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ABSTRACT

A numerical solution procedure has been developed for solving one
phase, gas-only flow or fully coupled, gas-particle two phase flow in
axisymmetric or two-dimensional geometries. The numerical basis of the
present research is a time-dependent, unsplit, explicit, second-order
accurate MacCormack finite difference scheme. Some special numerical
techniques are developed to ensure numerical stability. The finite
difference scheme has been used to solve the Navier-Stokes equations
for the interior of the flow domain and an integral method is incor-
porated into this program to treat the turbulent boundary layer
regimes. In order to evaluate the program, the results are compared to
physical phenomena and evaluated on the basis of basic physical prin-
ciples.

The purpose of the present work is to serve as a method for pre-
dicting both one and two phase flow in nozzles, especially those of
solid fueled rocket motors. However, it is the primary objective of
the present study to investigate the behavior of one and two phase flow
passing through the combustor outlet, nozzle, and channel inlet of the
Coal Fired Flow Facility, which is an MHD power generation system being
developed at The University of Tennessee Space Institute for the United
States Department of Energy. The results of the study indicate the
level of gas-particle coupling in flow acceleration devices such as
nozzles, and the differences that can be expected between two phase and

single phase gas flows.
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CHAPTER I

INTRODUCTION
Two Phase Solid Rocket Nozzle Flow

There are many problems of engineering importance that require the
numerical solution of compressible two phase exhaust flow in ducts and
nozzles. One example of an important problem is the exhaust gas from a
solid propellant rocket motor. Solid propellant rocket motors burn
aluminized propellants that form particles of aluminum oxide which pass
into the atmosphere with the exhaust gases by expanding through a noz-
zle. The aluminum powder in the combustion chamber increases the tem-
perature and helps to stabilize high frequency combustion instability.
However, an undesirable effé;t of the aluminum is the creation of alumi-
num oxide particles in the exhaust which contribute an inefficiency in
the expansion process in the propulsive nozzle. The inefficiency is due
to the condensed A1203 particles that do not accelerate at the same rate
as the gaseous combustion products. Also, the temperature of the con-
densed particles do not decrease as rapidly as that of the flowing com-
bustion gases. From the above discussions it is necessary to know the
behavior of the particle laden gas expanding through the nozzle in order
to predict, evaluate, or design solid rocket motor performance. This
problem has received attention in the past, for example, a computer
program (SPP) for predicting such flows, has been discussed by G. R.
Nickerson et al [1]. However, the general problem still exists today,
that of predicting such flows with a minimum amount of empiricisms, and

with a sufficient degree of accuracy.



Two Phase Flow in CFFF

The problem of critical interest in the present study is a two
phase flow that starts as a plasma generator in the primary combustor of
the Coal Fired Flow Facility (CFFF) which 1s a coal fired, magnetohydro-
dynamic power generation system currently being developed by The
University of Tennessee Space Institute for the United States Department
of Energy. Schematically, the MHD open cycle test train at the CFFF is
shown in Figure 1. The plasma generated by burning seeded (K2C03)
pulverized coal with preheated oxygen-nitrogen gas mixture, is hot
(3000K) and contains vaporized and condensed slag material. In this
combustion system, particles of slag form and pass down the flow train
with the plasma expanding through a nozzle to high subsonic or low
supersonic speeds. The flow rate of the combined coal/seed mixture for
this facility is normally 1.0 to 2.0 1bm/s. The gas/slag mixture leaves
the channel after doing work against the magnetic field, which work is
partially extracted in the form of electrical energy, and then the gas
enters a diffuser which slows the flow down to moderate, subsonic speeds
and increases the gas static pressure to about 1 atmosphere.

In the above process, there are several areas of concern. First,
for gas diagnostic purposes, it is necessary to provide theoretical
estimates of the particle and gas fluxes and properties in the flow
leaving the nozzle and entering the power extracting MHD channel.
Second, it is necessary to understand how the gas—particle coupling
affects the basic performance of the nozzle as a flow acceleration

device. Third, it will be necessary to perform parametric studies of
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the effects of different nozzle inlet particulate concentrations and
thermodynamic states on the flow in the channel for interpreting the
MHD channel behavior. Fourth, it may be necessary to predict the per-
formance of the diffuser where its integration with downstream equip-
ment may cause problems due to the presence of particles that impinge

with relatively high velocities on heat exchanger tubes.

Review of Previous Related Work

In order to understand previous research efforts on this problem,
several research papers were studied and evaluated. A comprehensive
review of gas-particle nozzle flows before 1962 was presented by Hoglund
[2]. This paper presented the two phase flow theory, experimental
studies, and discussed the one-dimensional approximations provided by
early studies. Kliegel [3] calculated the coupled, one-dimensional gas
particle behavior for an inviscid gas and obtained a particularly simple
solution by a "constant lag"” analysis. Improvements in the theory which
overcame one-dimensional approximations were made by Kliegel and
Nickerson [4] who showed that the inviscid two-dimensional, gas-particle
equations are hyperbolic and can be solved by the method of charac-
teristic in the supersonic region of nozzle. Other descriptions of two
phase flows were provided by Rudinger [5], Zucrow [6] and Peters [7].
These papers contained comprehensive reviews. In recent years, numeri-
cal methods have been broadly applied to the complicated sets of
governing equations for such flows. Regan, et al [8], and Jacques,
et al [9] use an iterative technique to solve two-dimensional, axisym-—

metric flows. Both were limited by a numerical method based on the
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assumption of fixed gas phase streamlines, which is not always true due
to the particle effects and nozzle configurations. Chang [10] presented
a time—dependent finite difference technique that solved both one and
fully coupled two phase nozzle flows. The "conservative forms” of the
conservation equations for the gas and particle phases were solved by a
MacCormack finite difference scheme and coordinate stretching was used
to achieve a "boundary-fitted-coordinate system" which generated a rec-
tangular grid in a computational plane.

C. T. Crowe [11] has recently provided a complete review of numeri-
cal models for dilute gas-particle flows. Several different models have
been mentioned in the literature and can be categorized according to
coupling ("one-way" or "two-way"), dimension (one-dimensional, quasi-
one-dimensional, or two dimensional) and approach (two-fluid or traject-
ory). For subsonic flows, both two-fluid and trajectory models are dis-
cussed. From the discussion of Crowe, the advantages and disadvantages
of those two models are summarized as follows. The two—-fluid model can
be easily extended to multi-dimensional flows and incorporate particle
diffusion effects. However, the treatment of the numerical instabili-
ties, numerical diffusion and large storage requirements for multiple
particle sizes are difficult to surmount. The trajectory approach can
be thought of as the "natural” solution scheme, and storage requirements
for multiple particle sizes are not excessive. However, particle
dispersion must be incorporated through an empirical diffusion velocity
or more expensive Monte Carlo methods. M. DiGiacinto, et al [12] used a

two—fluid model to solve for dilute gas-particle flows. Two important



parameters (particle loading ratio and Stokes number) are used to para-
meterize the results. By using a time marching implicit scheme
described in reference 12, the application to a sudden restriction duct
flow was presented. From their study, one concludes that the one-way
coupling may be appropriate for small values of loading ratio and large
values of Stokes number. However, two—way coupling is necessary for the

larger value of loading ratio and lower value of Stokes number.

Objective of the Present Work

The purpose of this study is to demonstrate a numerical procedure
which can predict the physical properties and physical phenomena of gas-
particle internal flow., Considering the work of previous authors, it
was decided to formulate a fully coupled, gas-particle numerical model
using a finite difference approach similar to the one Chang [10] had
used. Although this method falls under the type of approach called
"two—-fluid"”, it is important to point out that the derivation of the
governing equations only depends on sufficiently high particle number
densities. The particle phase is not treated as a fluid (see Appendix
A). The formulation of governing equations and several assumptions
required to set up this model are given in Chapter II. All empiricisms,
such as drag coefficient, Nusselt number and related turbulent boundary
layer relations are explicitly addressed at the outset before any flow
field is calculated. The details are described in Chapter 1I. The
numerical treatment, which includes some special techniques to achieve
numerical stability, identification of the "limiting particle

streamline”, and viscous—inviscid interaction ideas, is also presented




in Chapter III. After completing the theoretical formulation, two sets
of geometrical configurations are studied in Chapter IV. The results of
conical nozzle flow are compared to those of Chang's paper [10] in order
to evaluate the present computer code. Several data are obtained for
the two phase flow in CFFF. 1In the last chapter, concluding remarks and
recommendations for future research are included.

In the present research program, the model is computationally
intensive and therefore expensive to apply to certain problems, that is,
to problems with difficult geometry, large particles, or both of these
effects. Nevertheless, the method offers the possibility of achieving
answers or solutions wherein both gas and particle mass, momentum and
energy fluxes are resolved to any degree of precision and global conser-
vation by merely running the program to more and more iterative solution
steps. This is extremely important if nozzle thrust degradation is to
be predicted accurately. As is the case for all computational fluid
dynamic algorithms for complex flows, bigger and faster computers will
eventually make such methods cost effective and hence very attractive as

a design tool.



CHAPTER II

MATHEMATICAL MODEL

Inviscid Gas-Particle Flow

The mathematical formulation was developed to solve two sets of two
phase flow problems. The first set of two phase flow problems is
inviscid gas-particle flow, where the wall boundary layers are
neglected. The second set of problems is viscous gas—particle flows.
Due to the viscous boundary layer effects on the gas, application of
boundary layer theory is necessary. A reasonable way to approach the
present research problem is to treat the inviscid gas-particle flow

first.

Basic Assumptions

In order to model the complicated, two phase internal flow, some
simplifications were necessary and the following assumptions were
employed.

1. Particles are spherical in shape; their internal temperature

is uniform and the specific heat of each particle is constant.

2. The volume occupied by the particles is reasonably small,

compared to the volume occupied by the gas, so that the ideal
gas equation of state 1s satisfactory for the gas phase.

3. The particles do not interact with each other, so that

collision, agglomeration and/or decomposition of the particles

are neglected.



10.

11.

12,

9
Particles that hit the physical wall do not stick, and they are
assumed parallel to the wall, This assumption of parallel
velocity is relaxed when the limiting particle streamline con-
cept is introduced.
The gas is a perfect gas, with constant molecular weight and
specific heats, although this assumption can be easily replaced
by a real gas model of any degree of complexity.
The gas is inviscid. However, gas-particle interactions occur
through particle drag.
No other external forces are applied to the flow except the gas
pressure and the drag of the particles.
No mass transfer and phase changes are considered in this
study.
The mixture flow is adiabatic, the total energy of mixture is
constant; there is no heat transfer to the wall.
Energy exchange between particles and gas occurs through both
convection and radiation.
Chemical reactions are not occurring in the gas, its com-
position is frozen, although this assumption can also be
replaced, for example by a chemical equilibrium gas model.
At present, only one size of particle exists in this mixture,
although this is only a computer size (storage) limitation
imposed by the computer system used in the present study. The
formulation is general enough to treat multiple size classes

simultaneously.
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Governing Equations

Based on the previous assumptions, the following set of governing
equations was derived. The details of the particular derivation done by
Dr. Roy J. Schulz is given in Appendix A. A search of the literature,
such as references 1, 6 and 13, confirms that the set of governing
equations obtained in his derivation is correct.

