Biology Divi-

sion Glass Shop. The inside diameters of the glass capillary tubes were
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50y and 75u. The capillary tubes were microscopically inspected to
ensure that they were free of burrs. It was found that if a burr was
present at the tip of a capillary tube, the liquid jet "followed the
burr" and flowed at an angle to the tube.

A disturbance of the desired frequency was applied to the liquicd
jet in the manner shown schematically in Figure 8. A photograph of the
apparatus appears in Figure 5. The oscillator signal was fed into an
audio amplifier, which had a peak output of 40 volts. The amplifier
output was used to drive a 3.2-ohm speaker. One end of a fine copper
wire was cemented to the speaker cone, and the other end to the edge of
" the capillary tube. A disturbance of the desired frequency was trans-—
mitted by the wire to the capillary tube, and hence to the liquid jet,
using the speaker as the mechanical driver mechanism.

The smallest diameter droplets that could be produced with the
system described above was determined by the following factors:

(1) The combined frequency response of the amplifier and speak-

er. ’

(2) The stiffness of the capillary tubes.

(3) The maximum pressure that could be safely applied to the

liquid supply system.
As a result of these limitations, frequencies significantly greater than
14kHz could not be applied to the jet. Droplets smaller than 80y could
not be produced. Smaller droplets can be produced, however, by directly
coupling a piezoelectric crystal to the capillary tube.(ss)

Figure 9 shows a stream of uniform droplets produced by the ex-

citation of the liquid jet emerging from a 8-mil stainless steel hypo-

dermic tube. The droplet diameter, determined from the photograph, was
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350 microns. Equation (4-1) was used to calculate the theoretical

droplet diameter. The agreement was good. The accuracy in the measure-

ment of the droplet diameter, governed by the accuracies in the deter-
mination of the liquid flow rate and frequency, was +3%.

4.3 Instrumentation
4.3.1 Air Flow Measurements

Temporal mean velocity and turbulent intensity measurements were
made with a Flow Corporation Model 900-1 Constant Temperature Hot Wire
Anemometer. The hot wire probe is shown in Figure 10. The probe held
a tungsten filament sensor which was 0.1 inches long and 0.00035 inches
in diameter. The anemometer was operated at a hot-to-cold resistance
ratio of 1.5 during the course of the entire investigation.

A schematic of the anemometer signal processing is presented in
Figure 11. The d-c output of the anemometer (E) is related to the local
mean flow velocity; the rms fluctuating voltage (e) is related to the
turbulent intensity. A Hewlett-Packard Model 3400A RMS Voltmeter was
employed in the turbulent intensity measurements. The anemometer signal
was visually monitored on a Tektronix Model 549 Oscilloscope.

A Hewlett-Packard Model 2010G "Dymec" Data Acquisition System
was employed to convert the instantaneous output signal of the anemo-
meter to digital form and to record the data on paper tape. Two channels
of the "Dymec" were used; the first sampled the mean output voltage of
the anemometer, and the second sampled a d-c output signal proportional
to the rms anemometer output voltage. The two signals were alternately
sampled at the rate of one sample per second for 30 seconds, giving 15
records for each quantity measured. The data were fed into a CDC-160A

digital computer where they were time averaged, and where the velocities
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and intensities were computed. The reproducibility of the data was
excellent, as shown in Section 5.1.

The hot wire probes were rigidly mounted in the radial traverse
mechanisms shown in Figure 12. The micrometer positioning device pro-
vided a resolution of 0.001 inches in the specification of the radial
position of the hot wire semsor. To avoid hitting the probe against
the tube wall, radial traverses were begun 0.0035 inches from the wall.

Axial static pressure drop measurements were made. One-eighth
inch pressure taps were drilled through the wall of the test facility.
The first tap was located 26.6, and the last 52,5, tube diameters from
the inlet. The holes were carefully machined, to ensure that they were
free of burrs. The pressure lines were fed into a manifold, and pres-
sure differential measurements were made relative to the static pres-
sure tap located 26.6 diameters from the tube inlet. The measurements
were made with a Pace-Wianko Model P90D Pressure Transducer together
with a Pace Model CD10 Carrier-Demodulator. This equipment produced a
10-volt d-c output signal per inch of w;Eer differential pressure. The
d-c output was sampled and stored on paper tape, using the data acquisi-
tion system. The paper tape was fed into a CDC-160A digital computer,
where dimensionless pressure drops were calculated, and where a least
squares analysis was performed on the data. A pressure calibration and
a check on the linearity of the transducer were made, using a Meriam in-
clined manometer having a pressure resolution of 0.0l inches of water.
The results of the calibration are shown in Figure 29.

