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ABSTRACT

A computer model, originally developed by Crowe at Washington State
University, which predicts the velocity of solid particles entrained in
a one-dimensional gas stream, is modified to improve its accuracy and
extend the range of velocity prediction. The program is also used ﬁo
demonstrate the effects that initial particle velocity and particle con-
centration have on velocity predictions. The accuracy of the model is
confirmed by comparing the theoretical predictions with experimentally
measured velocities of particles varying in size, shape and density.
For all cases where test data could be measured accurately, the theoreti-
cal predictions are shown to be in good agreement with the average expéri-

mental values.
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I. INTRODUCTION

Significance of Solid Particle Velocity Prediction in Erosion Research

The problem of erosion caused by solid particles in a gas stream
is of great importance in industri;l, naval and aeronautical applications.
The operation of gas turbine powered vehicles and helicopters in desert
areas or other solid particle polluted atmospheres, for example, has led
to severe erosion problems. Solid particles can also lead to erosion
causing losses in efficiency and a decrease in life in such units as
coal turbines and coai gasification plants.

The importance of coal energy conversion technology in our overall
energy picture requires that the mechanisms of erosion be thoroughly
investigated in order to establish component design guides and material
design criteria for the development of more economically efficient alloys
This was

and refractories. the primary motivation for the present work.

The process of erosion is a function of several variables. Early

experimenters expressed the

pressure or fluid velocity.

erosion may be divided into

determination of the number,

particles from the fluid flow conditions.

amount of erosion as a function of fluid
Finniel suggests that an understanding of
two major parts. The first part involves a

direction and velocity of the impinging

With this information avail-

able, the second part of the problem is a calculation of the amount of

surface material removed.

Others2

have added the temperature of the gas

and eroding particles as parameters to be considered.

Erosion occurs when particles are projected against a target causing

surface damage and removal of material.

The amount of erosion incurred



is dependent upon the angle at which the particles strike the surface
and their velocity. The velocity and direction of an abrasive particle
in a fluid, however, are not necessarily the same as those of the fluid.
In most erosion testers, for example, the particles travel a fairly
short distance in the high velocity gas before reaching the specimen
and their velocity will thus be only a fraction of the gas velocity.
This uncertainty in the particle velocity makes it iﬁpossible to corre-
late the results of different experimenters if only the fluid velocity

1,2,3,4 recent analytical predictions

is reported. For this reason, many
of erosion damage are expressed as a function of the particle velocity
and its angle of impact.

The angle of particle impact can be regulated experimentally5 by
placing a flat specimen at a predetermined angle directly below a one-
dimensional nozézle of a blast tester. However, the determination of

particle velocity, or more importantly, its accurate regulation for use

in erosion research is not so easily achieved.

Literature Survey

Several experimental techniques/have been used by researchers to
measure particle velocities. The most common methods utilized are
photographic techniques. Examples are: high speed photography,6
which produces streak photographs of single particles; double-flash
exposure,l’s’7 which produces photographs of single particles in two-
positions; and high speed cinematography,8 in which several thousand
frames per second are taken. Each of these techniques has the ability

to measure fairly accurately the particle velocity, as distinct from

the fluid velocity, but all are extremely time consuming and can become
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quite expensive. Moreover, these methods measure the particle veloci-
ties for only one set of particle and flow parameters. When a new con-
dition is imposed, the method must be repeated.

Due to the difficulty in physically measuring‘particle velocities,

3,4,9,10
many

researchers have either assumed that the particles are
moving at the same velocity as the gas or have created conditions.such
that this assumption‘is valid by using small particles»(*<100u) and in-
creasing the distance in which the particles are accelerated toward

the fluid velocity.

The analysis of gas-particle flow is complicated by the fact that
not only must the conservation equations account for the mass, momentum
and energy of each phase, but additional equations arelrequired which
relate the mass, momentum and energy transfer (coupling) between phases.
The problem becomes quite complex due to the fact that the coupling
equations involve several parameters such as particle size and density,
local pressure and temperature, etc.

Due to this complexity and the fact that this prqblem is basically
one of fluid mechgﬂics, erosion researchers interested in correlating

1,5,6,9

fundamental mechanisms of erosion with particle velocities have

previously relied on experimental techniques for accurate velocity

measurement or simply applied Newton's second law of motion to estimate

particle velocities, by assuming Stokes' Law is valid and that the

aerodynamic drag is responsible for particle motion,

More rigorous analyses of one-dimensional gas~particle flows have
recently appeared in the literature incorporating particle-gas coupling.

Kliegel,ll for example, has successfully applied this technique to



predict performance losses in rocket nozzles. Also, Tabakoff and
Hussein2 applied a similar technique to study gas-particle flow through
a cascade. These studies, however, were performed for specific applica-
tions and therefore do not specifically solve for particle velocities.
Moreover, the analysis is mostly theoretical and camnot be easily

adapted to solve for particle velocities in a typical erosion tester.

Scope of Present Study

The objective of this study is to develop an analytical computer
model of a gas-particle flow system which can consistently predict,
within experimental accuracy, the exit velocity of solid particles
entrained in a one-dimensional gas stream. The main purpose of this
program is’to gi&e erosion researchers an easy and efficient method of
controlling particle velocities, over a wide rénge of operating con-
ditions, as a function of the differential pressure across the nozzle
of an erosioﬁ tester.

A computer program for two~phase flow, incorporating the mutual
momentum exchange between phases, has recently been developed by Crowe12
at Washington State University. This program is used as a starting
point and, with appropriate modifications, is adapted to meet the
objectives of this study.

The basic program is first modified to accept input data which
describes the physical parameters of the test apparatus and establishes
the particle and gas properties being used.

The program is then further modified to improve its accuracy by
expanding parameters, expressed as constanﬁs, to variables utilizing

input data and other program variables. Several additional modifications
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are investigated, analyzed and adapted to further improve the accuracy
and extend the limits of computation or rejected when deemed insignifi-
cant.

Additional analysis is also presented to investigate the effect of
initial particle velocity and particle concentration on the exit parti-
cle velocity.

An erosion test device, originally developed by Sheldon5 is used
to feed particles into a gas stream which accelerates the particles
down the length of a small diameter tube as a function of an imposed
pressure differential.

The exit velocities of steel shot, glass spheres and silicon car-
bide particles ranging in size from 160y to 660y are measured, using a
dual flash photographic technique and a rotary disk technique which will
be described later; at several seiected pressure differentials between
0-15 psi. The particle concentration is also measured, for use as input
to the computer program, for all conditions in which velocity measure-
ments were made.

The exact conditions under which each velocity measurement was
made is the input for the computer program and the results of the theoret-
ical particle veiocity predictions are plotted as a function of differ-
ential pressure. The results of the experimental measurements are then
plotted on the same graph to illustrate the accuracy of the theoretical
predictions. Addi£ional comparisons are also presented which demon-
strate the effect of particle size and density and the effect of parti-

cle concentrations on the particle exit velocity.



II. THE COMPUTER MODEL

Introduction

A brief description of the type of modeling, the assumptions, and
the method of solution used in the basic computer program adapted for
this study, is presented here for background information. The computer
model, developed by'Crowe12 at Washington State University, is listed

in the Appendix in its original form.

Type of Modeling

This model, of a one~dimensional gas-particle flow system, was
developed using the conservative variable approach. The conservation
equations not only account for the mass, momentum and energy of each
phase, but additional equations are also incorporated to relate the mass,
momentum and energy transfer (coupling) between phases.

These coupling equations incorporate the equation of state, con-
vective heat transfer between particles and gas, wall friction, partiéle—
gas mass flow ratio, particle trajectory, aerodynamic drag on the parti-
cle due to its relative motion with repsect to the gas and several other
parameters, such as particle size and density, local pressure ana tem~ -
perature, etc. A summary of the basic equations used by Crow, his orig-

inal computer program and the modified program are given in the Appendix.

Assumptions

The following assumptions for gas-particle flow were utilized in
the derivation of the governing equations: 1)'The flow is one-dimen-
sional and steady state; 2) the flow rates of both the gas phase and

particles are considered constant; 3) there are no mass or energy



losses from the system; 4) there is‘no mass exchange between the
phases; 5) the volume occupied by the particles is negligible;

6) the particles do not interact; 7) the gas is a perfect gas of con-
stant composition; 8) the particle size is approximated by spheres of
uniform diameter; . 9) the particles are incompressible and have uniform
properties; 10) the specific heat of the particles remains constant;
11) the internal temperature of thé~particles is uniform and; 12) the
heat transfer between the gas and the partiéles is by convection only,

and is basically due to their mean temperature difference. These

assumptions are reasonable for most gas-particle flow in nozzles.

Solution Technique

The equations of gas-particle flow are solved using an iterative
solution technique. The step by step numerical solution is derived by
dividing the distance along the nozzle into a number of small increments
(cells) and formulating finite difference equations.

The program.is written to determine the final conditions, given
appropriate initial (inlet) conditions along with the prescribed exit
pressure of the gas. The inlet pressure and temperature of the gas and
the initial temperature and velocity of the particles are all prescribed.
An initial value of the gas velocity is guessed and used to evaluate the

*
momentum and energy terms in the first cell. Then, by means of the

*This solution technique was developed by Crowe and presented in his
notes (ref. 12) but was not included in his original program listing
in the Appendix. He simply incorporates the "correct'" initial gas
velocity in the program variables X, Y, & Z.



fiﬁite difference equations, the solution is carried out successively
down the nozzle by using the results computed in the previous cell to
obtain new results for the new cell. This procedure is repeated until
the exit cell is reached, where a comparison is made between the given
exit pressure and the calculated pressure. If the calculatéd pressure
is greater thaﬁ (or less than) the prescribed pressure, the guess of
the initial gas velocity is increased (or decreased) and the iterative
calculation scheme is repeated. When the difference between the cal-
culated and the prescribed exif pressures is less than a designated

tolerance, the computation is ended and the results at the nozzle exit

are printed out.



ITI. PROGRAM MODIFICATIONS

Introduction

The first objective of this study is to develop a computer program
designed to give erosion researchers an easy and efficient method of
controlling particle velocities over a wide range of operating condi-
tions. The basic computer model, developed by Crowe (see Section. II),
is used as a starting point and, with appropriate modificatiomns, is
adapted to meet -this objective.

The computer model developed by Crowe incorporates many of the most
sophisticated techniques known to date to model one~dimensional gas-
particle flow. Although the basic computer program (listed in the
Appendix) incorporates these techniques, it relies on empirically de-
termined input data which is valid only within the limits of the partic-
ular conditions to be investigated. This requires the user to have a
good estimation of the results to be obtained before using the program,
in order to determine the range of such parameters as the flow and
particle Reynolds numbers and the temperature of the gas, etc. Using
these estimations, the user must then hand compute several parameters
and input these as constants to the program.

In order to adapt the program to meet the objectives of this study,
modifications are implemented to produce a more general program which
only requires input to describe the test apparatus, the appropriate gas
and particle properties and initial conditions. Then, utilizing this
physical data the program intefnally computes the instantaneous fluid-

mechanic parameters in each cell and continually updates these parameters
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for use in expressions which are expanded as functions of these
"current" values. These modifications not only make the program more
general in scope and therefore more user oriented, they also improve the
accuracy of computation by using the results of instantaneous parameters
in pléce of constant approximations.

Several additional modifications are investigated, analyzed and
adapted to fﬁrther improve the accuracy and extend the limits of com-

putation, or rejected when deemed insignificant.

Modifications to Generalize Program

To generalize the program, parameters expressed as constants in
the basic program, which establish the initial mass, momentum and energy
conditions of the gas, are expanded into terms utilizing input data and
information contained within the program. The expanded variables are:

X = pu

+
y pgc Xu

2 = x[u’/2 + Ypg_/p(Y-1)].

i}

Where: u = initial gas velocity
p = initial gas density

p = initial gas pressure

8. = constant of proportionality in Newton's 2nd Law

Y specific heat ratio of the gas.