(a) Gas Phase

i : 00 L g0, 80, Bu 8 sV
Continuity: Ef'+ u == +v T +p P + p T + 8 - 0 (1)
. du Jdu du , 1 3P _ , P4
X-Momentum: -a—t"*'u—a;'l'v—a?"’—p‘—x'— A‘p“"(u"’ui) (2)
] v v ov , 1 oP _ Pi ,._
R-Momentum: EE~+ u 3;—+ v 3;;+-5-§; = A-S—»(v vj) (3)
, L ASC) PN ) SO R4 PR | S | A
Energy: 5T + u e + v 5T (at f u s + v ar) = ABpj €3]
Equation of State P = pRT (5)
(b) Particle phase
apj Bpj Bpj auj
Continuity: 32—-+ uj P + vy 73T + pj 5%
v PsVs
J i3 _
+ Py 3T + 6 = = 0 (6)
3Uj Buj auJ
X-Momentum: -32—-+ uy 5 + vy 3E - A(u—uj) (7)
ij ij avj
R-Momentum: 3E—»+ Ui 3w + T A(v—vj) (8)
BTJ BTj BTJ
Energy: 3?—-+ Uy 3% + vy Ry = D (9)
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Wh 9 Mo fj
re A = a T
J 3
= (y= 2 w32 + 2 - 30 4
B (vy-1) [(u—uj) + (v vj) + 3 C (Tj T) + Amjrj (EjTj eT*)]
Nu:Cp
C = o3
ij Pr
2AC 30
D = - == (T,-T) - (5T 4—eTH)
and
£ ‘p
I CDStokes (10

Even though the numerical data which have been obtained in the pre-
sent study are based on the axisymmetrical flow (§ = 1), the problem
also can be run for planar cases (8§ = 0). The drag coefficient and
Nusselt number of the particles, CD and Nuj, are subject to debate,

More information is given in the following description.

Drag Coefficient and Nusselt Number

Two important relations which show the interaction between gas
phase and particle phase are drag coefficient and Nusselt number.
Several different forms of Cj and Nuj have been presented in the litera-

ture. In the present work, two different sets of Cp and Nuj were

employed. In order to reduce computations, the following simple empiri-

cal expressions of CD and Nuj were mainly used:
24

Re.
€

Nuj = 240,459 Rej0-55 pr0.33 | (12)

Cp = [1+0.15 Re;0.687] (11)
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Equation (11), which shows the correction of Stokes law for inertial
effects, was presented by Torobin and Gauvin [14]. Equation (12), which
is the continum Nusselt number, was used by Drake [15]. The expressions
(11) and (12) form a simple basis for the initial study of this research
program. More completely and hopefully correct mathematical relations
are given in the following discussion.

D. J. Carlson and R. F. Hoglund [16] gave a detail of description

and mathematical form of Cp and Nuj, They modified the relations (11)
and (12) by considering some other effects, such as compressibility and
rarefaction. G. R. Nickerson et al. [l] used a modified form of the
Crowe drag law [17] in the improved "SPP" Code. They also compared the
computing execution time, core storage and error analysis with those of
models which were presented by Kliegel [19], Crowe [17,18] and Henderson
[20]. According to the discussion of G. R. Nickerson et al., their for-
mulations were in good agreement with those of Crowe and Henderson and
saved computation time like that of Kliegel. Thus, the drag coefficient
presented by G. R. Nickerson [1] is applied in this study and is shown

as follows:

Mj h(Mj) - Rej
Cp = (Cp, - 2) e=3.07/Y g g(Rey) + e Ty +2 (13)
h| /'Y'Mj
where
24
CD0 = §55 for 0 < Rej < 0.34
Cp, = 0.48 + 28 Rej"o-85 for 0.34 < Rey < 105
5.6
h(Mj) =m+ 1.7 VTJ-;T

]
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and

1 + Re;(12.278 + 0.584 Rej;)
g(Rej) = J J
J 1+ 11.278 Rej

for Rej < 103,

The heat transfer term Nuj given by Drake-Kavanaugh [21] is used in
the present work. The expression of Nuj is calculated from the
incompressible value of Nusselt number Nuoj which was given by Ranz and
Marshall [22]. The relation between the compressible and incompressible
forms of the Nusselt number is given below:

Nu

0-
= J
Nllj = Mj
1 + 3.42i-é——P—£ Nuoj
]
where Nuoj = 2.0 + 0.60 Rej0-5 pr0.33, (14)

Until now, the basic ideas of the inviscid gas-particle flow have been
discussed. The next topic of discussion is the investigation of viscous

gas-particle flow.

Viscous Gas—Particle Flow

In this topic, the viscous effect is not only considered as gas-~
particle drag forces but also the stress between gas and wall. In order
to simplify the study, the effect of gas turbulence on particle drag and
heat transfer was neglected. Two principal approaches to complex tur-
bulent flow problem are in usage today. One approach is the well known
approach of solution of the time-dependent, ensemble-averaged, Navier
Stokes equations. In this method, different turbulence models, such as
constant viscosity, mixing length, one equation and two equation, are

employed to formulate the effective turbulence viscosity distributions.
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Significant progress has been made in this approach as a vast, current
literature will confirm. However, except for constant viscosity models,
these turbulence models are very expensive to use. A second method to
treat turbulent shear layers near walls is a viscous-inviscid interac-
tion procedure in which integral methods of turbulent boundary layer
analysis are used to match the common boundary between boundary layer
and inviscid core flow. This approach is not expensive, but it needs a
lot of empirical input relations such as velocity profile, shape factor,
and wall shear stress distributions to start the calculation of the tur-
bulent boundary layer. The accuracy of the integral method is
restricted by those factors. To tentatively treat the effects of wall
turbulent boundary layer on coupled gas-particle nozzle flow, two
methods were employed: (1) simple effective viscosity model and (2)
viscous-inviscid integral boundary layer analysis. Based on preliminary
results of this simplified treatment, suggestions for future work have

been formulated.

Simple Effective Turbulent Viscosity Approach

The effective turbulent viscosity model has been applied to many
types of flow calculations. The present study uses a constant effective
viscosity model to simulate low Reynolds number, thick boundary
layer effects. In this model, the governing equations are the same as
the form for laminar flow, except the molecular viscosity is replaced
by an effective turbulent viscosity. The effective viscosity and ther-
mal conductivity are assumed to be proportional to the molecular
viscosity and thermal conductivity. The numerical treatments and

discussions are given in the following two chapters.
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Viscous-Inviscid Interaction Technique

Because of particle separation from the nozzle walls due to inertia
effects, as the flow accelerates through the converging~diverging
nozzle, a gas-only boundary layer calculation can be applied without
significant error for the boundary layer downstream of the nozzle
throat. The particles do affect the boundary layer edge conditions,
however, and this is taken into account. For the gas-only flow, several
research works have been devoted to this fluid dynamic problem. One
summary of a current solution procedure for steady, unsteady, direct and
inverse turbulent boundary calculation was given by Tracy Donegan [23].
The theory for steady, attached boundary layer was used in the present
research, in the form of steady, direct integral method, even though the
core flow treatment was by time-dependent finite difference methods.

The turbulent boundary layer calculation method presented herein is
the method given by Whitfield [24]. In his work, an analytical expres-
sion of a velocity profile that depends on the local values of skin
friction, shape factor, and Reynolds number based on momentum thickness
was utilized. Velocity-temperature relations, which are the modified
Crocco relation for an adiabatic wall, were also formulated as an analy-
tical expression. The shear-work integral shown in the boundary layer
integral equations is evaluated directly from a shear-stress distribu-
tion rather than by empirical relations. The shear-stress distribution
is specified in three regions across the boundary layer. Several shape
factor correlations have been derived. Based on Whitfield's work, the

following turbulent boundary layer integral equations, from reference 24,



can be solved completely

1 4 (8542 * fL.:Eﬂi = Eéi
—— gy (Speud®) + Hgk m 2 = = (15)
Tw Pele
1 4 (18, ul6Ha* ax 8 due _Cf
2803 T (TopeuzOHg*) + Hg T 5 D (16)
wheTe

where x is a boundary fitted coordinate lying along the wall.

In the present viscous-inviscid iteration process, the "surface
source” model which simulates boundary layer displacement effects was
applied to keep fixed the computational mesh used in the inviscid gas-
particle flow. It is convenient to use this model because a surface
mass flux is imposed as a boundary condition in the inviscid calculation
at the physical body surface, hence the surface source model avoids the
necessity of making mesh adjustments such as would be needed for an
effective displacement model. In this method, the slip wall condition
in the inviscid calculation is replaced by the following normal wall
condition which can be derived from the conservation of mass in the tur-

bulent boundary layer [23].

1 d(peuer36*)
Vp = 3 . (17)

The numerical results and detail of the treatment are shown in the

following two chapters.



CHAPTER III

NUMERICAL METHOD

This chapter describes the numerical method used to solve the
governing equations given in Chapter II. The numerical treatment of
boundary conditions, initial conditions and instability problems will be
discussed. In order to successfully simulate the physical phenomena,
the accuracy, stability and reliability of the method is addressed. 1In
this study, the numerical scheme is similar to that of the so-called
VNAP program developed by Cline [25]. Two principal topics, inviscid
gas-particle flow and viscous gas-particle flow, are discussed in terms

of the solutions obtained by the numerical procedure.
Inviscid Gas—Particle Approach

The governing equations describing the inviscid gas-particle flow
have been given in Chapter II. There are no second order diffusion
terms in those equations. The procedures to solve this set of equations

are presented below,

Coordinate Transformation

To apply the numerical solution procedure to general physical
domains, it is convenient to map the x,r,t physical domain into a rec-
tangular ¢,n,T computational domain by using a non-orthogonal, body-

fitted coordinate transformation scheme. Typical coordinate



transformations of this type are:

r-r (x)

L (x)-r (x)

t (18)

where ro(x), ry(x) denote the inner and outer wall distances from the
system centerline. If there is no inner wall or no center body, r.(x)
is set to zero. The mapping functions are single-valued, and the

following relations between the derivatives in the physical domain and

the computational domain are obtained by the chain-rule of calculus:

d 3
It 9t
where a = B[(n —l)-;;:—g-n%], B =-§::}_r: . (19)

The computational domain grid shown in Figure 2 is rectangular and based

on uniform spacing in the ¢ and n direction. Note that AZ and An are
not necessarily equal. By using the coordinate transformation rules
given above, the governing equation can be rewritten in the following
form:

(a) Gas Phase

Continuity: -g—g—+ _?rp +V -59- p-g-- + pa -15— + pB 37\ i_;_—-v =0 (20)
X du du |, © au 18P , adP _, Py
X-Momentum: F+“T v -ET;"‘—‘;W' A—a(u UJ) (21)
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Energy: st Ut Vg @ (7 tu T v an) ABp,  (23)
(b) Particle Phase
Bpj Bpj _ apj Buj auj
C : . = . —— y — SO ——
ontinuity 7T + uJ 57 + Vj 7 + pJ Y + pJa 50
v, Spsvs
] i3
+ =
Buj auj - auj
X-Momentum: 50t Uy 5T + Vj = A(u—uj) (25)
ij BVJ _ BVJ
R-Momentum: 5t Uy 3% + V= A(V—Vj) (26)
oT T - oT,
. 1 2 —1 =
Energy: 37 + U5 57 + i 37 D (27)
= - 1 YP Cp
Where V=ou+Bv,n=r=gn+r, a? = o Y =T
Vj = auy + ij
ore 9ry 1
a = 8[(71"1)-5;{-— -n —3—§] , B = rw—rc‘ . (28)

Finite Difference Approximation

At present, many numerical methods have been developed for solving
problems in non-linear continuum mechanics. But finite difference
methods available for solving fluid flow problems are more popular, more
developed, and often preferred to those based on finite element theory.
In the present research work, the 1969 explicit, unsplit MacCormack [26]

predictor—corrector finite difference scheme was applied to solve the



governing equations. The computational plane grid points are divided

into interior and boundary points. The boundary grid points can be
further identified depending on whether they are inlet boundary, exit
boundary or wall boundary points.