4.3.2 Droplet Flow Measurements

(42)

Goldschmidt discussed the use of a hot wire anemometer as a

(41)

droplet sensor. Goldschmidt and Eskenazi used a constant current
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anemometer to detect 1-10 micron diameter droplets.

Consider a hot wire probe exposed to a stream of droplets flow-
ing in a turbulent gas. The rate of heat transfer from the hot wire to
the fluid is equal to the sum of the contributions from the flow of gas,
and from the flow of liquid, past the wire. The fluctuating anemometer
voltage signal may be written as the sum of the effects of the turbulent

gas and the droplet impactions on the wire, i.e.,

e=¢e +e, . (4-2)
g

Application of the hot wire technique to the measurement of droplet flow
is expected to be successful if the droplet impaction signal can be dis-

criminated from the turbulent gas signal. The requirement is that

poios Bl (4-3)

Figure 13 is a schematic of the electronic components employed
to detect droplet impactions on the wire. The anemometer output signal
was fed into a Tektronix oscilloscope. The oscilloscope was operated as
a Schmidt trigger which, when fired, produced a 15-volt ramp-type voltage
signal. This signal was picked up at the Gate A output terminal of the
oscilloscope. The oscilloscope was also used to visually monitor the
anemometer output. The Gate A output pulse was fed into a Computer Mea-
surement Company Model 728AN Universal Counter-Timer, where the droplet
impaction pulses were counted.

Several factors determine whether a droplet approaching the hot
wire produces a countable pulse:

(a) Iggaction misses: If the momentum (per unit volume) of a

droplet approaching the hot wire is less than, or nearly equal to, the
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fluid momentum, it may follow the flow streamlines around the wire and
avoid impaction. If the momentum is large, the droplet crosses stream-
lines and hits the wire. The magnitude of this effect depends on the
ratio of droplet diameter to wire diameter. In this research, the ratio
was greater than ten. The droplets, therefore, did not escape impac-
tion.(as)

(b) Coincidence impactions: If two or more droplets impact on
the wire within a small enough time interval, the impaction pulses of
some of the droplets may fall within the dead-time of the counting cir-
cuitry. Some droplets, therefore, may not be counted. This effect
depends on the droplet concentration level and on the counting circuit
dead-time. The maximum impaction rate encountered was approximately
30 sec_l. For this case, a droplet impacted on the wire on the average
of once every 30 msec. The oscilloscope sweep time was chosen to be 0.1
msec. No coincidences were observed on the oscilloscope trace.

(c) Signal level: A droplet hitting a wire in a glancing col-
lision is expected to produce a voltage ‘pulse of smaller magnitude than
one impacting with a head-on collision. This is expected since the
cross sectional area for heat transfer from the wire is smaller for the
case of a glancing impaction than for a head-on collision. Small pulses
may be lost in the air turbulence signal and may not be counted. The
quantity which was measured in this research is C(r,z)/CMAX. The frac-
tion of droplets which were not counted appears as a multiplier in the
numerator and in the denominator of this quantity, and hence, cancels
out. Quantitative information regarding the magnitude of this effect,
therefore, is not required.

Figure 14 is an oscilloscope trace of the anemometer signal show-
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ing the combined effects of turbulence and dreplet impactions. The
large voltage spikes, representing the droplet impactions, are clearly
discernible from the air turbulence signal. Two types of droplet im-
paction signals are illustrated in Figure 15. The upper oscilloscope
trace indicates that a droplet impacted on the wire and immediately
detached. The lower trace indicates that after impact, a fragment of
liquid remained on the wire until it was either torn from or was boiled
from the wire.

In the early stages of the investigation, the anemometer signal
was fed directly into the counter. The count rate was compared to the
number of pulses observed on oscilloscope traces such as shown in Fig-
ure 14. The comparison indicated that more pulses were being counted
than actually appeared in the trace. Further investigation revealed
that single droplet impaction was causing the anemometer to oscil-
late, as shown on the trace in Figure 16. A droplet impaction, there-
fore, resulted in more than a single count. The problem was eliminated
by simply turning down the gain of the g&stem until the oscillation
disappeared.