The necessary information contained within the program is;
(1) the initial gas velocity, which is guessed and modified as
appropriate (see Section II); (2) the coqstant_of proporﬁionality (gc)
which is 32.174 lbm—ft/lbf—sec2 or 1 kg—m/N—sec2 and; (3) the specific

heat ratio (Yy) and gas constant (R) which are established by the choice

of gas to be used.
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The input data necessary to compute these parameters are simply
the initial pressure and temperature of the gas, which immediately
establishes p and are used with the gas constant R to establish p.

These expressions were used by Crowe as dependent variables for the
derivation of the statement fuﬁctions VGF, DGF, PGF & TGF (see program

listing in Appendix).

Modifications to Improve Accuracy

The viscosity and thermal conductivity of any gas is extremely -
temperature sensitive. To enable this program to predict conditions
accurately over a range_of gas temperatures, analytical expressions
for the dynamic viscosity and thermal conductivity of the gas are gen-
erated as a function of its absolute temperature. The gas used through-
out this study is air, however the following discussion can be applied
to any perfect gas.

If a functional relation between two variables is not logarithmic
(or expotential) it can usually be analytically modeled as an inter-
polating polynomial in the form:

n

2
y = ay + a,x + a3x + + an+lx .

A good approximation of the dynamic viscosity (1) and thermal conduc—
tivity (k) of air in the range of absolute temperatures (T) of

460-1800°R (256-1000°K) can be generated for n = 2 in the above equation.
Using tabulated values of these properties at temperatures spaced through-
out the temperature range, a set of three equations with three unknowns

can be written in the form:
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[

2

= +
vy = ap tayx tagx
=a. +a.x, + a 2
Yy 1 2%2 3%2
2
3

y3 al + azx3 + a3x

Applying the tabulated data to the above equations, with y = k or
n and x = T, the numerical values of al,azv& ay can be calculated. The
results, computed for air as a function of the temperature in °R and

utilized in the program, are as follows:

[3.614E-02 + (1.753 E-04)T - (2.176 E-08)T>]10™%

—
]

1b_ /sec-ft
m

1.258E-03 + (2.78E~05)T - (3.813 E—09)T2 Btu/hr-ft-°R.

=~
Con

The Nusselt number (Nu) and the D'arcy-Weisbach friction factor
(f) are used to determine the heat transfer and shear stress respectively,
between the gas and the nozzle wall. Both of these expressions are
functions 6f the flow Reynolds number (Re). Due to the large range of
.Reynolds numbers encountered in the computation of this program, an ex-
pression fof Re was added along with the functional relations Nu = f(Re)
and £ = g(Re).

The flow Reynolds number is defined as:

Re = pV D/y.
g
Where: p = current density of gas
Vg = current velocity of gas
D = characteristic dimension (diameter of nozzle)

current dynamic viscosity of gas.

=
1l
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An acceptable relation for Nu = f(Re) for turbulent flow of gases
inside smooth tubes can be expressed as:
Nu = 0.023Re0'8.
A convenient relation for f = g(Re) for turbulent flow inside
smooth tubes is:
b
y = ax .
This power curve can be written as: In y = b 1ln x + 1n a and solved

as a linear regression problem. Given the data pairs {(xi,yi), i = 1,n}

the coefficients a and b can be determined as follows:

Iln Xi°ln vy - (Z1n xi-Zln yi)/n

2(1n xi)2 - (Z1n xi)z/n

o))
It

exp[Z(In yi)/n - b(Z1n xi)/n]

Choosing n-data pairs (Rei’fi) from the Moody diagram for smooth
tubes and inserting the results in the above equations, the coefficients
a and b can be determined. The results produced and utilized in the
program are as follows:

f = 3.051 E-01 Re 2-#63 E-OL
Only one expression for the coefficient of drag (CD) on the particles

is included in the basic program:

C. = 24(1 + 0.15Re 2"%%7y/Re .
D P P

Where: Rep particle Reynolds number

It

del(ug-up)l/u
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and: p = currént density of gas
dp = diameter of particle
I(ug-up)l = absolute velocity difference between gas and particles
M = current dynamic viscosity of gas.

This expression for CD corresponds fairly well with experimental values for
spherical particles, up to Rep = 700. The particle Reynolds numbers
typically encountered during computation, however can be much greater

than 700.

Several empirically determined expressions for CD have been compiled
by Boothroyd.16 Comparing these expressions with experimentally de-
termined drag coefficients at various particle Reynolds numbers, the
following expressions for CD(Rep) are adapted for use in the program,

over the range of Rep indicated:

C. = 24(1 + 0.15Re 0-87y/pe (0 <Re <200)

D p D

Cp = 21°9‘*16Rep-0'718 +0.324 (200 <Re < 2500)
- >

Cp = 04 (Re  22500).

Fach the above modifications successfully replaced the constant
or limited expressions used in the basic program, producing a more

accurate computer program.

Modifications to Expand Limits of Computation

With the modifications to improve the accuracy cbmplete, the com~
puter program was run, using wide ranges of particle parameters and
operating conditions, to check the stability of the program. For most
conditions tested, the program remained stable and produced reasonable
results. Two extreme conditions however, caused the program to become

unstable.
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When very small, low density particles [Coal Char: ~100 num;

60 lbm/ft3(0.96 gm/cm3)] were used in the program, it became unstable.
This instability occured when the calculated velocity of the parficles,
Vb, exceeded that of the gas, Vg' Sincg the particles are dribbled into
the high velocity gas stream and acceleratediby the gas, this condition
could never occur naturally.

A check was added to the program which set the particle velécity
equal to the gas velocity when Vp first exceeded Vg and then printed out
all of the results in each cell. The results from this check, using 50
cells for a 24 inch nozzle, showed this condition occured in the first
cell. The length of each cell, for this example, was 24 in/ 50 cells
or 0.48 in/cell, which greatly exceeds the concept of differential in-
crements, dx. This situation was later determined to be the source of
the instability.

To verify this conclusion, the number of cells was increased to
200 (0.12 in/cell). This allowed the previous example to run with no
instabilities, however when still smaller particles were used, the same
instability occured} An increase to 400 cells (0.06 in/cell) produced
a program which was stable for all particles of interest.

When large pressure differentials across the nozzle (AP > 25psi)
were tried in the program, it again became unstable. This condition
occured when the velocity of the gas exceeded the local speed of sound.
The velocity of a gas in a one-dimensional nozzle, hoﬁever, can never
exceed sonic conditions. When this impossible situation occured during
the computation, the argument (ARG) of the square root term in the state-

ment function VGF became negative.
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A check was added to the program which set the initial guess of
gas velocity to a lower value when ARG became negative. This allowed
the program to run at somewhat larger AP's without instability, by
keeping the initial gas velocity guess low enough, so as not to exceed
sonic conditions during the interation to find the initial gas velocity.
When large enough AP's were used which caused the exit velocity to
become sonic, no matter what initial Vg was guessed, an ihfinite loop
resulted.

In a one-dimensional nozzle, when the back pressure (exit pressure)
" of the flow is high enough (AP low enough), the flow will adjust itself,
so that the exit pressure of the flow matches the back pressure and the
flow is everywhere subsonic. This is the condition used in the iteration
scheme to find the initial Vg' As the back pressure becomes lower
(larger AP), the flow velocity increases more, until the back pressure
is low enough to cause the exit flow velocity to become sonic. The
nozzle is ﬁhen choked. Further decreases of the back pressure (even
larger AP) no longer effect the flow upstream and the exit pressure
is greater than the back pressure.

With this fact in mind, a change was added to the program which
allowed the check at the exit of the nozzle to be governed by the sonic
speed of the gas, instead of comparing the exit pressure in the
iteration scheme, producing an exit pressure greater than the back
pressure. This change allowed the program to be run at any pressdre
differential without instability.

Due to the high velocities that could now be achieved, a suggestion

17 .
from Crowe to account for Mach number effects, due to the relative
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velocity between the particles and gas, was adopted. This involves

multiplying the drag force factor by the team:

C = 1.65 + 0.65 tanh(2 In M) + 0.425 exp[-2.5(1n M/y)2].

Where: ~ Y = specific heat ratio of gas

M

lu —u_[/a
g P
and: |ug—upl=absolute velocity difference between gas and particles:
a = local speed of sound.

Modifications Considered but Deemed Insignificant

The program assdmes that the particles are sphefical in shape.
Irregular shaped particles, such as silicon carbide, have a greater
surface area per unit volume than for spheres of the same volume. For
this reason, techniques were investigated to determine an equivalent
spherical diameter for irregular shaped particles.

Two techniques were used to determine this equivalent diameter,
using +100-80 mesh silicon carbide particles. (lj With the aid of a
microscope, 100 particles were counted and placed in a container. These
particles were weighed to determine the average weight of each particle.
Then, dividing this weight by the particle density, the average volume
of each particle was determined. A diametex corresponding to this volume,
taken as a sphere, was determined. (2) Another @ethod was used to
determine the equivalent diameter by measuring the physical dimensions
of several particles from an electron microscope picture to determine
the average volume of each particle, and consequently its equivalent
diameter.

Both of these techniques produced equivalent diameters of ~160 to

180 um. The diameter of these particles, based on the mesh size of the
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sieves, was taken to be 160 um. The difference in particle velocities
computed for 160 um. and 180 um particles at several particle loadings,
was not significant enough to warrant this additional task of determining
an equivalent diameter. Much larger irregular particles ( > 500 pm) how-
ever, may produce a significant error.

The program uses the actual length of the nozzle for computation.
The effect of contraction from the mixing chamber into the_top of the
nozzle and the effect of expansion from the nozzle into the test chamber
(see Figure V-1 for arrangement of test apparatus) could cause additional
losses to the system. This condition was investigated by rﬁnning the
program and increasing the length of the nozzle slightly to produce an
equivalent length which would account for such losses. Small changes in
the length of the nozzle again produced insignificant differences in the
particle velocities to justify the determination of the actual losses
or adding a guess of an equivalent length for the losses.

It was noted in experiments performed by Sheldon5 that, as the
nozzleieroded, the particle velocities changed significantly. To check
to see if this condition could be caused by an effective increase in
nozzle diameter, the program was run using 160 um particles at constant
loading factors of 0.1, 0.5 and 1 for nozzle diameters of 0.175, 0.180
& 0.185 iﬁches. The results (all using the smooth tube friction factor
equation) showed that the particle velocities changed only about 3% for
any pressure differential at each loading. Therefore, increasing the
effective diameter of the nozzle to account for erosion of its sides,

was not justified.
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The contradiction.betwéen Sheldon's observations and the program's
calculations is probably due to the fact that, as the tube erodes, the
wall is no longer smooth and consequently, tﬁe D'arcy-Weisbach friction
factor (f) is effected. To eliminate this problem, the erosion of the
nozzle was checked periodically during testing and exchanged if deemed

necessary.
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IV. ADDITIONAL ANALYSIS

Introduction
In addition to the modifications presented in Section III, further
analysis is presented here to examine the effects of initial particle

velocity and particle concentration on the particle exit velocity.

Initial Particle Velocity

The time of flight of a particle through each differential cell of

~ R
the nozzle is defined as the length of the cell divided by the velocity
of the particle. 1In terms of the program variables, this relation is
expressed as:

DT = DX/VP(I-1). (Eq. IV-1)
Where I = the cell number.

Also, the particle velocity in each successive cell is equal to the
particle velocity'in the preceding cell plus a momentum source term due
to the particles. This momentuﬁ source term is the product of the time
of flight of particles (DT) and other terms involving the velocity dif-
ference between the gas and particles, drag force on the particles and
Stoke's constant. For the purpose of this discussion, the new particle
velocity can be expressed as:

VP(I) = VP(I-1)+DT*TERMS. (Eq. IV-2)

It can be seen’ from Equation IV-1 that, as the initial particle
velocity (VP(1l)) approaches zero, the time of flight (DT) approaches
infinity. This, by Equation IV-2, causes the particle velocity in the
second cell to also approach infinity. This cbndition causes the program

to become unstable. As the initial velocity is increased, the program
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becomes more stable and the exit velocity stabilizes to a value de~
pendent on the particles used and the differential preséure imposed.