The interior grid points are computed using the MacCormack second-
order, noncentered, unsplit, two-step, finite difference scheme.
Backward and forward differences are used in the respective predictors
and corrector steps. As an example of the basic scheme, the finite

difference equation for the predictor step in equation (21) is given

N
P N N
N ] —us
+AL,M_II\I-'_;_M_ (UL,M uJL,M)] ’ (29)
PL M
the finite-difference form for the corrector step in equation (21) is

u'T\I—-i-T _uN_+f u§+—l— _uﬁ-l-—f
N+1 _ N N+1 _ N+1 L+1,M L,M +1 M1 LM
uL,M = 0-5 {UL’M"'UL,M AT[UL’M ( AC ) + L,M ( An )
s N s, N < NFT | WL
s oy L+1,M‘PL,M)+ o, M (PL,M-I-1+PL,M)
— \ —
N+1 bt N1 An
LM Py M
M
+1 LM +1 N+1
T CE Pl D (30)
i N+1 i L,M
PL,M

where the subscripts L and M denote axial and radial grid points

respectively; the superscript N denotes the time step, the bar denotes
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the temporary time step between N and N + 1. If no centerbody exists in
the computational plane, the centerline or midplane grid points are forced
to be symmetric. The L'Hopital's rule, and a one-sided finite dif-
ference scheme in the n direction are used to connect those points to

interior points.

Boundary Conditions

Due to the importance of the treatment of boundary conditions, many
authors have attempted to deal with this problem. Roache [27] devotes a
significant part of his monograph to this topic. H. C. Yee [28] pre-
sented a technical report in which the well-posedness and stability
analysis of difference approximation for initial and boundary value
problems are discussed. In his report, the analytical boundary con-
ditions of partial differential equation and the numerical boundary
conditions formulated for the analogous finite difference equations are
discussed. For the different types of inlet and exit conditions in gas—
dynamic problems, several possible well-posed conditions are proposed.
In Yee's conclusions, spatial linear extrapolation as a boundary scheme
can produce reasonable steady-state solutions. Another valuable
discussion about the boundary treatment for multistep finite difference
methods of time-dependent equation was presented by Eli Turkel and David
Gottlieb [29]. In their study, the theory of Kreiss [30] was used to
test the stability of various boundary treatments for both the
Richtmyer and MacCormack methods. Six groups of methods for treating
the boundary condition formulations were discussed. From their results,

the use of a one-sided Euler method led to instabilities. Specifying
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the analytically given variables at predictor and corrector steps
for the MacCormack method improved the accuracy. These authors and many
others have shown that formulation of the numerical boundary conditions
for complicated problems like the present two phase compressible flow
is difficult to analyze by methods of pure mathematics and analysts must
often resort to numerical experimentation to formulate stable, accurate
boundary or initial condition functions. Especially, in the present
study, it was found that the boundary conditions for particle con-
centration were extremely important in terms of their effects on stabi-
l1ity and global particle mass conservation accuracy. Based on extensive
analysis and numerical experimentation, the following boundary treat-

ments were described.

Inlet grid points. Because the entrance flow is subsonic in the

present study, two different boundary condition options are available.
The first option was proposed by Serra [31]. He specified the total
pressure PT’ total temperature TT and flow angle 6 at the inlet grid
points. The second option, which was discussed by Oliger and Sundstrom
[32], specified u, v, and p. A discussion of the relative merits of
boundary conditions was given by Cline [33]. He felt that both boundary
conditions were correct and that the best choice was problem—dependent.
In order to satisfy the numerical boundary requirement, Moretti and
Abbett [34] suggested that all the unspecified dependent variables be
computed using a second-order accurate, reference-plane characteristic
scheme. In this scheme, the partial derives with respect to n are com-

puted in the initial-value and solution surfaces using noncentered
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differencing as in the MacCormack scheme. The gas—particle interaction
terms and their derivatives are treated as source terms, and the
resulting system of equations is solved, in the n = constant reference
plane using a two-step, two-independent-variable characteristic scheme.
A procedure was developed for deriving the characteristic relations that
couple the interior points to the boundary points for the two phase flow
in the present study and is similar to the method of Cline [25]. It is
shown in Appendix D. The characteristic relation is written as:

dP - padu = (azw1 - pay, + w4) dt

on the curve dz = (u - a)drT, (31)
where the first equation is called the compatibility equation and the
second is called the characteristic curve equation.

For the boundary condition scheme in which u, v and p are spe-
cified, the pressure can be calculated from equation (31). If PT’
TT and 6 are specified, the solution procedure is as follows: local Mach
number, M, is assumed, P and T are calculated from PT and TT; p is
calculated from the equation of state, u is calculated from equation
(31), v is calculated from the specified flow angle 6. Then a new M is
calculated from u, v, P and p, and the process is continued until the
change in M has converged to 10-3,

After the gas phase inlet variables have been obtained, the velo-
city and temperature of the particle phase can be calculated by assuming
they are proportional to those of the gas phase. In particular, for
example, they can be selected as equal to the gas phase values. The

concentration of particle phase is calculated from the specified par-

ticle mass fraction. On the other hand, the data defining the particle
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inlet conditions may be available. Thus prescribed boundary conditions
for the particle phase can be directly input from known data and easily
handled by the computer program. Even though the present study does not
cover cases of supersonic inflow, the specified boundary conditions for

this inlet condition have been set up in the program.

Exit grid points. The numerical treatment of exit boundary

values in the present study is the same as that of VNAP developed by
Cline [25]. Even though the results in the following chapter are
restricted to the cases of supersonic outflow, the exit boundary can be
a subsonic outflow/reverse flow, or a supersonic flow or mixed. For
subsonic flow, a reference-plane characteristic scheme similar to the
inlet scheme can be used. The characteristic relations that relate the
interior points to the exit points are shown in Appendix D. They can

be written as:

dP - a%dp = y,dt (32)
on dz = udt
dv = 1113dT (33)
and
dP + padu = (azw1 + payy + ¥,)dT on dg = (u + a)dr. (34)

The static pressure is specified and u, v and p are calculated from the
above equations. If subsonic reverse flow occurs at the exit plane,
inflow boundary conditions must be specified across the region of
reverse flow. In the present work, this is accomplished by leaving p
equal to the specified exit pressure, setting p equal to the average of

the wall and centerline, and setting v equal to zero. The arbitrary
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conditions for the p and v can be easily changed by modifying subroutine
EXITT.

For supersonic flow, the exit points are computed by extrapolation
from upstream interior field points. Linear, space extrapolations for
gas phase variables (p,u,v,P) and particle phase variable (pj,uj,vj,Tj)
are applied to supersonic outflow cases. As an example, the finite dif-
ference form for axial velocity, u, was taken as:

Uiy = 2“1—1,j - U9 g (35)
where (i-1,j) and (i-2,j) are the interior points which relate to the

exit point (i,j).

Wall grid points. For the impermeable and adiabatic wall, slip

conditions for both gas phase and particle phase were applied to calcu-
lations of inviscid gas—particle flow. All flow variables, except par-
ticle concentration, were computed by a reference-plane characteristic
scheme. The characteristic relations that relate the interior flow to

the wall are derived in Appendix C, and can be written as:

dP - a2dp = y,dt (36)
for dn = Vdrt
Bdu - adv = (BYy — ay3)dT (37)
paay pBay

dP + "2";‘1“ +-9£% dv = (b + a2y) +——+ a*3)dr (38)
for dn = (V + aa*)dt

duj = ygdt (39
for dn = det.

dTy = Ygdr (40)
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These equations can be written in finite difference form in the same way
as those for the inlet or exit schemes. By using the slip condition and
the characteristic relations, the variables (u,v,P,p) for the gas and
(uj,vj,Tj) for the particles can be specified on the wall,

For gas-particle flow in a conical nozzle, two approaches, the par-
ticle continuity equation, and an extrapolation technique, were used to
calculate the particle concentration on the wall. For small particle
sizes, such as 1y, the continuity equation for the particle con-
centration was written in finite difference form in which a backward-
forward difference in x~direction and backward difference in r-direction
were applied. The results obtained by this approach were very good.
However, strong oscillations appeared in particle concentration for the
cases with larger size particles. These oscillations make the solution
unstable. In order to cancel these oscillations, the following two
methods were tried which produced unacceptable results. The first
attempt specified concentration on the wall as the average value taken
from points which surround the wall grid point, The oscillations disap-—-
peared, but physically implausible distributions began to form in the
interior points. The second attempt was to throw out the assumption of
slip condition for the particle on the wall. The continuity, momentum
and energy equations for the particle phase were rewritten using a
finite difference scheme which was backward in n direction and backward-
forward in ¢ direction. When this method was applied, the numerically
computed results became worse., Based on further analysis, space extra-

polation for the wall particle concentration (which was similar to
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groups I and V in reference 29) and the slip wall, tangent velocity con-
ditions were reintroduced. By using this kind of treatment, the
numerical oscillations were suppressed. To illustrate the effects of dif-
ferent boundary treatments for wall particle concentration, space extra-
polation and continuity equation, the mass, momentum and energy flux
through inlet, throat and exit were studied and the results were pre-
sented in Table 1. It is easy to see that the numerical differences
between those two boundary treatments are small., In other words, the
numerical accuracy is preserved by using the extrapolation scheme for
the particle concentration. In this study, therefore, a space extrapol-

ation scheme was applied to overcome numerical oscillation problems.

Initial Conditions, Stability and Convergence Criteria

Several discussions about the initial conditions have been pre-

sented by previous authors, such as Roache [27], Moretti [35] and Cline

[33]. According to the discussion of Roache, the initial condition
problems seem to be more critical in supersonic flow than in low speed
flow. Several examples in the literature have shown that a poor guess
of the initial condition can cause the numerical instability. If only
the steady state solutions are of interest, Roache [27] suggested three
methods to reduce the affects of poor guesses for initial conditions.
For subsonic flow, Moretti [35) claimed that the initial data surface
and boundary conditions must be matched so that the transient part of a
steady state calculation follows the true transient solution. Cline
[33] felt that this is generally not sufficiently economical, even

though the treatment of Moretti is the most correct way to formulate
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problems. In the present study, one dimensional relations were selected
as the initial conditions of 2-D gas flow. After the steady state
solution of gas phase flow has been obtained by the MacCormack method,
the initial condition for the two phase flow was assumed according to

ES

the idea of Chang [10]. The relations are written as:

S (41)

Because the unsplit MacCormack method, which is used in the present
work, is conditionally stable, the time step A1, which is based the
Courant-Friedrich-Lewy (CFL) criterion [36,37] must satisfy the restric-

tion

-1
1 g2
At _<_<]Z%l+l—l[’ﬁl-—6+ a J(A;)Z + (an)? > (42)

where a is the local speed of sound, and Ap, An are the mesh intervals.

Many ideas on convergence criteria have been discussed by Roache
[27]. He concluded that no satisfactory objective criterion exists for
interactive convergence. In this study, the relative error criterion is

used, such as

LN
L,M ~ YL,M
Max <€ (43)
L,M uN
g L,M

where u represents the velocity component in x direction for the two
phase flow. (L,M) are the grid points in the flow field and N is the
time step. For most results shown in the following chapter, € is equal
to 10-% and the convergence tolerance was satisfied on three con-

secutive time steps.
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As mentioned earlier, the centrifugal forces acting on the par-
ticles as they accelerate through the nozzle tend to separate the
particles from the walls into regimes of very high concentrations. This
produces regimes where the particle concentration gradients are very
large and they cannot be resolved with a single mesh system obtained by
one transformation. This problem is similar to attempting to resolve a
shock wave without artificial viscosity; that is, it leads to numerical
oscillations and instability as the particle sizes increase.

In order to attempt to devise methods for handling this phenomenon
with the present numerical scheme, three special techniques were deve-
loped and tested in the present study. The first thing tried was a
fourth-order smoothing scheme similar to that proposed in reference 38.
Also, it was decided to define the particle concentration as equal to
zero once it had fallen below 1 percent of the inlet particle con-
centration values used for reference conditions. This kept negative
particle concentrations from occurring in the calculation. Implementing
these two ideas, some calculations were done. However, although the
oscillation behavior was avoided, relatively large errors in global par-
ticle mass flux were incurred, some as great as about 11 percent par-
ticle mass flux deficits. The problem was traced to the fact that the
differencing scheme for the interior points still was being applied to
zones where the particle concentration was going from large values to
zero. Thus the high gradient problem in particle concentration, even
with smoothing, was leading to particle concentration errors. The way

to cure this problem was found to be that one must limit the use of the
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MacCormack scheme for the particle phase to the region inside or
interior to the "limiting particle streamline”, and not completely out
to the wall. Thus, a routine, which sought out and identified the radial
location of the limiting streamline for the particle phase at each axial
location, was programmed. This streamline became the "wall" condition
in the MacCormack scheme for the particle phase applied to all points
interior to this streamline. For the gas phase, of course, the
MacCormack scheme was continued out to the physical wall location. For
the limiting particle streamline used as a moving pseudo-wall condition
for the particle phase, the MacCormack scheme was modified to calculate
the particle pseudo-wall boundary conditions. Based on the developing
spatial definition of the limiting particle stream, one-sided backward,
one-sided forward or backward-forward differences were used. The
tangential velocity condition was not applied on the limiting particle
streamline because the limiting particle streamline was only approxima-
tely located in the mesh.