The hot wire sensor was used as a droplet concentration probe.
This application of the sensor is based on the following considerations:
The wire presents a frontal area to the droplet stream equal to the pro-
duct of the wire diameter and the wire length. The rate of droplet im-
paction on the wire is proportional to Jz, the number of droplets per
unit area per second which strike the wire. For the case of turbulent
pipe flow, the axial component of the droplet number flux, Jz, is given

by

Jz(r,z) = [U(r,z) + ut]C(r,z), (4=4)
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where U + u, is the local mean axial droplet velocity, and C(r,z) is the
&

local droplet concentration. Assume that in the central region of the

pipe the droplet velocity U + u. is spatially independent. For this

case, Equation (4-4) implies that the droplet flux is proportional to

the droplet concentration. The hot wire sensor, under these circum-—

stances, functions as a droplet concentration probe.

4.3.3 Experience with Additional Experimental Techniques

Attempts were made to use three experimental techniques other
than the hot wire anemometer for the measurement of the droplet flow
system.

A fiber optic light attenuation probe was developed to sense
local droplet concentration. This technique has been employed in studies
of solid particle motion to measure particulate concentration and mass
flux.(35’58) The work reported here appears to be the first attempt to
apply the fiber optic technique to liquid-gas systems. The major diffi-
culty encountered with the first probe that was constructed was the de-
position of droplets on the optically polished sensing faces of the
fiber bundles. A second probe was constructed to allow passage of a
stream of air through the probe in order to blow the collected liquid
off the sensing faces of the probe. It was thought that the concentra-
tion measurement could be made immediately after a burst of air was sent
through the device and before droplet deposition would cause problems.
Deposition, however, occurred too fast for the measurement to be made.
Because of time considerations, and since the hot wire technique proved
successful, work with the fiber optic probe was terminated.

(59,60)

A isokinetic sampling probe was designed to be employed

as a liquid mass flux detector. The droplet fluxes encountered in the
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experiment were too small to make effective use of this technique.

High-speed Fastax motion pictures of the droplets in the flow
tube were taken. The objectives of this work were tO measure droplet
mean velocity, and to assess the value of the technique in the measure-
ment of droplet concentration. Initial results indicated that the
technique could be successfully employed to measure droplet velocity.
This work was not continued because of time limitationms.

4.4 Experimental Procedure

4.4.1 Air Flow Measurements

The air- flow measurements were made at Reynolds numbers:
25,000, 50,000, and 100,000. At the beginning of each run, the anemo-
meter probe was inserted into the flow at the center of the pipe. The
gate used to control the flow of air was adjusted until the mean anemo-
meter output voltage indicated that the flow was at the desired Reynolds
number. Radial traverses of the flow field were made with the hot wire
probes at axial positions 17.6, 33.6, 40.0, and 57.2 diameters from the
inlet to the flow tube. The relative p&éitions of the axial measuring
stations are shown schematically in Figure 17. Mean axial velocity and
axial turbulent intensity distributions were obtained in this manner
for each Reynolds number and for each axial position.
4.4.2 Droplet Flow Measurements

The droplet flow measurements were made at Reynolds numbers
25,000, 50,000, and 100,000. Three droplet sizes were studied: 80,
150p, and 200u. Radial traverses of the droplet flow field were made
with the hot wire probe at axial positions 6.4, 12.8, 19.2, and 36.3
tube diameters from the droplet injector. At each of these axial posi-

tions, shown schematically in Figure 17, the radial distribution of drop-
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let impaction rate was measured. The rate of droplet impaction on the
hot wire sensor was proportional to the droplet concentration. The
radial traverses, therefore, resulted in measurement of the droplet con-
centration distributions.

At the beginning of each droplet flow experimental run, the air
flow rate was adjusted to obtain the proper Reynolds number. A liquid
injector nozzle, chosen to produce droplets with the desired diameter,
was inserted into the droplet injector assembly. The gas bottle pres-
sure regulator was adjusted to supply the system pressure necessary to
give the desired liquid flow rate. The oscillator was set at the fre-
quency required for the production of droplets with the desired dia-

meter. The frequency was calculated using Equation (4-1).
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V. EXPERIMENTAL RESULTS

5.1 Air Flow Measurements

5.1.1 Mean Axial Velocity

Local mean axial velocity measurements were made with the hot
wire anemometer at Reynolds numbers 25,000, 50,000, and 100,000, and at
axial positions 17.6, 33.6, 40.0, and 57.2 tube diameters from the in-
let to the flow tube. The measurements were carried out with and with-
out the droplet injector section present in the duct. The results of
these measurements are presented in Figure 18 to 23.