As an example, Fig. IV-1 illustrates the effect of initial
particle velocity on the exit particle velocity, for 300 um steel shot
at differential pressures of 5, 10 and 15 psi. The point of stabiliza-
tion is seen to be approkimately 5 ft/sec over the pressuré range 0-15
psi. Other examples, using different particles and sizes, ﬁere run on
the computer producing similar results. Therefore, the initial particle

velocity was chosen to be 5 ft/sec for all computer predictions.

Particle Concentration -

A convenient parameter to express particle concentration is the
loading factor, defined for this study as the particle-gas mass flow
ratio. The gas flow rate is controlled by the differential pressure
imposed on the nozzle. Therefore, a constant particle flow will not
yield a constant loading factor or particle concentfation, over a
range of differential pressures. Conversely, a constant loading factor
represents a variable particle loading.

Increasing the particle concentration causes a decrease in the
system.momentum and energy. Therefore, the particle concentration, or
loading factor, effects the exit velocity of the particles. To examine
this effect, a computer run was made, using 130 pm silicon carbide at
constant loading factors of 0.5 and 1.0 gm/gm and over a differential
pressure range of 0 - 40 psi. Figure IV-2 illustrates these program

predictions.
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In order to determine how much the loading factor can effect the
velocity predictions, the éomputation illustrated is one in which the
conditions are extreme. The particles are very small and light (130 um,
3.20 gm/cmB), the loading factors are held constant (requiring an in-
creasing particle loading with increasing differential pressure), and
the differential pressure range is run beyond the 15 psi limits of the
testing equipment. These conditions illustraté,the largé differénce in
particle velocity which may result from changes in loading. 1In Fig;
Iv-2, at a differential pressure (AP) of 15 psi, a velocity difference
of .23 m/sec exists between the predictions for 0.5 and‘l.O gm/gm
loading factor and, for AP = 40 psi, a difference of .45 m/sec. If
the real loading factor for this particle is actually 1.0 gm/gm at
P = 15 psi and an assumed loading factor of 0.5 gm/gm is used for the
computer prediction, the results could be as much as 15% off or, at

!
P = 40 psi, as much as 207 off. For this reason, it was decided that
the loading factor can be an important parameter for accuracy in particle

velocity predictions and therefore, should be physically measured and

input into the program at each pressure differential to be tested.
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V. EXPERIMENTAL DETAILS

Introduction

The main objective of this experiment is to_verify the accuracy of
the computer predictions of the exit particle velocities. In order to
achieve this objective, accqrate values of all data needed as input to
the program have to be determined and controlled. A blast tesfer de~-
vice, originally used by Sheldon5 for his study of erosion éf brittle

materials, was adapted to meet this objective.

Description of Experimental Blast Tester

The basiec operation of this apparatus is similar to a sand blaster,
in which particles are introduced into a high velocity gas stream and
accelerated through a nozzle. A sketch of the basic components of this
tester is shown in figure V-1. Particles are placed in the pafticle
hopper and are dribbled through the feed tubes into the particle and
gas mixing chamber by agitating the hopper with an air actuated vibrator.
Carrier gas is conveyed to the particle and gas mixing chamber from a
pressure source. A pressure differential is imposed across the ends of
the nozzle due to the pressure of the carrier gas in the mixing chamber
at the top of the nozzle and, for subsonic flow, atmospheric pressure at
the nozzle exit. This pressure differential produces gas flow through
the nozzle. The particles entering the mixing chamber are accelerated,

through the nozzle, by the gas flow and exit into the test chamber.

Determination of Computer Input Data

Several needed input data are established by the choice of nozzle,

operating temperature, carrier gas, and particles used. The length,
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diameter and roughness of the nozzle are established by using a smooth
tube and physically measuring its inside diameter and length. All tests
are run at room temperature, therefore the temperature of the nozzle wall
and the initial temperatures of the gas and particles are taken to be
approximately‘ambient. The properties of the carrier gas are established
by using air, whose ratio of specific heats and gas constant are ﬁell
known, and whose viscosity and thermal conductivity are easily generated
as functions of absolute temperature. The particle diameter is determined
by sifting particles through.a series of sieves and published values were
taken for their density and specific heat.

Other needed input data are controlled by adjusting components of
the blast tester. The differential pressure, and consequently the gas
flow rate, is controlled by adjusting the gas pressure in the mixing
chamber and monitoring it with the nozzle pressure gage, as shown
in Fig. V-1. The particle‘feed rate is controlled by adjusting the air
pressure to the vibrator and noting its value on the vibrator pressure
gage, and by adjusting the inclination of the particle feeder and noting
the height A.

The final two input data needed are; the initial particle velocity,
which is chosen to be 5 ft/sec, and; the loading factor, which has to be

calculated.

Measurement of Loading Factor

The loading factor, as previously described, is the ratio of the

particle and gas mass flow rates, i.e.;

Loading = m /m .
P 8
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The mass flow rate of the particles, ﬁp, is adjusted by varying
their feed rate. At aﬂy fixed setting of vibrator pressure and hopper
inclination, the particle feed rate remains constant, no matter what the
pressure in the mixing chamber is. This is due to thelparticle hopper
being sealed from the outside environment and open only to the mixing
chamber. Therefore, the particle mass flow rate need only be measured
once for each change in particle, its size, or hopper setting.

The particle mass flow rate is determined by weighing the particles
collected in a containef over a timed interval. As an example, the
tabulated data for 280 ﬁm steel shot at a vibrator pressuré of 30 psig

and hopper inclination of A = 1.36 in. is shown in Table V-1.

Table V-1. Particle Mass Flow Rate Data

Méasﬁred Data ‘Calculated Resujts
Cup Time Weight (grams) Weight (grams) m,
{ (sec) Cup & Particles Cup Only Particles Only (gm/sec)
1 29.74 41.63 1.85 39.78 1.337
2 29.77 40.95 1.84 39.11 1.314
3 29.89 40.51 1.86 38.65 1.293

Average 1.315

The average ﬁp is seen to be 1.315 gm/sec or 0.174 lbm/min.

The gas mass flow rate, &g’ is affected by both the pressure of
the carrier gas in the mixing chamber and the flow rate of the particles.

Therefore, for each condition that a constant mp is measured, mg must
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also be measured, at each differential pressure for which a velocity
test is to be run.

The flow rate of the gas is measured by a flow meter gage in the
carrier gas line. With tﬁe particles flowing into the mixing chamber
at the constant ﬁp previously measured, the differential pressure,

AP, is adjusted to each value needed for the velocity tests. At each
AP sefting, the gas flow rate is recorded from the flow meter, along
with its local pressure from the flow meter pressure gage. See Fig.
V-1. The measured flow rate is then corrected to the true flow rate by

using a correction factor, K, to correct for local pressure.

True flow rate = K x meter reading

Pa + 14.7
where K=f———
P + 14.7
\ C
p, = Actual gas pressure at entrance to meter, PSIG
PC = Calibrated gas pressure for flow meter, PSIG

(PC = 70 PSIG for meter used)

The smallest reading of the flow meter used in this experiment is
3 SCFM. Therefore, tests run at a differential pressure of less than
approximately 3 psi cannot be read on the meter. To approximate the gas
flow rate at low AP's, the true flow rates, which are calculated from
the readings that can be read, are plotted on graph paper as a function
of differential pressure, and linearly extrapolated as shown in Fig.
v-2.

The gas mass flow rate, ﬁg, is now‘easily calculated by multiplying

the true flow rate by the density of the carrier gas at standard
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temperature and pressure (70°F, 1 Atm). Air is used as the carrier gas
in these experiments. The density of air at STP is: pair = 0.0748
3
1bm/ft .
The loading factor (ﬁp/ﬁg) is now easily computed at each AP. As
an example, the tabulated data for ﬁg and the calculated loading factors

for the constant &p used in Table V-1, are summarized in Table V-~2.

Measurement of Exit Particle Velocity

After all of the necessary input data for the computef program have
been obtained, the program can be run to predict the particle éxit
velocity. In order to verify the computer predictions, the average
velocity of the particles at the exit of the nozzle must be measured.

Two techniques are utilized in this study and are described below.

Photographic Technique

Figure V-3 illustrates the orientation of a dual strobe flash
unit and camera with respect to the test chamber. Circler metal plates
at both sides of the test chamber can be replaced with glass plates
when this set-up is used. With the camera focused on the nozzle exit
"and while particles are being accelerated through the nozzle, the shutter
release is depressed. Simultaneously, the dual strobe flash‘unit is
activated by means of a flash synchronizer, causing two flashes which
are pre-set from 5 to 100 usec apart.

The photograph thus obtained, shows particles at two positions in
‘time. The velocity of each particle captured on the film is then the
distance each individual particle has traveled, divided by the time be-

tween flashes. An average of many such particle velcoties, all measured



Table V-2, Gas Mass Flow Rate Data with Calculated Loading Factors
AP (psi): 1 2 3 4 6 8 10 15
Flow Meter Pressure (psig)  -——~ = ———m= - 72 71 69 68 67 66
Flow Meter Reading (SCFM) =  ——==s = ——eee 3.9 5.2 7.5 9.7 11.4 15.3
True Flow Rate (SCFM) (1.3t 2.6)% 3.9 5.2 7.5 9.6 11.2 14.9
ig (lbm/min) 0.097 0.195 0.292 0.389 0.561 0.718 0.838 1.115
Loading Factor (ﬁp/ﬁg)z 1.79 0.89 0.60 0.45 0.31 0.21 0.16

0.24

1 Bracketed values are approximated

2 Based onm = 0.174 1b /min
) m
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under the same operating conditions,is used to determine a particle
exit velocity.

Although this technique is straighforward in concept, its applica-
tion is both expensive and time consuming. In order to obtain a good-
approximation of the velocity, mény individual particles must bé photo-
graphed and each displacement measured.. Only a few particles.can be
captured on each photograph, in fact a significant percentage of photo-~
'graphs contain no particles at all! Since each photograph taken requires
completing an entire controlled test procedure, obtaining enough Aata to
measure particle velocities under several varying gonditions can indeed
become very time consuming. It is for this reason that only one of the
six particle velocity curves presented in this report is obtained using
this technique.

Rotary Disk Technique

A time-of-flight measurement method for particle velocity has been
developed by Ruff and Ives13 at the National Bureau of Standards. This
simple mechanical configuration allows the measurement to be made under
a wide range of equipment conditions. The time-of~flight of the parti-
cles is determined over a controlled path length between two rotating
disks.

Figure V-4A illustrates how the apparatus for this technique is
adapted for use with the blast tester used in this study. A pair of

metal disks mounted on a common shaft are caused to rotate directly

below the nozzle exit in the test chamber. The shaft is rotated by a
D.C. motor by means of a belt drive between aluminum pulleys of equal

diameter mounted on the motor and disk shafts. The speed of the ﬁotor,
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and hence the disks, is controlled by a variable D.C. power supply which
powers the motor. This speed is monitored by an electronic revolution
counter which counts the number of times a set screw on the motor pulley
passes a magnetic pickup, and digitly displays one-~hundreth of this
number per minute. To improve the accuracy of the read-out, ten set
screws are eveniy spaced on the motor pulley. Therefore, a reading of
300 repyesenfs 3000 RPM.

' Parficles, accelerated through the blaét tester under the conditions
for which their velocity is to be measured, exit the nozzle and impinge
on the top disk. A single radial slit in the top disk permits some
of the particles to pass through and eventually erode a mark on the lower
disk. Two erosién exposures are made, one with the disks stationary
and the other with the disks rotating at a known, constant velocity.
Measurement of the angular displacement between these marks gives a
measure of the time-of-~flight of the particleé as they cross the space
between the disks.v

The parameters used in this technique to calculate the average
particle velocity are illustrated in the sketch in Fig. V-4B. The time-
of-flight of a particle passing through the slit is L/Vp, where Vp.is
the average particle velocity. During this time, the disks will have
rotated by (L/Vp)v revolutions or (L/Vp)Zﬁv radians. This angular dis-
placement, expressed in terms of the parameters shown in Fig. V-4B, is
simply S/R radians. The average velocity of the particles is then given

by the relation:
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V_ = 2mRVL/S.
p
All duantities in this'éxpression can be measured directly.