Finally, by use of these three methods, fourth order smoothing,
defining zero particle mass concentration zones, and using the pseudo-
wall (limiting streamline) as a boundary for the application of the
MacCormack scheme to particle phase, good solutions were obtained that
preserved global particle mass flux and prevented unwanted numerical
oscillations. These results are presented in a following chapter.

For several cases computed, time oscillation in the flow variables
happened in the subsonic flow region (inlet conditions). In order to
deal with this kind of problem, Cline [33] has introduced time smoothing

procedures into VNAP2, a later version of his code. In his approach to



33
time smoothing, the flow variables at the present time step are weighted
by those of last time step., By applying Cline's time smooth procedure
in the present study, the time oscillation was damped and convergence
was accelerated., The numerical effects of this kind of smoothing will

be shown in the next chapter.

Viscous Gas—-Particle Approach

The previous discussions concerned the numerical formulation for
inviscid gas-particle flow. In order to study the viscous effects on

two phase flow, additional numerical treatments were required.

Simple Effective Turbulent Viscosity Model

In this approach, the finite difference method is the same as that
of inviscid gas-particle flow except for the inclusion of viscous
terms. The second-order viscous terms for the interior grid points
were calculated using centered difference in the initial-value plane
only. Because the viscous terms were calculated only in the initial-
value plane, they are second-order accurate in space but first-order
accurate in time. To achieve second-order accuracy in time, the viscous
terms should be re—evaluated by using the values from the results of the
first time. Such a procedure for the calculation requires much larger
amounts of computing time per time step. For most problems, this
greater accuracy in time does not seem worth the increase effort, unless
the transient solution is important.

Following the algorithm structure of the VNAP [25] code, the

viscous terms were neglected on the inlet grid points for the subsonic
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inflow condition. The reference-plane characteristic scheme is applied
to inlet and exit plane if the flow is subsonic. On the exit plane, the
n derivatives of the viscous terms were calculated using centered dif-
ferences in the initial-value plane only.

A big difference between the inviscid and viscous codes is the
numerical treatment on the wall conditions, where a no-slip condition is
applied to the viscous gas phase. The wall density and pressure for the
gas are calculated from the continuity equation and energy equation.

The n derivatives, except in the viscous terms, are calculated using
backward difference on both time steps. A reflection scheme is used to
formulate the viscous terms on the wall. The energy equation which con-
tains the temperature terms is applied such that the normal temperature
gradient is set equal to zero on the wall, for simulating adiabatic con-
ditions.

The slip condition and characteristic scheme for the particle phase
are still used. Experience gained in the present study is that the
velocity of the particle on the wall should be small. If the velocity
of particles on the wall is too high, numerical instability can happen.
This kind of numerical problem is caused by large values of the interac-
tion terms between gas and particle which show up in the governing
equation as A(u—uj). This is thought to be a problem due to too coarse

a mesh, not able to resolve the physics near the walls.

Viscous-Inviscid Interaction Model

As mentioned before, the direct integral boundary layer method of

Whitfield [24] was applied in this study. The computational method is a
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combination of interior flow (governed by the inviscid equation) with
boundary layer flow (governed by integral turbulent boundary layer
equations). The governing equation for the turbulent boundary layer

can be rewritten as:

2 2 2
d rwpeue6 TuPele rwpeuee 1 due
rrd aarees 0.5 ———— Cf - ——— Hg* — —— (44)
X 2 2 2 ue dx
Poeloe PoeYoe PoeYoe
r..p ud6H r.p u? u
d wFeteVlo* _ we"e ‘e e
ax 3 = 7 o “fD
Poeloe Poeloe °F
(45)
TP u26 d
wPele% y
2.0 —= = T8 gt SPe
2 Uge ue dx
Poelpe

where the subscript o means the initial or starting point of turbulent
boundary layer and e is the edge of the boundary layer. The method
used to solve equations (44) and (45) is the predictor-corrector method
used by Nash [39], with a constant value for the dx step size used in
this study.

For the interaction between inviscid gas or gas—particle core flow
and the turbulent boundary layer flow, an interation procedure was
applied. 1It is shown in Figure 3. During the calculation of the
inviscid core flow, the characteristic scheme for the gas on the wall
was replaced by a modified MacCormack scheme. In this modified scheme,
the variables u, p and P were calculated using the governing equations,
in which the n derivatives were expressed as one-sided difference in the
N direction and backward-forward difference in the ¢ direction. The

velocity component v was calculated from the following relation:
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v = utanb -

czse (46)
where 6 is the angle of wall and v, a "displacement” velocity created by
the presence of the turbulent boundary layer.

Because no experimental data were available for use as initial con-
ditions for the turbulent boundary layer, an analytical formula deduced
from the 1/7th power velocity distribution law for the smooth flat plate

was applied. The mathematical forms provided by Schlichting [40] were

used as follows:

uex -1/5
momentum thickness, 6(x) = 0.036 x GTT— (47)

shape factor, Hg* =-; . (48)

For the gas phase flow in CFFF, the effective length x is calculated
from the inlet of the combustor, so that the initial value of x is equal
to 7.5 inches in this calculation. In order to suppress numerical
instability near the nozzle inlet contraction section, the above analy-
tical expressions were applied at the wall from the inlet grid point to
grid point 13. For two phase flow problems, the turbulent boundary
layer effect is treated only downstream of the thrqat. The time-
varying, converging values of gas phase flow at the throat were chosen

as the initial conditions of two phase boundary layer calculations.
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CHAPTER IV

NUMERICAL RESULTS AND DISCUSSIONS

Two Phase Flow in Conical Rocket Nozzle

The first step taken was to verify the code by setting it up to
predict a flow reported in the literature by Chang [10]. Since Chang
reported results for several configurations, one nozzle, which was simi-
lar to a JPL nozzle given in his paper, was adopted in the present study.
This geometry is a circular-arc, conical nozzle (44.88-15 degrees) shown
qualitatively in Figure 4. The coordinates of inlet, throat and exit
are respectively (0.31, 2.50), (2.554, 0.8) and (4.05, 1.1832) in which
the first numbers per number pair stand for axial coordinates in inches,
and the second number is the radial coordinates. Also shown in Figure 4
is the numerical mesh used to develop the flow field. Because the
nozzle was symmetrical, only the mesh in the upper half plane was
actually used in the calculation.

The two phase flow data for Chang's case are as follows:

Gas Phase Particle Phase
ft-1bg 4 ft-1bg
Cp = 198‘39'T35:ﬁ§ Cj = 256,7 T5n=?R
= 0.0559 x 10-5 1Pf7sec m; = 250 1lbm
bo ™ ST N
Y = 1.4 ry = 1y (radius)
ft-1b¢
R = 53.35m—_o—R- Ej = 0,1

Pr = 0.74 ¢ = 30%
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et

Grid for Conical Rocket Nozzle.

Figure 4.
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A" = 0,6
Tp = 1000.0°R
Pp = 150.0 psia
(T )A" lbg-sec
u = u — OO —
° TT ft2
£ = 0.05

Discussion of the Results

The results of the calculated flow through the conical nozzle are
presented in Figures 5 - 17, where both particle laden and particle
free (one phase) flows are compared for the same gas phase inlet con-
ditions.

The gas density shown in Figure 5 is defined as the mass of gas per
unit volume of gas, so that the gas concentration in Figure 6 is the
mass of gas per unit volume of mixture. Because the volume of the par-
ticle phase in the mixture is neglected, the gas concentration is
equivalent to the gas density in the two phase flow. The particle con-
centration distribution is shown in Figure 7 and it is easy to see that
the mass of particles near the wall in the nozzle flow downstream of the
throat is lower than anywhere else in the flow field. For the gas den-
sity shown in Figures 5 and 6, the distribution of gas density near the
downstream wall is relatively uniform. The reason for the above pheno-
mena is that the particle cannot adjust like the gas, thus the particles
concentrate near the centerline in the downstream region because of

centrifugal separation. Due to the existence of particle free zones,
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the calculated results féf the temperature in Figures 8 and 9, and Mach
numbers shown in Figures 10-14, become understandable.

Temperature is an important thermodynamic property. In order to
examine the difference between one phase flow and two phase flow,
the numerical solutions are plotted and compared in Figures 8 and 9.

In the nozzle exit plane, the temperature distributions near the wall
for the two phase flow indicate high gradients, much different than

that of the one phase flow. (See Figure 8). At the same time, the dif-~
ference in the gas temperature between one phase flow and two phase flow
is greater on the centerline of the nozzle than at the wall. The reason
for this result is that the affect of the particles on the gas tem—
perature is less at the wall regions because there are so few particles
there. The temperature distribution along the wall is provided in
Figure 9. A sharp temperature decrease near the throat appears.

Because the total temperature is constant (1000°R) and the wall is
adiabatic, the sharp decrease in temperature is due to the increase in
Mach number along the wall given in Figure 13. One important fact is
also shown<in Figure 9. This fact, which has been mentioned in the
Chapter I, is that the temperature of the particle phase does not
decrease as rapidly as that of the flowing gas.

To show the behavior of the Mach number of the flow, two contours
(Figures 10 and 11) and five distributions (Figures 12-16) are pre-
sented. In this test case, the gas is subsonic in the inlet and is
supersonic in the exit. From gas dynamic theory, the sonic line is very
near and slightly downstream of the throat for one phase flow. Because

of particle drag effects, the sonic line moves farther downstream for
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two—-phase flow, These results are shown in Figures 10 and 11. This
behavior has an impact on the nozzle discharge coefficient. 1In Figures
12 and 13, the Mach number difference between one phase flow and two
phase flow is smaller upstream of the throat than downstream. Also the
Mach number difference is larger on the centerline than on the wall
which comes from the effect of particle free zone. The particle free
zone effect is clearly observed in the results presented in Figures 14,
15 and 16.

In order to validate further the theoretical solution method, the
numerical results shown in Figures 10, 11, 12, 13 and 15 were compared
with related data presented by Chang [10]. From this comparison, the
similar profiles for both one and two phase flows confirm that the pre-
sent study is reliable. To assess the accuracy of the numerical solu-
tion, the mass, momentum and energy fluxes of the flow have been
checked. By integrating across the inlet, throat and exit planes, the
mass, energy fluxes conserve to within 3% for a two phase flow, and
within 2% for a single phase. The momentum is conserved to about 47.
Therefore, from the view of numerical conservation of the physical flow
variables, the present solution procedure is excellent.

As mentioned in Chapter I, the particles will contribute an inef-
ficiency in the expansion process in the propulsive nozzle. To prove
this physical phenomenon, the ratio of thrust function of one phase flow
to that of two phase flow, and the ratio of specific impulse of one
phase flow to that of two phase flow at the vacuum environment are

calculated, and the values are 0.98 and 1.14 respectively. From these
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results, the total thrust for one phase flow is lower than that of
two phase flow. However, the specific thrust is higher for one phase
flow.