The first series of measurements were made without the liquid
injector section present in the flow tube. Figure 18 shows that the re-
producibility of the measurements was generally within +3%. Figure 18
also reveals asymmetries in the velocity distributions measured 33.6 and
40.0 diameters from the tube inlet. The maximum velocity is shifted by
0.1R off the axis of the tube. The slope of the velocity profile to the
right of r/R=0 is greater than that of the other side. The measurement
was repeated with the flow tube holding the probe rotated 180°. Figure
19 is a composite of the two measurements, and represents a complete
traverse of the tube diameter. The asymmetry is less marked, although
still observable. The reason for the asymmetry was not definitely es-
tablished. The asymmetry may have béen caused, however, by nonuniform-
ities in one or more of the Lucite flow tubes.

Figure 20 is a comparison of the mean velocity profile measured
here with that measured by Laufer,(50)~for Re = 50,000. For half duct

diameter the agreement is within 3%. The relatively poor agreement for
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the other half of the duct diameter is apparently the result of the
asymmetry discussed above.
The development of the mean velocity profile is shown in Figures

21 and 22. For Re = 100,000, the mean velocity profile was nearly fully

developed 30 tube diameters from the entrance to the flow tube. The

rate of development was somewhat greater for Re = 25,000.

Measurements were made to determine the extent to which the
droplet injector device disturbed the flow pattern in the duct. Figure
23 shows that the mean velocity decreased on the side of the duct axis
containing the injector, and increased on the opposite side (the injec-
tor tube was parallel to the hot wire probe). The perturbation in mean
velocity caused by the injector section was generally less than 5% at
19.2 tube diameters from the injector tube.

212 Longitudinal Turbulent Intensity

The longitudinal intensity distributions, %IZVU, measured with
the hot wire anemometer, are presented in Figures 24 to 27. The results
show that the turbulent intensity distributions were asymmetric. The
reasons for the asymmetry are discussed in the previous section. Figure
24 shows that the reproducibility of the intensity measurement was with-
in +37.

The development of the longitudinal intensity profiles is shown
in Figures 25 and 26. The intensity distributions were nearly fully
developed 40 tube diameters from the inlet to the duct.

The effect of the injector tube section on the intensity pro-
files is shown in Figure 27, Apparently, the effect of the injector
section was to enhance the asymmetry in the profiles.

Figure 28 compares the longitudinal turbulent velocity profiles
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with Laufer's data, for Re = 50,000. Although the results agree quali-
tatively, there are considerable quantitative differences. The reasons
for the discrepancies have not been established.

The centerline (r/R=0) turbulent intensities agree favorably
with those determined by other authors.(sz)
5.1.3 Pressure Drop

The Pace pressure transducer was employed to measure the pres-—
sure drop characteristics of the single phase air flow. The linearity
of the transducer is shown in Figure 2S.

The results of the pressure drop measurements are shown in
Figure 30. They indicate that the pressure gradient was constant over
the 30 tube diameters covered by the static taps. The constant pressure
gradient is an indication that the flow was fully developed along the
length of tube where the droplet flow measurements were made.

5.1.4 Implications of Air Flow Measurements in Relation to Axial Posi-

tioning of Droplet Injector Section

-

The air flow measurements indicate that the mean velocity pro-
files were nearly fully developed approximately 30 tube diameters from
the inlet to the flow tube. The longitudinal intensity profiles were
nearly fully developed 40 diameters from the tube inlet. The results
also indicate that the static pressure gradient was constant for
L/D. > 27.

In the droplet-flow experiments, the droplet injector was placed
in the flow tube at an axial position 20 tube diameters from the inlet.
The first droplet-flux measurements were made at a position 27 diameters
from the inlet. The turbulent intensity distributions were not yet fully

developed at this position. This arrangement was chosen, however, to al-
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low a large axial distance downstream from the source in which to
carry out the droplet flow experiments.

The data indicate that the flow perturbation caused by the in-
jector section was carried as much as 18 diameters downstream from the
source of the disturbance. Droplet measurements were made, however,
beginning at 6.4 diameters from the injector, since the droplet concen-
trations were relatively large close to the source. Consequently, cor-

respondingly small droplet counting times were required.

5.2 Droplet Flow Measurements

5.2.1 Droplet Number Flux Traverses

Results of the droplet impaction rate (proportional to the drop-
let number flux) traverses are presented in Figure 31 to 33. Because
counting times for all axial stations were not identical, some of the
results are presented for a scaled counting time. In Figure 31, for
example, the actual counting time employed in the measurement 6.4 dia-
meters from the injector was 90 seconds. The total number of impac-
tions was scaled up by a factor of two to match the counting times at
the other axial stationms.