In this study, polished brass disks 0.45mm thick are attached to
the top side of the bottom disk and are eroded by the particles that
pass through the slit in the top disk. The erosion mark thus produced
represents the velocity of all tﬁe particles passing between the two
disks, with the center of the mark répresenting the average velocity.
Unlike the photographic technique, which calculates each individual
particle velocity, this rotary disk technique efficiently determines
the average velocity of thousands of particles with one measurement.

The center of the erosion marks, however, may not always‘be easily dé—

" termined or accurately marked for measurement. Therefore, about three
separate sets of erosion marks should be taken, for each condition to

be measured, and the average of these '"average' velocities used as the
prediction or verification of the average particle velocity. Three sets
of erosion marks can easily fit on one brass disk by rotating the bottom
disk relative to the top disk until a new area is exposed under the slit.
Consequently, only one brass disk is required to measure the particle
velocity for each condition to be measured, saving both time and ex-

pense compared with the photographic technique.
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. VI. EXPERIMENTAL EESULTS'
Introduction
In order to verify the accuracy of the computer program to predict
the exit vglocity over a wide range of particle conditions, particles
are chosen which_vary in density, size and shape. The apparatus and
techniques described in the preceding sectionbare then used to experi-
mentally measure the loading factor and pérticle'exit velocity for each

group of particles under various equipment conditions.

Description of Particles

The particles used in this experiment were: Glass Spheres, Steel
Shot and Silicon Carbide (SiC). The choice of these particles was
dictated by availability and the fact that they present a wide range
of particle density (160 - 490 lb/ft3) (2.56 - 7.85 gm/cm3). Also of
interest is the fact that the Glass Spheres and Steel Shot are nearly
spherical, which the modeling assumes, and the SiC particles are mostly
angular in shape, which deviates from the modeling.

The size of the particles to be tested is controlled by: first,
ordering particles of a specified mesh size and then, sifting these
.particles through a series of sieves to limit their.variation in size.
As an example,'60 mesh Steel Shot was orderéd and sifted as follows:

A set of sieves was assembled, from the finest to the coarsest in
ascending order (42-48-60-65 mesh), with a collecting pan at the bottom
under the finest sieve. The particles were placed on the top sieve and
a solid cover was added to close the nested assembly, which was then
securely attached to a mechanical sieve shaker and shaken for approxi-

mately 15 minutes. The particles which passed through the 48 mesh

|
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sieve but did not pass through the 60 mesh sieve were saved and used
for testing. The openings in these sieves are 300 pm and 250 Um re~
spectively. The "average' diameter of these particleé wés then chosen
to be approximately 280 um.

The necessary ﬁarticle properties are readily found in the litera-
ture. Table VI-1l summarizes the particles used in ﬁhis experiment along

with their size range and physical and thermal properties;

Loading Factor Measurements

Section V demonstrated‘how the loading factor is measured and the
fact that, although the particle feed rate can be controlled and kept
constant for a series of tests, the loading factor is variable, depending
on the mass flow rate of the carrier gas at the pressure differential of
the test in progress. Therefore, loading factor measurements are made
for each change in test condition (i.e.: Type of particle, particle
size and particle feed rate) at each AP that a velocity test is to be
made. Table VI-2 summarizes the type of tests to be run and the cor-
responding loading factor at each AP setting.

These measurements are made utilizing the widest range of equipment
conditions avaiable. The maximum steady pressure obtaiﬁable in the
mixing chamber (AP) is about 18 psi. Therefore, all tests are run from
0-15 psi. . All particle loading measurements, except'for test #3, are
taken with the maximum particle hopper inclination (A) at 1.36 in (3.45
cm) and the maximum vibrator pressure of 30 psi. Test #3 is taken with

a lower particle loading to investigate the effect of particle concentra-

tion on the particle velocity. This test is run with an inclination of



Table VI-1. Particle Sizes and Properties

Particle Shape Size Dehsity Specific Heat Capacity
Type (mesh) / (um) (gn/en’)/(1b_/£t) (cal/gm°c)/(Btu/Ib+°F)
Glass Sphere ~Spherical +32-24/500 2.56/160 0.25/0.25
Steel Shot “Spherical . +28-24/660 7.85/490 0.12/0.12
+60-48/280
Silicon Carbide ~Angular +60-48/280 3.20/200 0.20/0.20

+100-80/160




Table VI-2. Loading Factors

Loading Factor (1b /1b ) or (gm /gm

Test Particle Size P & ' P g
# Type (um) (gm/sec)/(1b/min) 1 2 3 4 6 8 10 15
1 Glass Sphere 500 .15/0.153 .73 .90 .59 42 .28 .22 .19 0.14
2 Steel Shot 280 .31/0.174 .79 .89 .60 .45 .31 .24 .21 0.16.
3 Steel Shot 280 .11/0.014 .15 .08 .05 .04 .02 .02 .02 0.01
4 Steel Shot 660 ‘.32/0.307 .72 .96 .20 .85 .59 .46 .39 0.28
5 Silicon Carbide 280 .64/0.085 (.26 .63 s .33 .17 .13 .11 0.08
6 Silicon Carﬁide 160 .33/0.044 .54 .26 .17 .13 .08 0.06 .05  0.04

0

_gg...
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A'=1.13 in (2.87 cm) and a vibrator pressure of 20 psi. Lower
settings of inclination and/or vibrator préssure produces an unsteady

particle flow.

Results of Particle Exit Velocity Measurements

Two. techniques are used to measure the particle exit velocities:
(1) Photographic and (2) Rotary Disk. Due to the realitive ease of
measurement using the Rotary Disk technique as compared with the photo-
graphic téchnique, only the first test, using Glass Spheres, is”mea—

sured using the latter.

Photographic Technique

The velocity of Glass Spheres, run at the equipment settings at
which their loading factors were determined, is measured using the
Photographic technique. Several photographs are taken until at least
five clear sets of particles are captured on film for measurement.

For the velocity range encountered here, a delay between flashes, t, of
35 to 60 ysec produces particle displacements, d, of about 3.5 to 6.5
mm. The magnification of the photograph, m, is determined by measuring
the actual outside diameter of the nozzle exit and comparing it to its
image in the photoéraph. The velocity of the particles, Vp’ can then
be determined by the relation:

Vp = d/tm. (Eq. VI-1)

As an example, Table VI-3 lists the measurements and velocities ob-~
tained at AP = 6 psi. Results of the velocity calculations at the re-

maining differential pressures are shown in Table VI-5.



Table VI-3, Example of Photographic Technique Measurements

Magnification, m = 2,081

Photo Particle AP Displacement, d . Flash'Delay; t Velocity, Vp
# # (psi) (mm) (usec) (m/sec) /(ft/sec)
1 1 6 5.8 50 | 55.74/182.88
| 2 6 - 5.9 | 50 56.70/186.04
2 1 6 5.9 50 56.70/186.04
2 6 5.9 50 _ 56.70/186.04
3 6 6.2 50 ©59.59/195.49 %
R 6 | 5.3 _ 45 - 56.60/185.68
2 6 | 5.5 | 45 _ 58.73/192.69

Average 57.25/187.84
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Rotary Disk Technique

The remaining velocity tests using Steel Shot and Silicon Carbide
particles are made using the Rotary Disk Technique, at each coﬁbination
of equipment settings that their loading factors were determined. The
average particle velocities can be determined by use.of Equatidn V-3:

vp = 27RVL/S.

All quantities in this expression can be measured directly. First,
the distance I between the disks is set by relative‘placement of the
two disks on the shaft. Then, with the slit in the top disk directly
alined beneath the nozzle exit, particles accelerated by a AP = 10 psi
pass through the slit for approximately 10 sec and erode an index mark
on the brass disk below. Now, with disks rotating at a constant known
velocity, particles accelerated by the AP at which the test is to be
made, exit the nozzle and impinge on the top disk. Some of these parti-
cles pass through the slit and erode a second mark on the brass disk. This
procedure is repeated two more times on the same brass disk producing
three pairs of erosion marks to measure one velocity condition.

The brass disk is then removed from the test chamber and radial
lines are scribed through the "center'" of each erosion mark. An arc is
thén scribed between each pair of radial lines at an arbitrary distance R
from the center of the disk. The lengths R and S are then measured as
shwon in Fig. V-4B.

‘As an example, Table VI-4 lists the measﬁrements and velocitieé ob-
tained for 280 um Steei Shot at the loading conditions for test #2

‘and AP = 4 psi.



Table VI-4. Exarﬂple of Rotary Disk Technique Measureménts

AP Trial -Angular Velocity, v Disk Separation, L Radial Distance, R Arc Lengt.H,'S Velocity, V -~
(psi) # (RPM) / (RPS) (mm) / (in) : (mm) /(in) - (mm) /(in) (m/sec)/(ft/sec) -
4 1 3000/50.00 28.58/1.125 15.37/0.605 3.51/0.138 39.36/129.12 S
2 - 3000/50.00 28.58/1.125 15.77/0.621  '3.61/0.142  39.26/128.80 ’ ' o
3 3000/50.00 - 28.58/1.125 14.48/0.570 - - 3.30/0.130 39.36/129.14 =
Average 39.33/129.02 &
| &
w e
O
i

e
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A complete listing of all experimental velocity tests is summarized

in Table VI-5.



Table VI-5.

Complete List of All Experimental Particle Velocity Results

Test Particle Size Particle Velocity, V_ (m/sec)/(ft/sec)

# Type (1m) p

AP(psi): 1 2 3 4 6 8 10 15

1 Glass Sphere 500 22.71 32.03 39.17 46.32 57.25 65.35 72.31 81.96

74.51 105.09 128.51 151.98 187.84 214.41 237.24 268.89

2 Steel Shot 280 18.01 27.80 33.36 39.33 47.16 53.43 56.93 66.82

59.10 91.22 109.44 129.02 154.74 175.30 186.78 219.24

3 Steel Shot 280 19.97 30.26 35.76 41.49 48.62 55.33 59.86 69.97

65.51 99.27 117.31 136.12 159.53 181.53 196.40 .229.57

4 Steel Shot 660 10.74 17.28 21.72 25.57 32.03 36.55 40.82 47.02

35.23 56.70 71.26 83.88 105.07 119.92 133.92 154.26

5 Silicon Carbide 280 24.69 36.59 48.07 54.66 66.14 73.76 80.80 92.49

81.00 120.05 157.70 179.34 217.00 242.01 265.10 303.45

6 Silicon Carbide 160 28.87 44,38 57.04 66.37 82.65 91.17 99.20 115.92

94.71 145.59 187.13 217.74 271.15 299.12 325.46 380.31
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VII. COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

Introduction

The complete modified computer program, developed in Sections II
and III, is run inputing all necessary data described in Section V along
with the loading factors shown in Table VI-2. The computed particle
velocity predictions, thus obtained, are tabulated and compared graphi-
cally with the results of the experimental measurements. Also, the
variation in particle velocities, influenced by the major particle

parameters of size, density and loading, are individually investigated.

Program Predictions of Particle Exit Velocity

The modified computer program is run inputing all necessary data in
English Units. The information required by the program, necessary to
describe the exact conditions of each experimental test, is submitted to
the program in twb ways. Part of the information is inserted into the
main body of the program and the remainder is entered on data cards.

The types of information submitted internal to the program are:

(1) Variables with are a function of computed variables (the dynamic
viscosity and thermal conductivity of the gas which are functions of
the current absolute temperature and the nozzle wall friction which is
a function of the current flow Reynolds Number) and (2) Data which re-
mains constant for all types of tests to be run (the ratio of specific
heats and gas constant of the carrier gas (air) and the initial condi-
tions of the particle temperature and particle velocity).. The express-—
ions for the variables in (1) above are derived and listed in Section
I1I. The data used in this study for (2) above are listed below in

Table VII-1.
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Table VII-1. Constant Data Internal to Main Program

Program
Variable Description ~ Value Units
AK Specific Heat Ratio 1.4 ————
_ 1bf;ft
RGAS . Gas Constant 53.35 E;l‘:ai‘
TP(1) Initial Particle Temp 75 : °F
VE(1) Initial Particle Velocity 5 . ft/sec

The remainder of the input data is entefed on data cards. Each set
of data contains the information shown in Table VII-2 below. The data
with numerical values remain constant for all computer runs that are to
be correlated with the experimental measurements presented in Section VI.
The values of these data, however, can be varied for analysis as in
Section III and also for design purposes (see Section VIII). The data
without numerical values vary with the type of test being examined. |
Their corresponding values are shown in Tablés VI-1 and VI-2.