For the calculations previously discussed, the continuity equation
was applied on the wall to provide particle wall concentrations for
boundary conditions. When the particle size and particle material den-
sities were increased, strong oscillations occurred in the numerical
solution. From the results shown in Figure 17, it is apparent that a
large, heavy, article makes numerical oscillation more serious. In
order to reduce this kind of numerical problem associated with a shock-
like behavior in the particle wall concentrations, an extrapolation
technique for the particle wall concentration, and fourth order
smoothing, which were mentioned in Chapter III, were introduced to over-
come such oscillations. The solutions for the two phase flow in CFFF

are discussed next where use was made of such procedures.
Two Phase Flow in CFFF

The Coal Fired Flow Facility has been developed at UTSI . The
coal-fired combustor is a full-slag-carry-over design, so the plasma
leaving the combustor is heavily particle laden. The approximate
geometry and the grid configuration used to simulate it are shown in
Figure 18, Because axisymmetric flow is assumed, only the upper half

plane was used in the numerical calculation.
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The two phase flow data used in the calculations for the CFFF

are as follows:

Gas Phase Particle Phase
c . ft-1bg ft-1bg
lbg-sec 1bm
gy = 0.1653 x 10-° ———— my = 26.0 —
° f2 J £t3
Yy = 1.15 ry = Iu, 154
ft-1b¢ €y = 1.0
R =205 To®
¢ = 1.43%, 14.3%
Pr = 0.76
A" = 0.6
Tt = 5400°R
P = 95,5 psia
(T A" lbg-sec
u - ]J —— PR
° Tt ft2
e =1.0

Two numerical formulations for inlet condition, which were men-
tioned in Chapter III, were used in this case. For the calculation of
one phase flow, the specified total temperature (5400°R), total pressure
(95.55 psia) and parallel inlet flow condition were applied. The inlet
condition for the two phase flow were based on the resulfs of the one
phase flow, and the assumption of kinetic and thermal equilibrium be-
tween gas and particles was applied. In order to satisfy well-posed
condition and generalize the computer code, an option to specify

arbitrarily, using experimental data, the velocities and concentrations
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for the two phases has been provided. The particle free zones and the
pseudo-wall concepts are applied for boundary conditions for the
particle phase when the near wall particle concentrations are computed
to be less than or equal to about 17 of inlet value during the calcula-
tion. The asymptotic steady solution is assumed to be reached when the

values OfIAEJ and légj are everywhere less than 10™* in three consecu-
|

tive time steps.

Discussion of Results for the Inviscid Gas-Particle Flow

For the given inlet conditions, the results of the calculations are
presented in Figures 19 - 37 and Tables 2 - 4., Limiting particle
streamlines are shown in Figure 11. It is easy to see that the particle
free zone is larger for larger particles. The reason is that the iner-
tia for the larger particle is larger than that of the small one, so
that the larger particles follow paths that are further from the gas
streamlines than those of smaller particles. The results of Figure 20
show that the distribution of the particle concentration is more nonuni-
form near the wall than near the nozzle centerline. This phenomenon,
the ununiform distribution of particles, has been mentioned in several
papers. One valuable discussion about this topic is provided in
reference 1 on the SPP code. To treat this kind of problem, in the
SPP code, an extrapolation method was developed for the particle con-
centration at the wall based on the particle mass flow rate passing
through a particle stream tube under the assumption of steady state con-
ditions. However, in the present study, the special techniques which

were mentioned in Chapter III were used to solve this problem. Because



60

TEEVI = Itn sSmog L [ [ 1
¢ Y3t MOT] 9seyd oMm] 103 DujlJweallg a[Of3led BUTITWT ‘6] @an3T
Tuy qd

n

(4out) 1




*%€v°1 = ¢ pue fg1 = b Yitm
MOT4 9SBYd OMm] 10J JANOJUO) UOTIBRIJUIDUO) 2[OFIdeg Qg JIn3TY4

—~
O

WUW@R L




62

Be

¢ Yyaim smolg 9seyq oml i10j]

11eM 9@yl I UOTINGIAISTJ UOTIBIJUSDUO) B[OT3i1ed

“I¢ @an3Tg

g1 —-—-
it —

e ===

(¢-0T ¥ 33/wWqT) UOTILIIUIDUOY ITOTIIBJ




63

G2

AR AN

¢ ylIm sSmolg aseyd om] 103
QUBTd ITXH 943l I¥ UOIINQTIIAISTJ UOFIBIIUIDUO) DTOF3IAed

(your) x

*Z7 ®AndTg

B 2

%

ner
T

=

GL 0

((-0T ¥ (33/wWqT) UOTIBIIUSIUOD ITOTIIEG



64

L
*y€%°T = ¢ pue fl] = "1 YITm MO[4 9Seyq OmJ, pue

MOT4 9SeYJ SuUg J10J TTEM 92Uyl I UOTIINQIIIST(Q danjeiadwa] °g7 2In3Tg

(uout) x
i 2 @ a1- Be- pE—
| . 1 1 | | | ] | 1 | | 1 1 | 1 ! {1 JN@V.V
B9y
o8y
AwHUMUMva MoTd 9aseyq omg — &&&m
(sed) molq oaseyq om] _ B
moTd 9seydq auQ _—
B2S
B T B2y S

BB9S

(¥4,) @anjeaadwsy]



65

L
*y€%°T = ¢ pue ngy = "I Yilim MOTJ @seyq om] pue

MOTJ @9seyd 2uQ 103 TTBM 94yl 3B UOFINQIaIs ] ainjeradwal °Hg IansT4

(your) x
al % g1- Ac- gE —~
1 1 | ] ] | __ ] I ] ] | | | | } ] | | | 20V
| ;
_
ﬂ —B8Y
| i
m 151512074
i i
_ RS
m (°T°131eg) MOTJ 9Seyqd OM] ~—-—
" (se9n) MOT[J 9seyq om] ——-— L
_ moTd @seyq aug
| BB2S
_ i
r,
= T BBYS

VB9S

(4,) =anieasdua],



One Phase Flow

Upper Half

Two Phase Flow

Lower Half

R N N RN )

PPPIPPRIRRIERRRRR I RTRIRTLIOCLACANANINY

PEPOOINIRNNOCOV IR I NS

Gas Velocity Vector for One Phase Flow and Two Phase Flow

Figure 25.

66

= 15u and ¢ = 1.43%.

r.
]

with



67

*%Ev°T = ¢ y3
™
SMOTJ ©Seyqd Om], I0J JI03I3p 4
IFOO0T=A SE)

‘9z @andty

:JH JTeH a9moT]
ST 3TeH a°ddp




14.3%
1.437%

Upper Half

Lower Half

Q2RI ARRRRRRRRTRRNTRROAIRNAANANNY

::::::::: L R R R Y

......................................

......................................

68

= lu.

a

Gas Velocity Vector for Two Phase Flows with r,

Figure 27.



Particle Velocity

Gas Velocity

Upper Half
Lower Half

apprRPRRIRRIIERARTNE

R N R NN Y

tTIIReIRRRLRANRR I

D R N

L A N N A R R Y

69

J

Velocity Vector for Two Phase Flow with r, = 154 and ¢ = 1.43%.

Figure 28.



70

"%€%°1 = ¢ Y3ITm SMOTJ 9SBYJ OM] pue

MOT4 9Seyq duQ 103 TTEM Y3l 3Ie UOTINQTIIST[ IdquUnN YoBY °6Z 2IndTg
(your) x

Be B1 % 21- Bc—- BE-
] ] 11 1 | I I L1 1 ! 2 "0
<0
11

MerT —a— B

T —— —

MmoT4 @seyg supg —— —
L \lm l.ﬂ

e

Iaquny yoey



71

G2

*%ZEY°T = ¢ YITM SmOTq 9seyq om]

pue

MOTq ®seyq 9uQ 103 dueTd ITXF 92Ul Ie uoTINGTIISTQ A2quny YoeR *Qf °andTjg
(your) a
B2 Gl 21 G "B 20
] | ] | ] L1 -
] 1 | ] l N U B | 200G "1
\\\\‘ llllllllll - =——" -1
\\ B
..... = - —G2G "1
\\..\\ [—
GG "1
=
ey —-— B
11 ——— B
MmOoTq 8seyq a2u(p) — =
GLE T
-

VS "1

asquny YoeR



72

C
"Ygv°T = ¢ pue gy = "I YITm
MOTJ 9SBYJ OMI PuUB MOTJ 9SBYJ 92UQ I0J IN0OJu0)y Iaquny Yo ey

“I¢ @ansd1g

¢'1

71

MoTd °oseyd omj] JTeq I8mor]
MoTd 9seyd augQ JTeH aaddp




73

ZE€%°T = ¢ UITM SMOTJ dSeyj om] IOJ INOJUO) IIQUON YOBYR

*Z€ 9andT1g

Tl

/——4
A
€T T
A




74

11,_”

C
I YiITM SMOTJ 9seyd OM] I103J InOJuo)

T
1

S
o

Iaquny YoepR

*€¢ 2andTg

1

c

ZEY7°1 JTeH I9MmoOT]
1€ 9T JTIeH xaddp




75

L
cycwl] = ¢ pue A1l = "1 YITm mOT4q

aseyq om] I0J TTEM @24yl 3Ie UOTINGTIISTQ UOTIBAJUSIUOY STOTILEJ *yg 2an3dtyg
(your) x
B al % B1- gc- ge—
S R I | | I N | L1 1 1 | S | ! 1 -
1510
—
l,/ II) I
3uryjooug QUWIJ] —em— |
guryjoows awWr] oN —— B
S "0
NAAAAA A~ —
GL ™0

21

((-0T X (33/WqT) UOTIBIIUSDUOD ITOTIIEG



76

¢

*%€v°T = ¢ pue Mgy = "X YIafm
MOTJ 9seyd om] 103 (1°%¢) 3urod PTIH 1t =2iInssald °GEf 2IndIg
(sdeag surl) N
PEes PBGL PRBL BBLL BO3L BRSL
[ | I I | | I | 1

;

Q)
©
D

(e1sd) sanssaag

duryjoowg 2WI], ———
¥ 3uryjoouwg IWL], ON

N




77

—-— Grid Points (L,19)

--- Grid Points (L, 20)

— Wall Points (L,21)

; r
™ (40T X 3F/uq1) "0°

L -

L

v J.f .

”.uﬂ..

el

et ok

ﬁhl‘ }
-

h

(] o

(@] 3

— o
—

] \

b

= L

>

h

b

b

3

LENL S0 SN N B e Ao S i i an ok S G 2t et e o

. m.
= (=0T x .33/uqy) “d°

Yoo Q
Lo
b o—t
O S TITAR (L. Thalh thLh o
...... ﬂ.ﬂ/
N o
(el =1
3 o
b
(@] i ~
O r "
o o
o
I o
“ -
o)
L O
o
b
ryrrry Tmvrrry -dd‘-ﬂﬂﬂ.o
< |

-10 0 10 20
x (inch)

=20

-30

(] o
F N I S
r r
b
L
o (w]
L — L
............ qimimiatsil [ S Pl Xttt T
Lot - o ~ e o s g ..||\|.1
..v o ~ . 3
A o O ’
. = K=

(] r ~— (@) r

(@) o .

o~ E o H

— o O - O

> - re—

[} S| ] kol

=z ¢ [ = [

Al ) o
_ o -
r [
- +
r {

Lt g § YrrTY Y oYY (@] L TrYY 4<<-l.-l<l_.|<lmmo
=] S ™ = A2
— o ! - [o!

(¢-0T ¥ 33F/wqy) "0 (=0T X 33/uqr) “0

o (o]
(o] + o~
[
o O
) P T AT TR § — damnrem ..n..u.:nz.l...” —
ﬁh._hn ....... e e | hﬁm\.. OV PR e[
I L i
o - O

o [ 3} S g

o o = [3a] (@]

~ e B |~

[ I~ 1] I

1] / b

- m w =z U

o I - o
N _ I &
i : Lo

r r
=LA RAARAALE LA = m =Na ]I‘Iqll14|<l1‘u1]|1l003
I r |

. m. .
™ (=0T % 3F/wqyr) “0° ™ (=0T X (33/uqy) ~0°

x (inch)

x (inch)

Time History of Particle Concentration.