Figure 32 shows the mean axial air velocity profile superimposed
on the droplet impaction rate distributions. The velocity was uniform,
within 10%, over most of the region of pipe where impaction measurements
were made. The lack of nonuniformity in velocity distribution, on the
right side of Figure 32, is accounted for by the asymmetry in the axial
velocity distribution discussed in a previous section. The effect of
the asymmetry on the results is discussed in Section Sa23:

The statistical scatter of the impaction rate data is illustrat-

ed in Figure 31 and 33. For the 200y droplets, the impaction rates were
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significantly greater than for the 80y, drops. Larger counting times

were, therefore, employed in gathering the 80y data, and also in obtain-
ing data 36 tube diameters from the injector. Even with this compensa-
tion, the scatter in the 80y data was such that deviations of 257 from
the mean in total impactions at the centerline (r/R = 0) were not un-
common. This compares with deviations of 5-10% at the centerline for
the 200u droplets. Apparently, even larger counting times should have
been employed for the 80u droplets. With four minute count times, how-
ever, a single diametrical traverse of the droplet flow field took as
much as two hours. To further compensate for the statistical scatter,
a running plot of the impaction data was kept during the experiment.

At those positions where the data apparently departed from a smooth
curve, additional counts were recorded. An average was then taken to
obtain a better estimate of the mean.

The radial distributions of the droplet impaction rate were not
all symmetric about the centerline. In the data reduction, the object
of which was to deduce the particle diffusivity, ep, each half of the
radial traverse was analyzed separately. At each measurement station
downstream from the source plane, therefore, two radial distributions
were obtained. Two values of ep were deduced: one for each radial dis-
tribution. If the droplet flux distributions had been symmetric, the
two values of Ep would be identical. This is not generally the case,
as discussed in Section 5.2.3.

3:2:2  Data Reduction Technique
The droplet impaction rate was proportional to the number flux,

and hence to the droplet concentration.” The droplet impaction data, for

each set of droplet and air flow parameters, were fitted to the equations
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C(r,z)

CMAX¢, (r,2z) (5-1)
C(r,z) = CMAX¢p(r,z'), (5-2)

where ¢, and ¢, are the plane and point source solutions, respectively,
to the one-dimensional diffusion equation, defined in Section 3.1.4.
The axial distance 2z 1is measured from the source plane, and z' from
the injector, as shown in Figure 17.

(49)

A least squares procedure was used to fit the concentration
data to each of Equations (5-1) and (5-2). For each of these equations,
and for each axial position downstream from the source plane, the fit-
ting procedure yielded two values of ep: one value for each side of the
tube axis. These values of A best fit the data to Equations (5-1) and
(5-2).

To determine whether there is any significant difference between
the "goodness of fit" of the data to either of the above equations, a
value of x?(chi-square) was computed along with each value of ap. Chi-

»
square is defined by

[C(observed)i - C(calculated)i]2

2 = S (5-3)

i c(observed)i
The results of these computations are presented and discussed in
the next section.
5.2.3 Particle Diffusivity Results and Analysis
Tables 1 to 3 present the particle diffusivity data extracted
from the droplet concentration distributions. The quantities sp(l) and
ep(2) are the diffusivities obtained for the two halves of the complete

diametrical traverse of the flow distribution. They were deduced from



TABLE 1 « Results of Least Squares Analysis of Droplet Concentration Data:d = 200u

PLANE SOURCE

| POINT SOURCE

Re z ep(l) xf A ep(z) X; ep(l) X? CP(Z) Xz
|
25,000 4 0.000195 ) 0,000242 7.0 0.000182 257 0.000214 8.2
8  0.000152 G5 0.000252  15.4 0.000158 51 0.000231 5
19  0.000157 18.7 0.000143  12.3 0.000159 18.2 0.000151 12
4 0.000118 33.6 0.000242 8.1 0.000144 34.6 0.000214 8.9
Z;?TT = 0.000155 + 0.000027 e, (1) = 0.000161 + 0.000014
2;?37‘= 0.000219 + 0.000044 ep(2) = 0.000203 + 0.000031
€p = 0.000182 + 0.000032 €, = 0.000187 + 0.000490
I
50,000 4 0.000375  112.0 (00l ) g 0.000432  127.0 0.000305 2301
8  0.000352 8.9 0.000366  20.6 0.000396 10.4 0.000363 21.8
19  0.000412 31.0 0.,000376  19.5 0.000429 il 5 0.000374 19.7

ep(l) = 0.000380 + 0,000025

™
.
N
~
]

0,000328 + 0,000061

= 0,000354 + 0,000053

™
1

gp(l) = 0.000419 + 0.000016

™
~
N
~
n

. 0.,000347 + 0.000030

= 0.000383 + 0.000043

™
I

06



TABLE 1 - Results of Least Squares Analysis of Droplet Concentration Data: d=200y(cont.)