Using the input described above, the modified program is run to
predict the theoretical particle velocities. The results are listed in

Table VII-3.

Comparison of Theoretical and Experimental Results

The above theoretical results are compared graphically, as a func-
tion of differential pressure, with the values of the experimentally mea-
sured particle velocities listed in Table VI-5. By drawing a sﬁooth
curve thrqugh the program predictions and indicating the experimental

results as separate points, as illustrated in Figs. VII-1 through VII-6,
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Table VII-2. Data Card Input

Program

Variable Description Value - Units

DPRE Differential Pressure See Note 1 PSI

DDL Tube Length : 12 inches

TGASTF Initial Gas Temperature 75 °F

TWF Constant Wall Temperature 75 °f

DPM Particle Diameter See Note 1 microns

DIAI Tube Diameter 0.1875" inches

FL Loading Factor See Note 1 1b_particles
1b gas

DENP _ Actual Particle Density See Noté’l lbm/ft3

CCP Specific Heat of Particle See Note 1 Btu/lbm—°R

(1) DNumerical values are dependent on the type and size of particles,
and the loading conditions at selected values of AP. See
Tables VI-1 and VI-2 for numerical values.

a visual comparison can be easily made.

The graphs in Figs. VIf—l through VII-5 indiqate that the théoreti—
cally computed particle Velocity predictions provide a good estimate of
the actual (experimentally measured) particle velocities. The results
illustrated in Fig. VII-6 however, show larger deviations than experi-
enced in the other five tests.

In order to better compare thesevdeviations,‘the percent difference
between the theoretical and experimental results are compared, assuming
the actual average particle velocity is that which was experimentally
measured, and using the values listed in Tables VI-5 and VII-3. The

results are shown in Table VII-4.



Table VII-3.

Complete List of All Theoretical Particle Velocity Predictioms

Particle Velocity,vVp (m/sec) /(ft/sec)

Test Particle Size

# Type (um) AP(psi): 1 2 3 4 6 8 10 15

1  Glass Sphere 500 20.69 31.48 40.12 46.76 56.89 64.35 70.53 80.71
67.87 103.28 131.62 153.43 186.65 211.11 231.39 264.79

2  Steel Shot 280 17.88 ~ 27.10 33.46 38.62 46.44 52.66 57.68  66.51
58.67 88.92 109.79 126.72 152.35 172.78 189.24 218,22

3  Steel Shot 280 21.58 30.16 36.04 40.90 48.59 54.79 59.35 67.78
70.81 98.96 118.25 134.20 159.40 179.74 194.73 222.38

4  Steel Shot 660 11.15 17.43 22.38 26.38 32.34 36.93 40.42 47.28
36.58 57.20 73.43 86.54 106.26 121.16 132.61 155.13

5  Silicom Carbide 280 25.32  38.45 47.47 54.71 66.14 73.96 80.55 91.88
83.09 126.15 155.73 179.48 216.99 242.65 264.27 301.46

6  Silicon Carbide 160 35.09 51.52 62.73 70.91 83.70 92.68 99.62 111.25
115.13 169.02 205.80 232.63 274.61 304.06 326.83 364.98

_g'|7_



Table VII-4.

Deviation of Theoretical from Experimental Particle Velocities

Percent Diviation (%)

Test Particle Size

# Type (ym) AP(psi): 1 2 3 4 6 8 10 15
1 Glass Sphere 500 -4 -2 +2 0 0 -2 -2 -2
2 Steel Shot 280 0 -3 0 -2 ~2 -1+ 0
3 Steel Shot 280 +8 0 0o -1 0 o o -3
4 Steel Shot 660 +4 0 +3 +3 0 +1 0 0
5 Silicon Carbide 280 +3 +5 -1 0 0 0 0 0
6 Silicon Carbide 160 +22 +16 +7 +1 +2 0

+10

_9{7_
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The results in Table VII-4, for tests #1 - 5, show that the percent
diviation of theoretical from e#perimental results ranges from +87 to
-47% with the majority of the deviations being between +3%. Note that
the largest deviations occur at low pressure differentials, corresponding
to low particle velocities. This is probably due to the fact that ex-
periﬁental tests #2 ~ 5 are all made using the rotary disk technique.
Ruff and Ives13 state that the principal source of error using this
technique would probably involve the disturbing effects of the solid
disks on the flow pattern of the gas-particle mixture and would be most
noticable at low particle velocities.

The larger deviations shown in test #6 are probabiy due to ome or
more of the following reasons. (1) The particles used in this test are
160 um silicon carbide. These particles are the smallest size tested.
Khudiakov8 states that the smaller particles are forced toward the nozzle
wall tending to slow their velocity down. (2) At low pressure dif- |
ferentials, the effect of thé solid disks, explained above, disturb the
flow pattern. (3) These small, light (low density) particles, produced
the poorest (most dispersed) erosion pattern on the bottom disk. This,
in turn, made the determination of the '"center" of the erosion mark

difficult to establish.

Variation of Particle Velocities Due to Major Particle Parameters

Some of the results of the preceding particle velocity tests are-
combined in Figs. VII-7 through VII-9 to illustrate the variation in
particle velocities influenced by the major particle parameters of size,

density and loading.
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Tests #2 and 4 are combined in Fig. VII-7 to illustrate the effect
of particle size on particle velocity. Both tests are made using steel
shot, one with 280 Um particles and the other with 660 .pm. Although
the particle loading is nearly twice as great for the 660 um test, the
volume (and heﬁce weight) of each particle is over 13 times as greét.
Therefore, the predéminate difference between these tests is the particle
size. As expected, both the program‘and-the e#perimental results show
the smaller particles have a greater exit velocity than the larger
particles at.all pressure differentials.

In a similar manner, tests #2 and 5 are combined in fig. VII-8 to
illustrate the effect of particle density on the particle velocity. Thé
particles in both tests are 280 um in diameter, one being steel shot
(7.85 gm/cm3) and the other silicon carbide (3.20 gm/cm3). Again, as
expected, the program and experimental results show the lower density
particles have a greater exit velocity than the higher density particles.

Figure VII-9 combines tests #2 and 3 to illustrate the actual effect
of particle loading on the particle velocity. Both tests are run using
280 um steel shot. Only the particle loading, and hence the loading
factor, is different. |

As pointed out in Section IV, the loading factor (ﬁp/ﬁg) does not
remain constant with a constant particle loading (ﬁp) but varies as a
function of differential pressure (or ﬁg). Figure IV-2 illustrates how
drastic the particle velocities could differ if a constant loading fac-
tor is used. Figuré VII-9, however, shows that the difference in particle
velqcities is relatively small using constant particle loading, which

produces decreasing loading factors with increasing AP.
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Even though the velocity difference is small, the use of measured
loading factors in the program, produces a good correlation between
theoretical and experimental reéults at both loadings. This further
éubstantiates the importaﬁce of using accurate loading factors as input

to the computer program,
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VIII. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

Use of Verified Computer Program in Place of Experimental Measurements

A computer model of a one;dimensional two-phase particulate flow
system has been successfully adapted and modified, for use with one-
dimensional blast testers, to theoretically predict the exit velocity of
solid particles at low temperatures and pressures. Use of this experi-
mentally verified program eliminates the need to physically measure .
particle velocities, saving both time and moﬂey. An experimenter need
~only input the appropriate data to physically describe the equipment and‘
conditions of a test to be run, along with_the necessary loading con-
ditions, to obtain particle velocities within the accuracy of experimental

methods.

. Current Use of Program

In the research program, of which this study is a part of, the
mechanisms of erosion are investigated in order to establish material
design criteria for the development of more economically efficient alloys
and refractories. Three facets of this research project entail the need
for the computef program developed in'thié study.

The design of a new experimental blast tester was aided by the use
of this program. Given appropriate initial conditions, the optimum
length of the blast tube was determined, such that the final particle
velocity and final particle and gas temperatures would be within the range
of conditions to be investigated.

In the study of the mechanisms of erosion .conducted by McFadden14

and the effect of microstructure on solid particle erosion conducted by

Brassls, the velocity of solid particles had to be controlled, such that
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any chosen velocity could be obtained by making the appropriate ad-
justments to the equipment. This requirement was easily accomplished
with the aid of this program.

For any particle and any specified hopper inclination and pressure,
a loading test was run over a differential pressure span which would
produce particle velocities greater than those needed. With this in-
formation and other necessary input, the program predicted the particle
velocities as a function bf differential pressure. Now, for the con-
dition for which this program was run, any specified particle velocity

could be obtained by simply setting the appropriate differential pressure.

Recommendations for Further Research

Although the program modified in this study has parameters for
high temperature and high velocity, experimentation has not been performed
to verify its accuracy. One notable parameter, the compressibility
factor which expresses departures from the perfect gas law, has not been
incorporated. Tests run at high pressure ( > 15 psi) should definiteiy
account for this factor. Addition of this parameter and experimentation
at high temperature and pressure, should provide experimenters with a
powerful tool for particle velocity prediction in one-dimensional two-
phase flow.

The concepts developed here for two-phase flqw should be expanded
to the more common cases of two or three dimensional flow for the study
of particle velocities and trajectories at various locations in a flow
system. For example, this analysis could be of value in predicting

erosion in pipe bends.
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Figure VII-1. Theoretical - experimental comparison
Test #1: 500 um - glass sphere @ 1.15 gm/sec.



)]
\®)

PARTICLE VELOCITY, Vp(M/SEC)
»
®)

N
O

LI
-61-
| T T 1 T . T
~ PROGRAM PREDICTION
- O EXPERIMENTAL RESULTS
—250
—200
—150
— 100
— 50
1 1 1 | N [ i Jo

0 2 4 6 8 10 12 14 16
DIFFERENTIAL PRESSURE, AP (PSI)

XBL7710-6174

Figure VII-2. Theoretical ~ experimental comparison
Test #2: 280 um - steel shot @ 1.31 gm/sec.

Ve (FT/SEC)



PARTICLE VELOCITY, Vp (M/SEC)

80

-62-

| T T l [ T [
—— PROGRAM PREDICTION
| O EXPERIMENTAL RESULTS
—250
—200
o
—H100 &
: ~N
-
W
>f
—100
—~50
] ] I ] ] ] 1 0

0 2 4 6 8 10 - 12 4 16

-DIFFERENTIAL PRESSURE, AP (PShH
XBL7710-6173
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Figure VII-4., Theoretical - experimental comparison

Test #4: 660 um - steel shot @ 2.32 gm/sec.
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Figure VII-5. Theoretical - experimental comparison
Test #5: 280 um - silicon carbide @ 0.64 gm/sec.
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Figure VII-7. Variation of particle velocity with particle
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APPENDICES
BASTC EQUATIONS UTILIZED BY CROWE

Nomenclature
CD drag coefficient of particles
CPp specific heat of gas at constant pressure
Cp specific heat of particles
D &iameter_of nozzle
dp diameter of particles
dt differential time
dx differential length
F drag force foactor: CD°Rep/24
f D'arcy-Weisbach friction factor
h enthalpy:' [y/(v-1)1(p/p)
k thermal conductivity of gas
Nu Nusselt number of‘gas flow in nozzle: 0.02.3Re'8

Nup Nusselt number of gas flow around sphere: 2 + .37Rep'6

p  pressure of gas
R gas constant
Re flow Reynolds number: puD/u

Re article Reynolds number: p d (u-u )/
P P v PP P) H

T temperature of gas

Tp temperature of particles
Tw constant wall temperature
u gas velocity

up particle velocity

Y specific heat ratio of gas
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P density of gas
pp density of particles

u dynamic viscosity of gas.