Figure 36.



r (inch)

r (inch)

r (inch)

15
] N = 100
101 __““x\\\\
5.1 \\\

] \\.
(M TR SN S
-30 -20 -10 10 20

x (inch)
15
N = 400
10 =,

S B T } N U TS U P U SN N B
4

5
\\1:-'——'_“'
-30 -20 -10 0 10 20
x (inch)
15
] N = 3000
1@1
4 \\\\
1 \\\\
5]
] \\,_
O S I I
-30 -20 -10 0 10 20

Figure 37.

78

r (inch)

A A2

]
0 S

N

L AN T SR S | LB B S ]

-30 -20 -~10 0 10 20
x (inch)
15
] N = 1200
100 —3

= ] \\\\

5 ] AN

Z 5]

] \\\\\ﬁ_
0-".7' T YT T LER B T T T
-30 -20 -10 0 10 20

x (inch)
15
] N = 6000
101 —=

r (inch)

o
0 N TS U DA U D ST S W |

-30

"Léb"LiO'

o 10 20

x (inch)

Time History of Particle Free Zone.



79

Table 2

Error Analysis of Mass Flow Rate between Inlet and Throat Planesa

Throat Plane

Mass Flow Rate (1bm/sec) Error Analysis (%)b

Time Particle Particle
Step Gas Phase Phase Gas Phase Phase
600 8.137907 0.105704 1.728 13.62
1200 8.135301 0.109919 1.76 9.264
2000 8.140391 0.112396 1.697 6.856
3000 8.145347 0.,113923 1.635 5.424
5000 8.156196 0.115325 1.5 4,142
6000 8.159970 0.116085 1.453 3.46
7000 8.164023 0.117304 1.403 2.385
8000 8.166869 0.118060 1.376 1.73
9223 8.169521 0.118643 1.334 1.23

aTwoAphase flow (15u, 1.437%) passes through CFFF,

bGas and particle mass flow rates across the inlet plane
are 8.278529 and 0.120102, respectively.
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of numerical dispersion in the MacCormack scheme, and the presence of
high gradients in particle concentrations, numerical oscillations and
the overshoot of particle concentrations appear: examples of which are
shown in Figures 21 and 22, To correct for this numerical behavior,
strong damping terms were applied to the cases with the larger particle
sizes. If no damping terms were used in the calculations, it was not
possible to obtain a converged solution. However, it must be understood
that too strong numerical damping will destroy the physical meanings of
the differential equation. From the aforementioned discussions, it is
clear that the numerical damping terms must be used carefully to pre-
serve accuracy and the conservation property. For flow variable pro-
files presented in Figures 21 and 22, it is confirmed again that a par-
ticle free zone appears near the downstream wall for larger size par-
ticles,

For an adiabatic wall, the temperature profiles along the wall are
given in Figures 23 and 24. Comparing the numerical values of gas tem-
perature in these two figures, one observes that the differences between
wall tempe;atures in the downstream for one phase and two phase flow are
smaller for larger particles. The reason is that the larger particles
create a larger particle free zone and thus do not influence gas beha-
vior in this region. In order to understand the direction and magnitude
of gas and particle velocity, the corresponding velocity vectors are
plotted in Figures 25, 26, 27 and 28. In order to clearly indicate the
vector velocity field differences between one phase and two phase flow,
the corresponding results are provided in Figure 25. The drag of the

particles on the gas significantly reduced gas velocity near the nozzle
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centerline. 1In the particle free zone, the gas velocity for the two
phase flow 1s almost the same as that of the one phase flow., For the
two phase flows with different sized particles, the gas velocities are
plotted in Figure 26, From this result, it is obvious that the gas
velocity for the lu size particle is distributed more uniformly than
that of 15 p size particle. The reason is that the particle con-
centration is more uniform for the smaller particle. If the particle
loading is increased, magnitude of the gas velocity will be further
reduced. Figure 27 shows this type of consistency in the numerical
results. As mentioned in Chapter I, the particle cannot accelerate like
the gas due to inertia. This fact is clearly shown in the plot which is
presented in Figure 28. This figure shows clearly the particle free
zone,

For the CFFF nozzle, Mach number distributions are important. The
nozzle must mate to an MHD channel having prescribed design inlet Mach
number. To investigate the effects of particle size and loading on the
nozzle Mach number distributions, two distribution plots, Figures 29 and
30, and three contour plots, Figures 31, 32 and 33, are presented. The
Mach number distributions on the wall for the one phase and two phase
flows are presented in Figure 29. The differences in Mach number bet-
ween one and two phase flow in the three cases is larger downstream of
the throat of the nozzle than upstream of the throat. To further show
particle size effect, the Mach number distributions across the exit
plane of the nozzle are plotted in Figure 30. Because larger particles
concentrate near the centerline region, the Mach number is lower than at

the wall. According to the theory, for a particle laden gas, the sonic
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line moves downstream of the throat. Three Mach number contours shown
in Figures 31, 32 and 33 prove this physical phenomena. From the solu-
tions given in Figure 31, the most significant differences in Mach
number distributions are indicated near the centerline region. To
illustrate the differences in the distribution of Mach number for dif-
ferent kinds of particle size and particle mass fraction, other results
are presented in Figures 32 and 33. It is easy to see that the Mach
number contours in the downstream nozzle flow are flat for small sized
particles, and the sonic line moves farther downstream of the throat for
higher particle loadings.

As mentioned in Chapter III, a time smoothing technique is intro-
duced to accelerate the numerical convergence of the subsonic inlet
flow. The details of the technique are presented in reference 33. The
results shown in Figures 34 and 35 demonstrate the effects of this tech-
nique as applied in the present study. As shown in Figure 34, the space
oscillations of particle concentration can be reduced. In the same way,
the time oscillations of the pressure field shown at grid point (2,1),
presented'in Figure 35, is significantly suppressed.

Because the drag coefficient and Nusselt number formulations are
not explicitly functions of time, the solution is not truely time-
dependent. Even though the true unsteady solution is computationally
expensive, it is worthwhile to attempt to predict the approximate time
history of particle behavior. In order to approach this problem, two
phase flow with 15u particle size and 1.43% particle mass fraction was
briefly studied. The results shown in Figure 36 are the particle con-

centrations for different time steps, plotted along the wall, grid
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points (L,20) and (L,19), in which L represents the mesh numbers along
the 7 direction from the inlet to exit, In the early time steps, the
particles separate from the wall just downstream of the throat and
gradually accumulate near the corner of the upstream inlet contraction.
Finally, the particles become distributed more uniformly along the wall
from the inlet corner to the throat. At the same time, the particle
free zone reaches its asymptotic size. To prevent numerical over-
damping, moderate damping was applied, which gave a solution with a
small overshoot upstream of the throat. In this case, the damping coef-
ficient was set equal to 0.015. To more clearly show the growth of the
particle free zone, solutions for different time steps are presented in
Figure 37. It is easy to see that the particle free zone develops and
becomes stable very fast. To evaluate the stability and accuracy of the
computer code, the integral or global mass flow rate and an error analy-
sis for the same case are shown in Table 2. If a convergence criterion
of 1073 is accepted, the asymptotic steady state solution is achieved in
only about 600 time steps. However, mass conservation for the particle
phase is poor at this time step. To reduce the mass flux deficit, the
convergence criterion was set equal to 10~% for the entire flow region,
But then, even when the convergence value was obtained for the flow
downstream of the nozzle throat, for time steps less than 7400, numeri-
cal oscillation still existed in the subsonic inlet part of flow field.
In order to accelerate the convergence, the time smoothing technique was
applied after time step 7400 and the solution finally was converged at
the time step 9223, From Table 2, it is apparent that the stability and

accuracy requirements are satisfied.
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To complete the accuracy analysis, two tables are given to check
whether the code satisfies basic physical principles of conservation.
The results are shown in Tables 3 and 4, where the mass, energy and
momentum flux integrals across the inlet, throat and exit planes are
compared. The error analysis is evaluated from the three values which
were calculated at the different cross sections for mass, momentum and
energy. For every case, the maximum deviation was used to examine the
accuracy of the numerical results. The data shown in Table 4 show that
solutions for flows with the larger particle size have the largest error
for the particle mass flow rate.

The study of one inviscid gas-particle flow solution procedure was
concluded at this point. From the aforementioned discussions, the com-
puter code presented in this research is thought to be reliable and suf-
ficiently accurate for some engineering design purposes although to
achieve the low mass, momentum and energy flux errors requires many

iteration steps.

Discussion of Results for the Effective Turbulent Viscosity Model

Even though the effective turbulent viscosity model is not accur-
ate, it is easy to set up in the code for determining the effects of a
thick boundary layer on the gas and particle flow in the nozzle.
Because this model was applied to study the general flow behavior in a
qualitative sense, an arbitrary effective viscosity was used. In this
study, the value of effective viscosity was set to about 1000 times the
molecular viscosity. Using an effective viscosity model, different

cases were computed, one phase flow and two phase flows (1u, 15u).
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The results are presented in Figures 38 - 43. To understand the par-
ticle concentration distribution under the effect of a thick boundary
layer, two plots are shown in Figures 38 and 39. From the results shown
in those two figures, it is easy to see that the distributions of par-
ticle concentrations in a gas with a thick boundary layer are different
from that obtained previously. The contour curves have been shifted
downstream by boundary layer effects, This can be explained by the con-
servation of mass and the reduction of velocity by to the viscous
effect., Even though the particle free zone shown in Figure 39 appears
to the eye to be almost the same, the regimes with high gradients in
particle concentration are spread out and move down toward the cen-
terline. The viscous thickening of the boundary layer and the disper-
sive effect on the particles explains those results,

The gas velocity profile in Figure 40 shows the magnitude and
direction of velocity for the one phase flow with and without thick
boundary layers. The differences are significant. Pressure is an
important field variable. Pressure fields for the viscous and inviscid
cases, for the one phase flow and two phase flow (lu, 15u), are pre-
sented in figure 41. From these results, it is concluded that the
nozzle pressures for the viscous cases are higher than those of inviscid
cases and the pressure difference between centerline and wall is small
for all cases. Mach number contours also show a significant difference
between viscous and inviscid cases. The Mach number contours are
displayed in Figures 42 and 43, It is apparent that the sonic line is
moved downstream due to the viscous effect. As mentioned before, the

physical accuracy for the results may be doubtful because the effective
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viscosity model is arbitrary. It was important to confirm that this
model could provide an easy way to check the effect of a thick boundary
layer on the particle concentrations and flow behaviors in compressible
nozzle flow. The previously discussed results provided the confir-

mation, in addition to being important in their own way.

Discussion of Results for the Viscous-Inviscid Interaction Model

In this attempt to study boundary layer effects on compressible
gas—-particle flow, the effect of particles inside the turbulent boundary
layer is neglected. The integral equations of the turbulent boundary
layer for the one phase flow were applied to study the effects of thin
turbulent boundary layer on the internal two phase flow. The above
assumption is justified for two phase flows with large particle sizes,
high Reynolds numbers and/or for nozzle with large angle contraction and
expansion sections. The reason is that extensive particle free zones
exist downstream of the nozzle throat for these conditions. To simplify
this type of analysis, the turbulent boundary displacement effect was
applied only downstream of the throat. If such a study is to apply to
all the flow regions (upstream and downstream), such a complete set of
integral equations for the two phase turbulent boundary layer flow must
be derived from the governing equations which were presented in Chapter
IT. Moreover, the velocity profiles and all the empirical relations
would require modification.

Under the aforementioned asumption, three different cases, which

include one phase and two phase flow with different particle sizes
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(1u, 15u), were studied in the present research. As mentioned, the tur-
bulent boundary layer velocity profile, which was presented by Whitfield
[24], was utilized in the study.