PLANE SOURCE i POINT SOURCE
Re z EP(l) le EP(Z) xi € ) xf 6p(2) xi
e

100,000 4  0,00107 51.0 0.00161 19.8 0.00103 54.2 0.00124 19.7
8  0,00119 2752 0.00156 1332 0.00124 27.8 0.00133 A8
19  0.00096 18.3 0.00105 23,7 0.00097 18.2 0.00103 T3

Zp(_l) = 0,00107 + 0,00009 sp(l) = 0.00108 + 0,00012

ep(z) = 0.00141 + 0.00025 ep(2) = 0.00120 + 0.00013

s 3 0.00124 + 0,00025 S e 0.00114 + 0.00013

16



TABLE 2 ~ Results of Least Squares Analysis of Droplet Concentration Data: d = 150y

6

PLANE SOURCE | POINT SOURCE
Re z eP(l) xf EP(Z) xi EP(l) xf EP(Z) xz
i
25,000 4 0.000378 6.6 0.000322 16,0 0.000275 55 0.000255 16.8
8 0.000226 75 0,000188 Elil 0.000209 27 0.000189 352
19  0,000331 5.9 0.000244  34.0 0.000305 5.9 0.000236 33.6
epTl) = 0.000312 + 0.000064 e, (1) = 0.000263 + 0.000040
e, (2) = 0.000251 + 0,000055 g(ﬁ = 0.000227 + 0.000028
e, = 0.000282 + 0.000067 e, = 0.000245 + 0.000039
l
50,000 4 0,00129 11.8 0.00157 11.7 0.00172 6.2 0.000968 11.4
8  0,00104 10.8 0.00130 Wi 0.00145 7-3 0.000756 s
19  0.00106 8.5 0,00095 1782 0,00132 8.7 0.000633 1742
F’)‘ = 0,00113 + 0,000160 e, (1) = 0.00150 + 0.000177
§(‘2T = 0,00127 + 0,000138 e, (2) = 0.00139 + 0.00013
€ = 0.00120 + 0,000214 € = 0.00144 + 0.00016

P P



TABLE 2 - Results of Least Squares Analysis of Droplet Concentration Data: d = 150, (cont.)

PLANE SOURCE | POINT SOURCE
Re z e, le £, (2) xg ep () xf e, (2) xz
| .

100,000 4 0,00890 anZ 0,00740 6.4 0.00682 ) 0.01060 6.3
8 0.00467 3.3 0,00490 339 0,00473 3ol 0.00520 3.9
19 0.00346 6.6 0.00705 5.1 0.00372 6.6 0.00765 5.1

= (D = 0.00568 + 0.00233 =, = 0.00509 + 0.00172

EP(Z) = 0.00782 + 0.00221 EP(Z) = 0.00645 + 0.00111

e, = 0.00675 +0.00251 e, = 0.00577 % 0.00181

€6



PLANE SOURCE

l

TABLE 3 - Results of Least Squares Analysis of Droplet Concentration Data: d = 80y

POINT SOURCE

Re z ep(l) xf EPCZ) I ep(l) xf EP(Z) xz
25,000 4 0,000284 19,5 == 0,000293  12.6  0.000268 14.4
19 0,N00440 7.2 0.000417 7.2 0.000392 7.5
E‘le_) = 0.000362 + 0,000078 ?IT = 0.000355 + 0.000062
¢p = 0.000294 + 0.000078 £, (2) = 0.000330 + 0,000062
€, = 0.000343 + 0.000015
I
25,000 4 0.000208 10,2 ——— 0,000290 9.9  0.000248 2857
19 0.000244 29.5 0.000271 30.1  0.000268 30.0
?P—(I)‘ = 0.000226 + 0.000018 e, (1) = 0.000281 + 0.000095
€, = 0.000294 + 0,000088 €,2) = 0.000258 + 0.000010

€
P

0.000306 + 0.000059

%6



TABLE 3 - Results of Least Squares Analysis of Dro

plet Concentration Data: d = 80u (cont.)