The basic equations of fluid mechanics, thermodynamics and heat
transfer that were utilized by Crowe in the derivation of the computer
model are listed here for background information. The parameters with

an asterisk (*) are determined by techniques presented in Section III.

Gas Only

The continuity, momentum and energy equations for inviscid, adia-
batic compressible flow in a one-dimensional duct can be written as:

pu = const

fl

p + pu2 const

pu(h + u2/2) const.

The f;urth equation necessary to complete the set is the equation
of state:
P = PRT.
Also, assuming the gas is calorically perfect:

h=CT.
P

~ The effect of wall friction reduces the momentum of the gas:

d 1 2

2 *
_(P=pu_)=-‘2"fpu

dx /D.

The heat transfer between the gas and the wall of the duct, effects

the energy of the gas:
* %
ANQ k (TW—T)

D2

L foum + v’/ -
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Extension to Gas-Particle Flow

The gas will accelerate a particle by aerodyﬁamic drag forces at the
expense of losing momentum in the same direction. The coupling equation

necessary is the particle-trajectory equation:

*

%
. dup ) CDRep ] 18y (amn )
dx 24 2 p’
o d
Pp

The heat transfer between the particles and the gas effect the
energy of the system. The coupling equation necessary is the particle

time-temperature equation:

*
dTP ) 6k

C ——
pp dt p

(T—Tp)»



ANU

CF

cp
DEN
DIA
DF
. DGF

DG(I)

DL
DT
DX
FFAC

HTC

NI
NUM
PGF

PG(I)

PNU
PRE

QFAC
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NOMENCLATURE FOR BASIC PROGRAM

' Specific heat ratio, Yy: 1.4 for air

Nusselt number based on particle Reynolds number, Nup

Skin friction coefficient, C D'arcy-Weisbach friction

factor (f)/4 £
A . 2 2 o

Specific heat of particle, Cp (m" /sec -°K)

Initial gas density; pg (kg/m3)

Diameter of nozzle, D (m)

Drag force factor, F: CD°Rep/24

Statement function to update gas density (kg/m3)

Gas density, p , in cell i (kg/m3) For I = 1; initial gas
density &

Length of nozzle, L (m)

Time of flight of particles through each cell, dt (sec)
Differential length of cell, dx (m)

Factor in momentum "sink" term

Factor for particle heat transfer (m2/sec3~°K)

Cell number indicator

Nothing

Number of cells

Statement function to update gas pressure (N/mz)

2
Gas pressure, p_, in cell i (N/m) For I = 1; dinitial gas
pressure &

Nusselt number based on flow Reynolds number, Nuf
Initial gas pressure, pg (N/m2)

Factor ﬁor heat transfer between gas and nozzle wall
(kg/sec™-°K)

Particle Reynolds number, Rep



RGAS
TC
TC
TCC
D
TGAS
TGF

TG(I)

TP(I)

VD
VEL

VG(I)

VGF

VP(I)

YG(I)

ZG(I)
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Factor used in particle Reynolds number (mz—sec/kg)

Gas constant, R: 287 (N-m/kg-°K) for air

Thermal conductivity of gas, k (W/m—°K)

(TC used twice) TFactor, quotient of T1/F (sec)
Stokes constant, T (sec)

Temperature difference between gas and particles (°K)
Initial gas temperature, Tg (°K)

Statement function to update gas temperature (°K)

Gas temperature, T , in cell i (°K) TFor I = 1; dinitial gas
temperature & :

Particle temperature, T , in cell i (°K) For I = 1;
initial particle tempergture

Constant wall temperature, Tw (°K)
Velocity difference between the gas and particles (m/sec)
Initial gas velocity, Vg (m/sec)

Gas velocity, V , in cell i (m/sec) For I = 1; dinitial
gas velocity

Statement function to update gas velocity (m/sec)

Particle velocity, V_, in cell i (m/sec) For I = 1;
initial particle velbcity

2
Equation of mass for the gas (kg/m -sec)
Initial momentum equation for gas (kg/m—secz)

: 2
Momentum equation for gas at cell i (kg/m-sec”)
For I = 1; initial momentum equation for gas

Initial energy equation for gas (kg/sec3)

Energy equation for gas at cell i (kg/sec3) For I = 1;
initial energy equation for gas
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CROWE'S BASIC PROGRAM: GAS ONLY

// JOB(,3), 'CROWE',CLASS=A
// EXEC WATFIV
//GO.SYSIN DD #
- $JOB
C THIS IS A CLASS PROBLEM FOR ME 549-TWO PHASE FLOW
DIMENSION VG(50),VGO(50),DG(50),PG(50),YG(50),2G(50),TG(50),
1CHYG(50)
VGF(AK,Y,X,Z)=(AK*Y)/( (AK+1.)#X)#(1.~SQRT(1.-2%(AK#*#2.]1,)
1%Y%Z / (AK*Y ) #%#2) )
DGF(X,VEL)=Y/VEL
PGF(X,VEL,Y)=Y-X*VEL
TGF(DEN, RGAS, PRE) =PRE/ (DEN#*RGAS)
RGAS=287.
AK=1.4
X=33.75
Y¥=500506.25
2=26253796 .43
VEL=VGF(AK,Y,X,2)
DEN=DGF( X, VEL)
PRE=PGF(X,VEL,Y)
TGAS=TGF(DEN,RGAS,PRE)
CPF=.002 '
TC=.0566
PHU=507.
DL=6.
DIA=.3
NUM=50
NI=0 A
DX=DL/FLOAT(NUM-1)
FRAC=2#CF*DX/DIA
QFAC=TC*PNU*4*DX/DIA##2
VG(1)=VEL
DG(1)=DEN
PG(1)=PRE
YC/1)=Y
L 2G(1)=2
TG(1)=TGAS
DO 50 I=2,NUM
YG(I)=YG(I~1)-FFACH*DG(I~1)*YG(I=1)%*2
2G(I)=2G(I-1)~QFAC*#(TG(I-1)~TW)
VG(I)=VGF(AK,YG(I),X,2G(I))
DG(I)=DGF(X,VG(I))
PG(I)=PGF(X,VG(I),YG(I))
50 TG(I)=TGF(DG(I),RGAS,P&(I))
WRITE(6,1) (VG(I),DG(I),PG(I),TG(I),I=1,NUM)

1 FORMAT(' : VELOCITY DENSITY PRESSURE
1 TEMPERATURE'//(4(2X,F13.2)))
STOP
END
$DATA

//
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CROWE'S BASIC PROGRAM: GAS-PARTICLE FLOW

JOB (,3),'CROWE',CLASS=A

/ EXEC WATFIV

//GO.SYSIN DD #*

$JOB ,

C THIS IS A CLASS PROBLEM FOR ME549-TWO PHASE FLOW
DI%EN§ION VG(50),TP(50),DG(50),PG(50),¥G(50),2G(50),TG(50),
1VP(50 .
VGF(AK,Y,X,2)=( AK*Y) /( (AK+1,)#*K)%(1,-SQRT(1,-2%(AK#¥2-1,)
1#X#Z/(AK#Y) #%2) )
DGF(X,VEL)=X/VEL
PGF(X,VEL, Y)=Y-X#VEL
TGF(DEN, RGAS, PRE) =PRE/(DEN#*RGAS)
RGAS=287.
AK=1.4
X=33.75
Y=500506.25
2=26253796.43
REC=6,097
TCC=,532
HTC=1080.
CP=1025.
VEL=VGF(AK,Y, X,2Z)
DEN=DGF(X,VEL)
PRE=PGF(X,VEL,Y)
TGAS=TGF(DEN,RGAS, PRE)
CF=.002
TC=,0566
PNU=507.
ITW=573.
DL=6.
DIA=.3
NUM=50
NI=0
DX=DL/FLOAT(NUM~1)
FFPAC=2#CF*DX/DIA
QFAC=TC*PNU#4#DX/DIA%*2
VG(1)=VEL
DG(1)=DEN
PG(1)=PRE
YG(1)=Y
2G6(1)=2
TG(1)=TGAS
VP(1)=5.
TP(1)=973.
DO 50 I=2,NUM
DT=DX/VP(I-1)
TD=TG(I-1)-TP(I~1)
VD=VG(I-1)=-VP(I-1)
RE=REC*DG( I~1)#ABS(VD)
DF=1.+.15%RE#*¥*, 687
TC=TCC/DF
ANU=2,+.3T#RE®#,6
YG(I)=YG(I-1)~FFACH*DG(I=1)*VG(I~1)¥**2-2%X#DT*VD/TC
2G(I)=2G(I-1)~-QFAC*(TG(I~1)~-TW)-2#X*DT*ANU*HTC*TD
VP(I)=VP(I~1)+DT#VD/TC
TP(I)=TP(I-1)+ANU*HTC*DT#TD/CP
VG(I)=VGF(AK,YG(I),X,2G(I))
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DG(I)=DGF(X,VG(I))
PG(I)=PGF(X,VG(I),YG(I))
50 TG(I)=TGF(DG(I),RGAS,PG(I))
WRITE(6,1) (vG(I),DG(I),PG(I),TG(I),TP(I),VP(I),I=1,NUM)

1 FORMAT(' VELOCITY DENSITY PRESSURE
1 TEMPERATURE  PART TEMP  PART VEL'//(6(2X,Fl13. 2)))
STOP
END

$DATA
/
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NOMENCLATURE FOR MODIFIED PROGRAM

AK = Specific heat ratio, 7Y: 1.4 for air

ANU = Nusselt number based on parficle Reynolds number, Nup

AREA = Cross-sectional area of nozzle, A (ftz) (mz)

ARG = Argument of SQRT term in statement function VGF

AT = Coefficient a; in thermal conductivity expression

AU = Coefficient ay in gas viscosity expression

BT = Coefficient a, in thermal‘conductivity expression

BU = Coefficient a, in gas viscosity éxpression

C = Factor for Mach number effects between particles and gas

CCP = Specific heat of particle, Cp (Btu/lbm~°R) (J/kg-°K)

CF = Skin friction coefficient, Cf: D'arcy-Weisbach friction factor
(£)/4

cp = Specific heat of particle, Cp (ftz/sec2—°R) (m2/sec2—°K)

CT = Coefficient ag in thermal conductivity expression

CU = Coefficient a3 in gas viscosity expression

DDL = Incremental length of nozzle, dL (in) (cm)

DEN = Initial gas density, pg (lbm/ftB)(kg/m3)

DENP = Actual density of particles, pp (lbm/ft3) (kg/mB)

DIA = Diameter of nozzle, D (ft) (m)

DIACM = Diameter of nozzle, D (cm)

DIAI = Diameter of nozzle, D (in)

DIF = Differential pressure, AP (psi) (N/mz)

DIFP = Differential pressure, AP (lbf/ftz) (N/mz)

DF = Drag force factor, F: CD-Rep/24

DGF = Statement function to update gas density (1bm/ft3) (kg/m3)



DG(I)

DL
DP
DPM
DPRE
DT
DX
FFAC
FL

HTC

NI
NUM
PGF

PG(I)

PNU
PRE

PRED

PREF

QFAC
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Gas density, p , in cell i (lbm/ftg) (kg/mg) For T = 1;
Initial gas dengity

Length of nozzle, L (ft) (m)

Diameter of particle, dp (ft) (m)

Diameter of particle, dp (um)

Differential pressure increment, AP (psi) (N/mz)

Time of flight of particles through each cell, dt (sec)
Differential length of cell, dx (ft) (m)

Factor in momentum ''sink" term

Loading factor, ﬁp/ﬁg (lbp/lbg) (gmp/gmg)

Factor for particle heat transfer (ft2/sec3-°R)b(mz/sec3*°K)
Cell number indicator- Main program

Cell number indicator- Output

Differential pressure increment multiplier

Nozzle length increment multiplier

Data card input counter

Indicator set if particle velocity exceeds gas velocity
Number of cells

Statement function to update gas pressure (lbf/ftz) (N/mz)