The numerical results for the velocity profile for the one and two
phase flow are shown in Figure 44, It 1s easy to see that the velocity
distributions for the two phase flow are not very smooth. The reason
may be that the effects of particles on the gas phase inside the tur-
bulent boundary layer were neglected, and, the surface source model
which is used to simulate the boundary layer displacement effect was
only applied to the gas phase. In order to analyze this problem,
further study is required to develop a two phase gas-particle integral
boundary layer analysis. Note also that if the boundary layer extends
far enough into the flow, it will be interacting with the high particle
concentration zones, so the outer regime of the velocity profile will
probably have to be modified to incorporate particle drag effects.

Even though several problems may reduce the accuracy of this study,
the results given in the following figures present valuable information
which shows the difference in flow properties between one and two phase
flow with thin turbulent boundary layers. As mentioned before, the par-
ticles try to move to the centerline after the throat due to the iner-
tial effect. Thus, particles tend to drag the boundary layer to the
centerline. The displacement thickness for the case of larger size par-
ticles is larger than that for small particles. One expects then, that
the displacement thickness of one phase flow should be smaller than that
of both two phase flows. This is confirmed in Figure 45. Whitfield

[41] has mentioned that the turbulent boundary layer velocity profile
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should be modified for axisymmetric internal flow when the shape factor
(H) is larger than 2,9, To check this condition, the shape factor
distribution along the wall were computed and the values given in Figure
46 are less than 2.5 for all three cases. Momentum thickness (6) and
friction coefficient (Cf) are plotted respectively in Figures 47 and 48.
All the data show that the numerical values for two phase flows are
higher than those for one phase flow. It should be mentioned again that
the turbulent boundary layer analysis for the two phase flows was
applied only to the wall downstream of the nozzle throat and that the
numerical values for displacement thickness and shape factor at the
throat are the same for both one phase and two phase flow.

Because of the different assumptions, inlet conditions and so forth
between the simple effective viscosity model and the viscous-inviscid
interaction model, the comparison of numerical accuracy between those
two models is not practical. The present research provides a qualita-
tive study, even though the quantitative comparison is not useful. To
demonstrate the differences or similarities of behavior of particles
affected by the existence of wall turbulent boundary layers, two plots
are presented, From the results shown in Figures 49 and 50, for both
approaches, the particle free zone and high gradient particle conden-
sation regions appear similar. Contour lines of constant flow variable
values are generally shifted downstream when the boundary layer is
modeled. When the results are compared between Figures 39 and 49, the
shapes of the contour lines are similar except that the high gradient
regions for the simple effective viscosity model are wider than those of

viscous-inviscid interaction model. For further study of the difference
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between inviscid gas model, effective viscosity model and viscous-
inviscid interaction model, the pressure along the wall for the one and
two phase flow are presented in Figure 51. It is obvious that the
boundary layer will increase the pressure and this effect becomes strong
for the simple effective viscosity model. Of course, it should be men-
tioned again that the arbitrary values of effective viscosity and dif-
ferent inlet conditions make the comparisons difficult to evaluate

precisely.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

A time-dependent, two-step, explicit MacCormack scheme was applied
to a set of partial differential equations describing the motion of two
phase, gas-particle flows. Both inviscid gas and viscous gas solutions
were obtained. For the viscous cases, two approaches were tried. One
approach was a purely viscous flow and the other was a viscous-inviscid
interaction approach. An integral method and a simple effective visco-
sity model were introduced to treat turbulent boundary layer effects,
but the particle dispersion due to turbulence was not considered in the
present study. Extensive numerical investigations and their numerical
results showed that the model satisfied the basic physical phenomena and
the numerical method conserved global and species mass, energy and
momentum to within a few percent. The numerical solutions provide the
gas and particle velocity, temperature, pressure and density distribu-
tions, in a conical rocket nozzle, and in the combustor outlet, nozzle,
and channel inlet of the Coal Fired Flow Facility being developed at
UTSI. For viscous cases, the gas phase Mach numbers and interpretive
behavior of turbulent boundary layers in two phase flow were provided.
Based on a significant amount of development of the numerical scheme,
the present solution procedure was shown to be stable, accurate and

reliable.
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The special techniques described in this study were used to solve
specific numerical problems or model physical phenomenon. The idea of
and treatment of the particle free zone with pseudo-wall boundary con-
ditions reduced significant global conservation error to about 1% mass
flow rate for a 15u particle case in CFFF, A modified MacCormack finite
difference scheme for the limiting particle streamline (pseudo-wall) and
a fourth-order smoothing term were required to solve the flow field for
large particle cases. A time smoothing idea was used to accelerate the

convergence of the solution procedure for subsonic flow in inlets.
Recommendations

Even though this study has made considerable progress in establish-
ing an understanding of the two phase flow problems, it became clear
that further work is required in refining this understanding. Because
techniques based on extrapolation methods for particle concentration on
the wall for boundary conditions have a limited physical meaning, an
intensive study of near wall physics is suggested in the future. Two
approaches_may be helpful. First, Turkel [42] introduced the Lagrange-~
Euler method to solve the moving boundary problem. Second, the Flux
Corrected Transport (FCT) idea described by Book [43] might be used to
solve the continuity equationvfor particle concentration on the wall.

In this study, the particle phase is assumed to be "sufficiently” con-
tinuous. Individual particle trajectories, and particle-wall collision
behavior cannot be predicted. To study these effects, it might bé that
a Lagrange viewpoint and trajectory model can be applied. For the effi-

ciency of the computer code, the results given in Table 5 show that the
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Table 5

Computational Time®

Total CPU Timeb

Model Case Total Time Steps (hr)
Inviscid Gas One phase 2003 2.7
Model lu, 1.437% 2647 4.5
1u, 14.3% 4026 6.0

154, 1.43% 9223 18.0

Simple Effecive One phase 3784 5.19
Viscosity Model 1p,1.43% 236 0.7
15, 1.437% 5003 13.6

Viscous-Inviscid One phase 250 0.24
Interaction Model lu,1.43% 2150 4.0

15u,1.43% 4100 9.57

a
The machine is VAX 11/780 and the grid numbers for CFFF are
81 x 21,

The approximate values are calculated from the arbitrary time
intervals.
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computational times for some cases are large. Even though the different
machines can solve this problem, it 1s suggested that the implicit
method presented by MacCormack [44] may easily apply to modify the pre-
sent code and reduce the computational time. In order to solve viscous
gas problems, it is suggested that a nonuniform computational plane grid
be used to replace the uniform computational grid used in the present
code. This approach may lead to higher order mapping techniques. For
further study of two phase turbulent flow, a two—equation turbulent
model presented by Elghobashi, et al. [45] may be useful. If the
viscous-inviscid interaction method developed in the study is to be
further developed, an inverse integral method and empirical or theoreti-
cal study of fully two phase, turbulent boundary layer velocity profiles
should be conducted in future research programs.

In this study, only one kind of particle in the flow region is con-
sidered for each case. The particle collision is neglected. To prove
this assumption, the ratio of mean free path to the interparticle
spacing is presented in Table 6., From these results, it is easy to see
the mean f;ee path is much larger than the interparticle spacing. The
effect of particle collision is very small, If different kinds of par-
ticles exist in the same flow field, the particle collision shall be
considered due to the different magnitude of particle velocity. The
agglomeration and/or decomposition of the particles are not neglected.
For the turbulent flow, the particle dispersion exists and the particle

collision shall be considered also.
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The Ratio of Mean Free Path of Particle-to-Particle Collision
to the Interparticle Spacing?

Conical Nozzle
(lu, 30%)

CFFF
(lu, 1,437%)

CFFF
(lu, 14.3%)

CFFF
(15u, 1.43%)

6.7383301E+01
6.7315216E+01
6.7412994E+01
6.7632393E+01
6.7726883E+01
6.7851395E+01
6.7908722E+01
6.7906967E+01
6.7840393E+01
6.7749397E+01
6.7638680E+01
6.7480408E+01
6.7277061E+01
6.7094330E+01
6.7116089E+01
6.8191254E+01
7.4694252E+01
1.1153696E+02
5.5010394E+02
2.0376475E+04
1.7662459E+04

4.6351013E+02
4.6362399E+02
4,6319510E+02
4,6364899E+02
4,6340915E+02
4.6352298E+02
4.6344714E+02
4,6347211E+02
4,6342175E+02
4.6340915E+02
4.6335876E+02
4.6330841E+02
4.6323260E+02
4.6314429E+02
4.6299323E+02
4.,6294312E+02
4.6260355E+02
4,6288000E+02
4.6207684E+02
4.8278140E+02
5.0598920EF+02

8.9346512E+01
8.9581779E+01
8.9092957E+01
8.9472107E+01
8.9270409E+01
8.9363007E+01
8.9318314E+01
8.9318741E+01
8.9313377E+01
8.9287277E+01
8.9285019E+01
8.9249092E+01
8.9241478E+01
8.9205399E+01
8.9182426E+01
8.9187531E+01
8.9054138E+01
8.9271652F+01
8.8393433E+01
9.1342926E+01
9,4551422F+01

2.8625876E+02
2.8751016E+02
2.8787411E+02
2.8765182E+02
2.8714355E+02
2.8659598E+02
2,8597156E+02
2,8470660E+02
2,.8183575E+02
2.7687460E+02
2.7116370E+02
2.6831052E+02
2.7374472E+02
2.9539923E+02
3.5080078E+02
5.1467468E+02
b

o o o o

@The numerical values are calculated at the exit plane from the

following relation which was shown in reference [46].

A
-1/3

_ Pi-2/3
= b

(36m)

bParticle free zone.

-1/3
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The radiation model applied in this study is only a simple approxi-
mate approach. In order to find out the effect of the radiative energy,
the ratio of radiative heat transfer to convection heat transfer is
calculated and presented in Table 7. The data show that the radia-
tive heat transfer is negligible in the conical nozzle and CFFF with
small particle case. For the large particle, the radiative energy
becomes large., For the more reliable and accurate research on this
topic, the radiation models mentioned in the references 47 and 48 are
suggested. However, it is important that the wall is assumed adiabatic
in this case, so that the net radiative heat transfer between two phase
flow and wall is neglected.

Besides additional theoretical study of the particle concentration
boundary conditions, and work on speeding up the numerical solution with
recent improvements to the family of MacCormack schemes, the program
must be adapted to MHD type flows. For application to MHD flows, the
gas specific heats cannot be treated as constant, so that the energy
equation and the thermodynamic properties will require modification.
Also, the flow in an MHD nozzle occurs with highly cooled walls, so the
adiabiatic wall condition will need modification to model heat transfer
from the nozzles. The radiation heat source term must be approximated
for a high emissivity gas with a significant number of scattering cen-
ters (particulates). Also, the particle drag law and Nusselt number
correlations may require improvement.

Finally, for very high temperature coal combustion, a major uncer-
tainty is the lack of knowledge of the production of coal or ash par-

ticles in the combustion process in terms of number densities and mass
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The Ratio of Radiative Heat Transfer to Convective Heat Transfer?

Conical Nozzle
(1w, 30%)

CFFF
(lu, 1.43%)

CFFF

(1lu, 14.3%)

CFFF
(15u, 1.43%)

7.9788522E-05
8.0170248E-05
8.0807607E-05
8.2011509E-05
8.3896783E-05
8.6343105E-05
8.9139110E-05
9.1926369E~-05
9.4512448E-05
9.6889060E-05
9.9066980E-05
1.0096618E-04
1.0252272E-04
1.0373395E-04
1.0445918E-04
1.,0371178E-04
9.8016317E-05
8.1778730E-05
6.1160412E-05
5.0014227E-05
4.8123977E-05

1.8956594E-02
1.8956449E-02
1.8956484E-02
1.8956628E~02
1.8956276E-02
1.8956246E~02
1.8956069E-02
1.8956291E-02
1.8956289E-02
1.8955898E~-02
1.8956106E-02
1.8956123E-02
1.8955449E-02
1.8955080E-02
1.8955253E-02
1.8955193E-02
1.8955367E~02
1.8954761E-02
1.8955212E-02
1.8946452E-02
1.8938361E-02

2,0995997E~-02
2,0990362E-02
2.1001359E-02
2,0992629E-02
2.0997297E-02
2,0995127E-02
2.0996574E-02
2,0996090E-02
2.0997081E-02
2,0998193E-02
2.0997666E-02
2.0998582E-02
2,0998405E-02
2.0999162E-02
2.1000884E-02
2,1000279E-02
2.1003539E-02
2,0998631E-02
2,1017607E-02
2,0974904E-02
2,0933380E-02

3.1268844E-01
3.1267598E-01
3.1266427E-01
3.1265706E-01
3.1265402E-01
3.1264880E-01
3.1264475E-01
3.1263539E-01
3.1263342E-01
3.1263900E-01
3.1266430E-01
3.1269038E-01
3.,1267935E-01
3.1257629E-01
3.1232110E-01
3.1188118E-01
b

v o o o

8The numerical values are calculated from the following relation

at the exit plane.