PLANE SOURCE | POINT SOURCE
Re z e, @ xf e, @) xi e, xf e, (2) xi
l

50,000 4 0.00128 2.6 0,00141 7.8 0.00135 2.3 0.00146 8.2
19 0,00193 15,1 0,00097 15.1 0,00111 15,2 0.00107 15.2

ep(l) = 0,00116 + 0,00012 gﬁ = 0.00123 + 0.00012

OB, 0,00119 + 0,00022 ;ﬁ = 0.00127 + 0.00020

p R L 0,00018 l P B - 0.00125 + 0.00016
100,000 4 0.0100 10,1 0,0134 4.6 0.00841 9.9 0.00962 4.6
194  0,0029  15.4 0,0036 7.7 0.00368 58 0.00403 7.7
4 0.0108 8.1 0.0143 5.4 0.00897 8.3 0.01070 5.5
194  0.0022  11.4 0.0034  33.0 0.00299 2 0.00407 32.2

P 0.0104 + 0,00028 ZpTl)' = 0.00869 + 0.000378

@ = 0.0138 + 0.00030 @ = 0.01015 + 0.000648

B 0.0121 + 0,00052 B - 0.00942 + 0.00171

% This data not considered. See Section 5.2.4,

S6
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the least squares fit to the point and plane source solutions to the

diffusion equation. A value of y2 is shown for each case. For each

droplet size and Reynolds number, the values of gp(l) and gP(Z) were

arithmetically averaged. These averages are presented as 5p(1) and

sp(Z). The quantity & is the lumped average diffusivity obtained for
each droplet size and Reynolds number.

One object of this study was to test the validity of the turbu-
lent diffusion model, as applied to droplet transport in fully developed
turbulent pipe flow. One implication of Taylor's statistical analysis,
as applied to particle diffusion, is that the particle diffusivity is
independent of distance downstream from a source of droplets. The dif-
fusivities extracted from the data should, therefore, be independent of
axial distance from the source. Variation in diffusivity from one axial
position to another, of generally less than 307 is apparent in Tables
to 3. For the case d = 100u and Re = 100,000, the variation of Ep with
z 1is quite marked. For reasons that are discussed in Section 5.2.4
the diffusivity data taken at z = 19 ft were discarded. Generally, how-
ever, the results reveal no consistent behavior of Ep with axial dis-
tance. The diffusivities are constant with axial distance to within
approximately 30%.

The data labeled ep(l) and ep(2) in Tables 1 to 3 are the diffu-
sivities extracted from the droplet flux traverses for the two sides of
the flux distribution centerline. The data are presented in this manner
because it was expected that the asymmetries in the mean velocity and
turbulent intensity distributions across the tube diameter should re-

flect similar asymmetries in the droplet concentration distributions.

As a consequence, it was expected that the diffusivity data should also
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reflect this asymmetry. The data reveal no such trend. Within the ac-
curacy of the experiment, the asymmetry in the air-flow distribution is
not reflected in a corresponding asymmetry in the droplet diffusivity
results,

Although the diffusivity data do not reveal asymmetries corre-
lating with the air-flow asymmetries, the values of E;TTT and E;?ET dif-
fer by as much as 35-40% for some of the data sets., This indicates that
asymmetries in the droplet flow field were actually present, These
asymmetries may have been caused by misalignment of the droplet injector
relative to the axis of the flow tube. Although care was taken to align
the centerline of the droplet distribution with the tube axis before
each experimental run, this was apparently not entirely successful.

The values of Ep presented in Tables 1 to 3 were obtained as a
result of fitting the droplet concentration data to the point and plane
source solutions: of the diffusion equation. It was expected that the
point source solution might not be accurate, since near the source the
droplets were accelerating to their steéhy—state velocity. In addition,
close to the source the injector perturbation was expected to be rela-
tively large. At 6.4 tube diameters downstream from the injector,
therefore, a plane source distribution was measured. At this position,
the droplets had reached their steady-state velocities. This measured
source distribution was used with Equation (3-8a) in the least-squares
fit to the droplet concentration data. The results indicate no significant
differences in the values of Ep deduced from the least-squares analysis

of the data to Equations (3-8a) and (3-8b). In addition, the values of
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2 calculated for each case, which represent a measure of the ""goodness
of fit" of the data to the theoretical model, reveal that the two curves
fit the data with nearly the same accuracy. The effects of the mismatch
of droplet and air velocities at the droplet injector, and the injector
perturbation, are either masked out by experimental uncertainties, or
are reflected equally in the Ep calculated using the two solutions of
the diffusion equation.