Gas pressure, p., in cell i (lbf/ftz) (N/mz) For I = 1;
initial gas preSsure

Nusselt number based on flow Reynolds number, Nuf
Initial gas pressure, pg(lbf/ftz) (N/mz)

Acceptable tolerance for differeace betyeen calculated and
actual exit gas pressure (lbf/ft ) (N/m”)

Actual exit gas pressure (lbf/ftz)(N/mz)

Factor for heat transfer between gas and nozzle wall
(lbm/sec3—°R) (kg/sec3—°K)



QSTP

RE

REC

REP

RGAS

TC
TCC
TCl
TD
TGAS
TGASC
TGASF
TGF

TG(I)

TP(I)

TR

TWC

Ve

VD

4
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Flow rate of gas at standard temperature and pressure
(ft3/sec) (m3/sec)

Flow Reynolds number, Re

Factor used in particle Reynolds number (ftzsec/lb )
(mzsec/kg) m

Particle Reynolds number, Re

Gas Constant, R: 53.35 (ft—lbf/lbm—°K) or 287 (Nm/kg-°K)
for air

Thermal conductivity of gas, k (ft—lbf/ft—Sec—°R) (W/m-°K)
Stokes constant, T (sec)

Factor, quotient of T/F (sec)

Temperaturé difference between gas and particles (°R) (°K)
Initial gas temperature, Tg (°R) (°K)

Initial gas temperature, Tg (°c)

Initial gas temperature, Tg (°F)

Statement function to update gas témperature (°R) (°K)

Gas temperature, T , in cell i (°R) (°K) For I = 1;
initial gas tempergture

Particle temperature, T , in cell i (°R) (°K) For I = 1;
initial particle tempergture

Conversion from(°K) to (°R) of gas temperature for use in
interpolating polynomials in S.I. program (°R)

Constant wall temperature, Tw (°R) (°K)

Constant wall temperature, TW (°c)

Constant wall temperature, Tw (°F

Check for local speed of sound in gas: 0.99a (ft/sec)
(m/sec)

Velocity difference between the gas and particles
(ft/sec) (m/sec)

Initial gas velocity, Vg (ft/sec) (m/sec)




VELL
VELU

VG(I)

VGF
VISK

VP (1)

YG(T)

Z

ZG(I)

Numerical
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Lower limit of velocity guess (ft/sec) (m/sec)
Upper limit of velocity guess (ft/sec) (m/sec)

Gas velocity, V , in cell i (ft/sec) (m/sec) TFor I = 1;
initial gas velBcity

Statement function to update gas velocity (ft/sec) (m/sec)
Viscosity of Gas, p(lbm/sec—ft)v(kg/sec—m)

Particle velocity, V_, in cell i (ft/sec) (m/sec)
For I = 1; dinitial Barticle velocity

Equation of mass for the gas (lbm/ftz-sec) (kg/mz-sec)

Local Mach number, M, based on velocity difference between -
gas and particles

Initial momentum equation for gas (1bm/ft—sec2) (kg/m—secz)

Momentum equation for gas at cell i (1b /ft—secz)
(kg/m—secz) For I = 1; initial momentum equation for gas

Initial energy equation for gas (1bm/sec3) (kg/sec3)

Energy equation for gas at cell i (1b /sec3) (kg/sec3)
For T = 1; initial energy equation for gas

Constants

777.649

32.174

3.14159

The mechanical equivalent of heat, J (1bf—ft/Btu)

Constant of proBortionality in Newton's 2nd Law
(lbm-ft/lbf—sec )

Pi, w



]

G

g b 0«9 90 o 2 )

= g

o MODIFIED PROGRAM LISTING: ENGLISH UNITS -81- ]
CROWES
) PROGRAM CROWES(INPUT,0UTPUT)
C SILICON CARRIDE PARTICLES=280 MICRUNS +60~48sW/LOADING VARTATIUNS
o DIMENSION VG(400),Dr(aoc)9Pb(400)vYG(éoo)9ZG(400);TG(4on)a
1VP(400) sTP(400)
C STATFMENT FUNCTIONS
VGF (AKs Yo X9 Zs ARGT = (pK#Y) /{TAK* 1) ¥A)# {1, =SORT (ARG))
o DGF (Xs VEL)=X/VEL —— I
POF (XoVEL s Y) = {Y=X#VE) /326174 o
TGF (DENIRGASIPRE) ZPRE/ (DEN®RGAD)
PRINT 1
Ks COEFFICIENTS FOR INTERPOLATING PULYNOMIAL TO DETERMINE VISK3VISK(R)
. [o FOR AIR, o
Y4 AU=3.6138n079RE=02
83 BU=1,75335507E~=0%
) CUz==2,1759808]11FE-08 ‘
C COEFFICIENTS FOR INTERPOLATING PULYNOMIAL TO DETERMINE TC3TC(R)
C FOR alIR.
56 AT=1,257804164E-03
60 BT7=2,784865154E.095
61 CT==3.,813387944F=0g
C NUMBER OF STATIONS PER LENGIH UF 1URE
63 NUM=600
C GAS CONSTANTS
64 A=) .4 -
65 RGAS=53.35%
C INPUT OO LOOP
67 DO 15 M=1,8
71 READ 2090PRESDDL s TGASF s TWF o OPMYDTA T, FT
112 READ 25+:DFNPCCP
122 CP=CCP#777.643%324174
124 TGAS=TGASF+46n.
126 VP(1)=50 -
130 PRINT 30snPMsVP (1) enTalsFL
144 DIA=zDIAL/12.
146 AREA=3.14159%D1a®*%2/4.
C DIFFERENTIAL PRESSURE DO LOUP
1581 DO 14 K=1,1
182 DIFP=DPRE#K®146,
154 DIF=DIFP/144,
I8¢ PRINT &0, 0TF
C TURE LENGTH DO LOOP 3 N
163 D0 13 L=1,1
165 DL=DDL*L/12,
C FIND GAS VELOCITY To PRODUCE UESIKRED PRESSURE DROP -
167 PRED=DIFP/100,
7 PREF=2116,225 -
173 PRE=PREF +DIFP
178 VELL=n,
175 - DEN=PRE/ (RGAS®#TGAS)
{1 VELU=SURT (14232 1769RGASHTGAS)
. 205 VEL=(VELL+VELU) /2. -
207 VISK={AU+RU*TGAS+*CUsTGAS#ET ¥, 0001 -
215 RE=VEL*DIA®DEN/VISK
217 CF=3.0511R7564E~01%pE*¥=2,463091378E~01/4, -
224 PNU=,(23%RE“%,8
230 X=DEN#VEL )




CROWEg

232 YZPRE#324174+X*VEL -82-
T3S T T T T Tz aX e (VE ¥ w272 v AKEPRERIZ VT A7 ((AKST Y2 DENY)
C CHECK FOR NEGATIVE ARGUMENI OF SQUARE ROOT
246 ARGEY o =2, # (AKB¥ 5T )Y FXFL/ CAREY TR
2%3 IF(ARGeGTNe) GO TO 3
“’w”"256””““*“’“IF(KQGTEE}ﬁIT”VECUéVEE””“”““”“”“‘””“”
2¢1 GO T0 2
262 T TVELEVGF (AK, Yy X3 ZyARG) T I
27?2 DEN=DGF (X, VEL)
g PREZPCF X VELSY) :
277 TGAS=TGF (DEN9RGASIPRE)
303 TC= (AT eBTaTGAS+CTHTGAS#E2y#TTT+649/3600, N
310 TW=TwF+46n,
C ADD PARAMETERS FUR GAS=PARTICLE FLOW
312 DP=DPM*400003937/12,
314 REC=DP/VISK
316 TCC=NENPH#DPE#2/ (18 ,8V]ISK)
321 HTC=6,4TCu32174/ (DENP#DP#&2)
324 NI=D '
3725 DX=DL/FLOAT (NUM-1)
330 FFAC=2#CF#DX/DIA
T dEE T T T T QR ACEIZ ST TARTCRBNUR X/ IAREY
341 TP(1)=535,
3473 VG(IT=VE(
344 DG(1)=DEN
3486 PGTIT=PRE
347 YG(1)=Y
351 IG(I=Z
- 382 TG (1)=TGAS
C INCREMENTYNG DU CO0P
354 D0 19 I=24NUM
B 1Y - R K1) VAL A S K B
360 TO=TG{I=1)=TP(]I=1)
362 [F{NT.ETL Yy G0 1078
364 VD=VG(I=1)=VP(I=1)
366 IF(NT.EQ,r) GO TU &
367 GO TO 6
C MACH NUMAER EFFECTS
367 6 XM=ABS(VD/(SQRT(1e4#32¢ 174®5343521G6(1=1))))
375 c=1. 65+.65aTANH(2.uALUG(XM))0.425ﬁExP(“?”SWTLLUG”XM/T.a))*52) T
416 REP=RECUNG(I=1) #ABS (VD)
TTTTeRETTTTTTTTIF(REPLLEL260,) GO TO S -
425 IF (REP.LE.25004) DF=(21496410"REPR®»,7]18¢,324) #REP®C/24,
4490 Ir (REPCGT 2%6— D¥ -.KWEWC/Z“.
446 G0 Y0 7
44T S UFE(T ¥ IC¥REPFEEBTIHC N
456 GO T0 7
556 6 VOET,
457 DF=1.
462 T TCIETCC/DF
464 ANU=2,%¢374REPRH 46
472 YOIV EVG(I~1)-FFACEDG (I~1) FVE{T=-17#ad=FEX#HTa VU7 TC
5n2 ZG (1) =2G(1=1)=RFACH(TG(I=1)=TW) =FLEX*DT*ANURHTC#*TD
513 TF(NT.EJ+y) GO 1O 8
515 VP(1)=VP(1=1)+DT®V0/TCl -

S22

g1 P"“(‘TT&-.—TP‘“('I":I_)"TK NUSHTC#UT#TU/CP




CROWES

C CHECK FOR NEGATIVE ARGUMENT OF SQUARE ROQT -83-
TTTT827 ARG=1e=24% (AKB#D=] o)y #X¥ZG ([ / (AKRY L (])) #&2 ’ T
537 . IF (ARG4GT,0.) 60 TO 9 e .
541 IF (ARG LF,0,) VELU=VEL ‘ ” ’
544 GO 1o 2
545 VG(I)=VGF (AKyYG (1) o% s ZG (T 9 ARG) T
560 DG(I)=DGF (X VG (Y)) e ~
564 PG(I)=PGF (X4 VGIT)IaYr (1))
570 TG(I)=TGF (NG (1) sRGASsPG ()]
TTTEYE T T T TV ISKE TAUSRUSTETT VRTUE TG (TT I, 004y T
603 REC=DP/VISK
TTTTERG T T T TTYCCEDENPE AP ER I (1B EVISKY T T T o B
607 RE=VG(I)*pIA#nG (L) /VISK
612 CF=3. 001 TRTS64E-0I*REFH=2,40309137T8E=(G17/4, -
617 PNU=,023%#Rp#%,8
623 TC=(AT+BTaTG () +CTETG (1) ## 27971 T 64573600
63] HTC=64%TC#324174/ (DENPRDP#%2)
635 FFAC=24CFaDX/DT1A
641 QFAC=32.176%TCRPNURLEDX/DIARR2
647 TF(NI.EQe1) VP{D)IZVG(I)
C SET INDICATOR IF PARTICLE VeLOCIIY EXCEEDS GAS VELOCITY
653 IF (VP (11 .GT VG(T)) NI=1
657 10 CONTINUE
662 VC=SaRT{1.4%32.1 14¥RGASHTG(NUMI ) #499
667 IF (VG (NUM) ,GT,VC) Gn TOU 11
674 IF(ARS (PG (NUMY=PREF) LELPKEDY 60U TU 11
700 IF (PG(NUM) (LT,PREF) VELU=SVEL
Ta4d IF (PG (NOM) ,GT, PREFY VELU=VEL
711 GO TO 2
A V- YT CONTINUE
712 QSTP=VG (NUM) ®AREA#DG (NUM) /4075
(o] CONVFRT OUTPUT TO INPUT UNTTS™
716 D0 12 J=1¢NUM
776 PG(JV=PG (JI 7188, =T4,696
730 T6(J)=TG(J) =460,
731 TPT{IY=TP () =460, T
732 12 CONTINUE
T3 T T PRINT A VG INUMY s VP (RNUMT y GSTFyRE TG TNUM) y TP{NUMY s DG (NUMY y PG (NUMT
7164 13 CONTTYNUE _
766 T4 CONTINUE
770 15 CONTINUE _ -