Figure 34 summarizes the diffusivity data. The particle diffu-
sivity decreases with increasing terminal velocity (or particle response
time). This supports the intuitive notion that heavy particles diffuse
less readily than light ones. The diffusivity increases with Reynolds
number, as the rms turbulent velocity increases.

The quantity €p/€f is the ratio of the particle diffusivity to
the turbulent mass diffusivity for molecular size species. It is a mea-
sure of the effectiveness of the turbulence in diffusing objects with
negligible inertia, as compared to its effectiveness in diffusing rela-
tively heavy particles. If ep/sf = 1, then heavy particles are trans-
ported by the turbulence with the same effectiveness as molecular size
species, and the inertial properties of the particles have negligible
influence on the turbulent diffusion process.

The diffusivity ¢ Was not determined in these experiments. The
quantity could be determined in the same manner as described here for
measuring Ep’ by replacing the source of droplets with a source of tra-
cer gas, and measuring the gas concentration downstream from the source.
The data in Table 4 were obtained from this type of experiment.(lg)

Figure 35 shows the guantity ep/éf plotted against the mean flow

Reynolds number. This ratio is roughly one for the 80u droplets
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TABLE 4 - Turbulent Mass Diffusivity Data(lg)
2
Re sf/DU0 ef(ft /sec)
25,000 10x10™" 0.0038
50,000 8x10~" 0.0060

100,000 8x107" 0.0113
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(ut = 0.56 ft/sec) and for Re = 100,000. This implies that when Re =
100,000, particles with terminal velocity less than 0.56 ft/sec behave
as if they have negligible inertia as far as turbulent diffusion is con-
cerned. These arguments should be taken in a quélitative sense only.
Measurements of €g> and additional measurements of € for u, < 0.56
ft/sec, should be made to establish the validity of the above comments.
Figure 35 indicates that the ratio ep/ef increases with the mean
flow Reynolds number, for the range of parameters considered here. As
discussed in Section 2.3.1, the linear theory of particle motion does
not predict a dependence of this ratio on Reynolds number. In addition,

29
the apparent trend is contrary to Peskin's theoretical prediction( )

L These investigations indicated

and Soo's experimental results.
that ep/ef decreases with Reynolds number.

The diffusivity results, replotted in Figure 36, reveal two ad-
ditional implications. For large particle terminal velocity, the ratio
ep/ef number, Ep/ef is a weak function of u, for small values of this
parameter. The linear theory, presumably valid for sufficiently small
u, predicts that sp/ef = 1. This trend is not evident from the data

in Figure 36. Further data is needed to clarify these points.

5.2.4 Droplet Concentration Data Compared with Diffusion Model Calcu-

lations

In Section 3.1.3, the diffusion model is proposed to describe
the transport of droplets in the central core region of turbulent pipe
flow. The diffusivity results presented in Figure 34 were used to cal-
culate the concentration distributions downstream from the source plane.
This calculation differs from that described in Section 5.2.2, in that a

single value of ep was employed to calculate the droplet concentration
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profiles at all radial and axial positions. To avoid biasing the re-
sults because of the experimental error in CMAX, the computation was
carried out using the least squares analysis(ag) with CMAX as the fit-
ting parameter.

Typical results are shown in Figure 37 to 39. The numerical
values of the ordinates in Figures 37 to 39 are actually the droplet im-—
paction count data. They are, however, proportional to the concentra-
tion and are labeled as such on the graphs. The units are arbitrary
since an absolute determination of concentration was not made. The
circles and squares represent data from the two sides of the probe tra-
verse. TFor each case, the first curve shown is the source distribution
S(r), and those following it are the concentration distributions (data
and computations) at positions downstream from the'source plane. Al-
though the asymmetries in the concentration profiles discussed previous-
ly are observed, the data generally agrees with the theoretical predic-
tion within +207%.

Figure 39(c) shows the fit of the data to the diffusion model
prediction for the case where d = 80u, Re = 100,000 and z = 19 ft. This
case is discussed in a previous section in reference to the large scat-
ter in the particle diffusivity data. The diffusivity data for this set
of conditions were discarded since it was suspected that a flow distur-
bance existed at z = 19 ft. The disturbance was probably caused by a
missing plug in the tube wall, resulting in a flow of air into the tube
at the site of the measurement.

In general, the diffusion model predicts the droplet concentra-

tion distributions to within +20%.
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