1 FORMAT (1H])
20 FORMAT(7F10.3)

25 FORMAT(2F10.3)
30 FORMAT(2Xo#PARTICLE DIAMEIER®oF 10e39# (MICRONS) #/2X9#INTJTIAL PARTIC

22X #L0OAD FACTOR®3F18,3//)

1LE VELOCITY*,Fln.3,a(Fr/saC)ozcx,v!uaﬁ“DIAMETER».F10 & (YNCHEST &7

"6 FORMAT (2X,#DIFFERENTIAL PHEbbUHE°c?lnoSQG(PSI)“//2X9“GAS VELOCITY®

19SX9#PARTICLE VELOCITYR93Xs®FLUN RATE®9OX s *FLOWHs11Xo#GAS TEMP®eT7X

T 29¥PARTICLF TEMPR37X, “DtNSITY”/4X9’(FT/SEC)“oler“(FT/SEC)“!llX!“(C

JU=FT/SEC) 245X #REYNOLDS NR.«.SA,*(PAHRLNHEIT)».SX,#(FAHRENHEIT)°-

46X % (LBM/CU=FT)a//)
50 FORMAT(3X3F944310X91F9:4913X9FHe4911X9Fb, 0911X, FB.399X!F803|11X'FS°_

772

14/72X4F10,77)
END




MODIFIED PROGRAM LISTING: S.I. UNITS

- _ —84— PO
CRCKES& -
PROGRAM CROwEe(INPUToOUTPUI)
T T T UTSILICON CARBIDE PARTICLES=280 MICHONS» +60-48yW/LOADING VARIATIUNS
_ B DIMENSION VG(400)sDG(400) 9PGL400) 9YG(400)12G(400)9TG(400)
1VP(400) TP (400)
C STATEMENT FUNCTIONS _
VGF(AK:Y,XoZvARG)«(AK“Y)/((AK*lo)“A)“(1.~SQRT(ARG))
_ DGF (X VEL)=X/VEL
PGF (Xy VEL s YYSY=X?VE] o
TGF(DEN;RGAS;PRF)-PPE/(DEN*HGA:)
PRINT T A
c COEFFICIENTS FOR INTERFPOLATING PULYNOMIAL TO DETERMINE VISK=VISK(R)
T C FOR ATIR.
51 AU=3,613800798E-02
52 BU=1,7953368507TE~0%
54 ClU==2,175980811€=08
T COEFFICTENTYS FOR INTERPOLKTTNG"PUCYNUMIKE‘Tﬁ“ﬁETEWﬂrNE“TC—Ic(RI
C FOR AIR.
1 - T AT=1,257TRn4164E-03
s7 BT=2.,784865154E=05
60 CT==3,813387944E=09
c NUMBER OF STATIONS pER LENGIH UF [UBE
LY NUMEEH0
C GAS CONSTANTS
63 AK=]144
64 RGAS=287.
o] INPUT DO OGP
66 DO 15 M=1,8
T0 READ ZOODPRF9DDL9TGA§CWTWC~UPH?UIECﬁ.FC“
111 READ 2S+DENPsCCP
TPV T CPECCP
122 TGAS=TGASC+273
124 VP (IT1=T.57
126 PRINT 30,DPMyVP (1) ,DIACM,FL
143 DIAETTACH /71007 )
145 ARFAz3,14159#01a%%2 /4,
C DIFFERENTYAL PRESSURE DO LUOUF
1850 DO 14 K=1,1
15T DIFP=NPRE®K
152 DIF=01FP
154 PRINY 47 OTF
C TURE LENGTH DO [ O0P
161 DO 13 L=T1,1
163 OL=DDL*L/100,
C FIND GAS VELOCITY 710 PFU"UCE'UESTWEU“PRESSURE DROP
16% PREO=NIFP/100,
167 PREF=101325,981
170 PREFPREF+DIFP
171 VELL=0.
172 DEN=PRE/ (RGAS®#TGAS) N
175 VELU=SQRT (1 44%RGASH#TGAS)
202 2 VEL={VELL+VELU) /2,
204 TR=YGAS#®9,/%,
206 VISK=) s4pp2% (AU+BURTR+CURTR®#2)%,0n0]
214 RE=VEL®DTA#DEN/VISK , o
’ 217 CF234051187564E-01%nE*®=244630913/8E=01/4,
223 PNU=,023%REws '8 .




W4

CRAWEg :
227 X=DENHVEL -85~
R TV ERREEX SV B} R
© 233 Z=X# (VEL##2/2,* AK#PRE/ { (AK=14 ) ®DEN) )
Y ol CHECK FOR NEGATTVE ™ ARGUMENTOF SUUARE ROOT AN -
242 ARG=1 =2, % (AK## 2= 1.)*X*l/(AK*Yi*“d
"'"”ZSGW““‘”“W‘IF(APG.GT.bTT*GG'TO 3 o )
253 IF (ARG, LF O.) VeELU=VEL
B TGO T (B e e T e -
257 3 VEL=VGF (AKsYeX9Z9ARR)
BT Y A TTDENEDGE (X, VEL) -
271 PRE=PGF (XyVELY) A
274 TGAS=TGF (DENYRGASIPRE) i
300 TC= 1.7296*(AT*BT“TR¢CT*TR““d)*177.649/3600q
306 Tw=TWC+273.
ADD PARAMETERS FOR GAS=PARTICLE FLOW
310 DP=pPM/ 1,406 .
312 REC=DP/VISK
314 TCC=0ENPHQPRED/ (18, 8VISK) T
N7 HTC=6e%#TC/(DENP#DP#a2)
328 NT=0
322 DX=NI /FLOAT (NUM=1)
325 FFACS2%*CF&DX/DIA
331 . QFAC=TCaPNU&4s0X/DIAnn?
335 TPIIT=2G96,.§
337 VG (1)=VEL
T340 T DGV EUEN
342 PG(1)=PRE
3413 YG (1) =Y
345 ZG(1)=Z
346 TG(IY=TGAS
INCREMENTING DO LOOP
350 DO In (22, NUM
357 DT=0X/VP(I-1)
354 TO=TG({I=1)=TP(I=1)
356 IF(NI.EQs1) GO TO 6
380 VO=VG{I-1y=VP{I=I)
362 IF(NI«EQ.n) GO TO 4
343 GO TO0 6 _
MACH NUMBER EFFECTS
363 XM:ABS(VD/(SﬁﬁTTTTZKﬁGKSWTUTT:TTYYY
372 C=1,65+,65aTANH(2,#AL0G(XM) ) ¢ ,4259EXP (~2,5% (ALOG(XM/]1,4) ) #82)
413 REP=REC¥DG(T=-11#ABS (VDT ;
417 IF(REP.LF,200,) GO TO 5
¢“2“~““‘“‘“TFTWEP“EE*2SU““T“UF‘TZT_QGTEVREPV°*:7ISTZBZZT*PEP’CYZE
435 IF(REPGT,2500e) DF=,4%REPH#C/2%,
'Y %] 6O 10 7 . .
444 DF=(1.*.15*REP°b3687)*C
453 GO TOo 7 ,
453 VD=0,
4cé OF=1,
457 TCi=TCC/OF .
461 ANU=2,+437%REPTH46
467 YG(I)=YG(I=))=FFACkpnGg{l=1)®ViE (L~ 1)““2'FL“X*DT*VD/TC1
477 IG(IY=ZG6(T~ 1)-UFAC*(TG(I-l)-TW)-?EWX#DTJKNUEHTchﬁ
510 IF(NI.EQ41) GO TO 8

512

VPUI T =VP{TI=1)+DT®VD/TC1




fﬁbtiﬁ'

517 8 TP(I)=TP(T=1) ¢ ANU¥KTC®*UT#TD/CP -86-
T CHECK FOR NEGATIVE ARGUMENT Or SGUARE ROOT -
So4 ARGE | 4 =248 (AK#¥0m] ) #XRZ2G L)/ (AKHYG(])) 882
534 IFIARGGT,0.) GO TO § 7 -
536 IF (ARGoLE,0s) VELU=VEL
&2 60 10 ELY=VEL ) e
542 9 VG(I)=VGF (AKs»YG (1) 9X3ZG (1) »ARG)
Tregs DG(I) =0GF (X VG (1)) -
__56) PG(I)=HGF (XsVG(])aYa(I)) o

565 TG(I)=TGF (DG (1) 4yRGAS,PG (1)) - . )
573 TR=TG(1)%9,/5, o )
574 VISK=1,48R2% (AU+BU#TR+CUTR®#2)#,0001 o
602 REC=DP/VISK
603 TCC=DENP#DP##2/ (1844VISK)
606 RE:vG(I)*DIAéoG(I)QMISK
611 CF=3,0511R7564E=¥RE¥¥=2863091378E=01/45
616 PNUS,n23%Rgw# 8B
622 YC=1.72964 (AT+BTeTRACT#TREWZTRTTT+64973600 i
630 HTC=6,#TC/ (DENP#DP#82)
634 FFACs24CFeDX/0TA
640 QFAC=TCopPNU#4eDX /D] pun2
645 AF(NTJEUYT VPTTTEVGTTT

C SET INDICATOR IF PARTICLE VELOCIIY EXCEEDS GAS VELOCITY
651 IFOVPTIY L GTL. VG (TTY NI=T
655 10 CONTINUE
660 VC=SART (] .4 ¥RGASFTG (NUM) T #4979
665 IF (VG INUM) .GT Ve) GO TO 11
672 IF (ARS (PG (NUM) =PREF) S LEZPRED) "GU TU Y]
676 IF(PG(NUM) LT.PREF) VELU=VEL
762 IF (PG INUMY . 6T PREFT VELLEVEL
T07 GO To 2
“To 11 CONTTINUE
710 QSTP=VG{NUM) *AREA®*DG(NUM) /1 ep

C CONVERT QUYRUT TO INPUT UNTTS
714 DO 12 J=1¢NUM
72?7 TG(N=TG(J) =273,
723 TP =TP(J))=273,

TTTTT24 7T T2 CONTINUE

725 PRINT S04VG(NUM) VP (NUM) , USTP, KE s 1G (NUM) o TP (NUM) s DG (NUM) 9 PG (NUM)
7e7T T3 7 CONTINUE
761 14 CONTINUE
T8I T 15 CONTINUES T

1 FORMAT(1H))

2T FORMAT (7F16.3)
25 FOPMAT(2F10,3)

JO FURMATUZX %P ARTICLE DIAMEIEH"OFIO 30“fMIC'RUN'Sf"72XO"I'NTTI"A'LWF’KRTIC ""
1LE VELOCITYs,Fln.3, u(M/StC)f/dX olUBE DIAMETER®,F1043, Q(CM)*/

ZZXy¥LOAD FACTORSTF1AL377)
40 FORMAT (2X,#DIFFENERTIAL PRESSUKEs,F12+3,2(N/SQ= M)b//zx.aﬁAS VELOCI

ITY“’5T—‘VARTTC[F"VEIUCTTYF)BX.“FEUW RATE®vOXyBFLOWS s TTX s #GAS TEMP®
207Xy #PARTICLE TEMP®, 7Xy8DENSITY#/9X g8 (M/SEC) @y 12Xy 8 (M/SEC) 12K+ 8 (

3cu»M/SEC)o,SX7'ﬁEYNotUs"NR,@?SXT#WCENTIGQAUET¥WSX.vTCENYIGWAUErf“T“””
4Xee (KG/CU=M)#//)

0 FORMATI3X s F9ea 10X 1F9,av13X9F6ea s [TIXsF6.09 11X sFBe399X9FBe3910X9F 6.
14/2XsFBe3/) -

765

END
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