2 b L
o(&nrj)(ejTj eT)

2
hc(LHTrj ) (Tj

bParticle free zone.

-7
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flux distributions at the combustor exit (or nozzle inlet). Therefore,
parametric sensitivity studies must be performed to investigate the
effects of assumed particle distributions and fluxes to see if this lack
of physical information is critical. In such sensitivity studies, the
effects of, or necessity for, treating the gas as viscous or inviscid

will also require elucidation.



LIST OF REFERENCES



115

LIST OF REFERENCES

1. Nickerson, G. R., D. E. Coats and R. W. Hermsen, "A Computer
Program for the Prediction of Solid Propellant Rocket Motor
Performance,” AFRPL-TR-80-34, Volume I, June 1980.

2. Hoglund, R. F., "Recent Advances in Gas-Particle Nozzle Flows,”
ARS Journal, p. 662, May 1962.

3. Kliegel, J. R., "One Dimensional Flow of a Gas Particle System,”
TR-59-0000-00746, Space Technology Laboratory, July 1959.

4. Kliegel, J. R. and G. R. Nickerson, "Flow of Gas—Particle Mixtures
in Axially Symmetric Nozzles," Progress in Astronautics and
Rocketry, Volume 6, Academic Press, New York, pp. 173-194, 1962.

5. Rudinger, G., "Gas—Solid Suspensions,” Von Karman Institute for
Fluid Dynamics, Lecture Series 90, May 1976.

6. Zucrow, M. J. and J. D. Hoffman, Gas Dynamics, Volume II, John
Wiley and Sons, Inc., New York, 1977.

7. Peters, C. E., "Internal Aerodynamics of Rocket Engines,” Von
Karman Institute for Fluid Dynamics, Course Note 58, Chapter 3,
April 1966.

8. Regan, J. F., H. D. Thompson and R. F. Hoglund, "Two-Dimensional
Analysis of Transonic Gas—particle Flows in Axisymmetric Nozzles,”
Journal Spacecraft, 8(4), p. 346, April 1971.

9. Jacques, L. J. and J. A. M. Seguin, "Two Dimensional Transonic
Two-Phase Flow in Axisymmetric Nozzles," AIAA Paper No. 74-1088,
October 1974.

10. Chang, I-Shih, "One-and Two—Phase Nozzle Flows,” AIAA Paper No.
80-0272, January 1980.

11. Crowe, C. T., "Review-Numerical Models for Dilute Gas-Particle
Flows," Journal of Fluids Engineering, Volume 104, pp. 297-303
September 1982.

12. DiGiacinto, M., F. Sabetta and R. Piva, "Two-Way Coupling Effects
in Dilute Gas-Particle Flows," Journal of Fluids Engineering,
Volume 104, pp. 304-312, September 1982.

13. Hoffman, J. D., "An Analysis of the Effects of Gas-Particle
Mixtures on the Performance of Rocket Nozzles,"™ Report No. TM-63-1,
Purdue University, January 1963.




14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

116

Torobin, L., E., and W, H. Gauvin, "Fundamental Aspects of
So0lid-Gas Flow,” Canadian Journal of Chemical Engineering, 37,
pp. 129-141, August 1959.

Drake, R. M., Jr., "Discussion on G. C. Vliet and G. Leppert:
Forced Convection Heat Transfer from An Isothermal Sphere to
Water,” Journal of Heat Transfer, 83, pp. 170-172, 1961.

Carlson, D, J. and R. F. Hoglund, "Particle Drag and Heat Transfer
in Rocket Nozzles,” AIAA Journal, 2, p. 1980, 1964.

Crowe, C. T., "Drag Coefficient of Particles in a Rocket Nozzle,"
ATAA Journal, 5, pp. 1021-1022, 1967,

Crowe, C, T., W. R. Babcock and P, C. Willoughby, "Drag
Coefficient for Particles in Rarefied Low Mach Number Flows,"
Progress in Heat and Mass Transfer, 6, Porgammon Press, pp. 419-

431, 1972.

Kliegel, J. R., "Gas Particle Nozzle Flows," Ninth Symposium
(International) on Combustion Academic Press, pp. 811-827, 1963.

Henderson, C. B., "Drag Coefficient of Spheres in Continuum and
Rarefied Flows,” AIAA Journal, 14, pp. 707-708, 1976,

Schaff, S. and P. Chambre, "Flow of Rarefied Gases,”
Fundamentals of Gas Dynamics, Princeton Series, Volume III,

Princeton University Press, p. 725, 1958.

Bird, R. B., W, E. Steward and E. N. Lightfoot, Transport

Phenomena, John Wiley and Sons, Inc., New York, p. 409, 1960.

Tracy Donegan, "Unsteady Viscous-Inviscid Interaction Procedures
for Transonic Airfoil Flows,” Master Degree Thesis, UTSI, December
1983.

Whitfield, D. L., "Integral Solution of Compressible Turbulent
Boundary Layer Using Improved Velocity Profile,"™ AEDC-TR-78-42,
December 1978.

Cline, M. C., "VNAP: A Computer Porgram for Computation of Two-
Dimensional, Time-Dependent Compressible, Viscous, Internal Flow,"
LA~7326, November 1978,

MacCormack, R. W., "The Effect of Viscosity in Hypervelocity Impact
Cratering,"” AIAA Paper No. 69-354, ATAA Hypervelocity Conference,
Cincinnati, Ohio, April 1969,

Roache, P, J., Computational Fluid Dynamics, Hermosa Publishers,
1976.




28.

29.

30.

31.

32.

33.

34,

35,

36.

37.

38.

39.

40.

117
Yee, H. C., "Numerical Approximation of Boundary Conditions with
Applications to Inviscid Equation of Gas Dynamics,” NASA-TM-81265,
1978,

Gottlieb, D. and E. Turkel, "Boundary Conditions for Multistep

Finite-Difference Methods for Time-Dependent Equations,” Journal of

Computational Physics, 26, pp. 181-196, 1978,

Kreiss, H. 0., "Stability Theory for Difference Approximations of
Mixed Initial Boundary Value Problems, I,” Mathematics of

Computation, 22, pp. 703-714, 1968.

Serra, R. A., "Determination of Internal Gas Flows by a Transient
Numerical Technique,” AIAA Journal, 10, p. 603, 1972,

Oliger, J. and Sundstram, A., "Theoretical and Practical Aspects
of Some Initial Boundary Value Problems in Fluid Dynamics,”
SIAM Journal on Applied Mathematics, 35, p. 419, 1978,

Cline, M. C., "VNAP 2: A Computer Program for Computation of Two
Dimensional, Time-Dependent, Compressible, Turbulent Flow,"
LA-8872, August 1981.

Moretti, G. and M, Abbett, "A Time-Dependent Computational Method
for Blunt Body Flows,” AIAA Journal, 4, p. 2136, 1966.

Moretti, G. and M. Pandolfi, "On the Calculation of Subsonic Flows
in Ducts,” Polytechnic Institute of New York, Report M/AE 80-18,
June 1980,

Richtmyer, R. and K. W, Morton, Difference Methods for Initial
Value Problems, John Wiley and Sons, Inc., New York, 1967.

MacCormack, R. W., "Numerical Solution of the Interaction of a
Shock Wave with a Laminar Boundary Layer,” Lecture Notes in
Physics, M. Holt, editor, Volume 8, Springer-Verlag, New York,

pp. 151-163, 1971.

Kutler, P., L. Sakell and G. Aiello, "On the Shock-on-Shock
Interaction Problem,” AIAA Paper No. 74-524, June 1974,

Nash, J. F., "A Practical Calculation Method for Compressible
Turbulent Boundary Layer in Two-Dimensional and Axisymmetric
Flows," lockheed-Georgia Company, Research Memorandum - ER-9428,
August 1967,

Schlichting, H., Boundary-Layer Theory, Sixth Edition,
McGraw-Hill, New York, p. 599, 1968.




41.

42.

43,

44,

45,

46,

47.

48,

118

Whitfield, D. L., "Analytical Description of the Complete Two-

Dimensional Turbulent Boundary-Layer Velocity Profile,”
AEDC-TR~-77-79, September 1977,

Turkel, E., "Order of Accuracy and Boundary Conditions for Large
Scale Time Dependent Patial Differential Equations, Von Karman
Institute for Fluid Dynamics, Lecture Series 1979-6, March 1979,

Book, David L., Finite-Difference Techniques for Vectorized Fluid
Dynamics Calculations, Springer-Verlag, New York, pp. 29-55, 1981,

MacCormack, R. W., "A Numerical Method for Solving the Equations
of Compressible Viscous Flow,” AIAA Paper 81-0110, St. Louis,
Missouri, January 12-15, 1981.

Elghobashi, S. E. and T. W. Abou-Arab, "A Two-Equation Turbulence
Model for Two-Phase Flows,"” Physics of Fluids, 26 (4), April 1983,

Hetsroni, Gad, Handbook of Multiphase Systems, Hemisphere
Publishing Corporation, pp. 7-6, 1982,

Hunter, S. C., S. S. Cherry, J. R. Kliegel and C. H., Waldman, "Gas
Particle Nozzle Flows with Reaction and Particle Size Change,” AIAA
Reports 81-0037, January 1981,

Ozisik, M. N., Radiative Transfer, Wiley-Interscience Publication,
Chapter 9, 1973,




APPENDICES



120

APPENDIX A
DERIVATION OF COMPRESSIBLE, TWO PHASE, GAS-PARTICLE FLOW EQUATIONS

The continuum equations are derived on the basis of a control
volume and closed system approaches. It is also assumed that the par-
ticles are uniformly distributed locally, so that number densities and

particle loading mass densities can be treated as continuum variables.
Conservation of Gas Phase Mass

The control volume approach 1s illustrated below. 1If % is the gas
velocity, ; is an outward unit normal, and ds and dv are surface and
volume elements, respectively, then the expression of gas mass conser-
vation is

- %?~fvpdv = fsp§';ds.

Using the divergence theorem, the above equation can be written as

For arbitrary, fixed volumes

jv[%g+ Ve(o¥)]dv = 0.
op >
22+ vy = 0

or

In component, the scalar forms are

dp du av op d9p pv _
FIL R L i Tl (A1)

where § = 0 for planar flow, 6§ = 1 for axisymmetric flow.
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Gas Phase Momentum Equations

For the assumption of an inviscid gas, with particle interaction
due to drag of the particles, the governing equations can be obtained by

a control volume approach and written as:

Ju du du , 1 9P _
R TR T
ov ov v 1 3P

e tunt Vet T Yy

the f; and fy are effective drag forces per unit mass. They arise from
gas-particle interaction through particle drag. Therefore, they must be

derived for a particle cloud acting on the gas.

Drag Force
Consider a unit volume of gas which contains Nj particles, the
total drag force exerted on a volume V of gas is then

D = N;VD

= jVDj’

The mass of gas in the volume V is
M = pV.

Therefore the drag force per unit mass of gas is

b
f=-g5=-

p

2
where the particle drag formula ﬁj = CD(nrj) %-p 'V—§j| (G-Gj).

24fF . p p
_ 24 _ i'g _ ]
J pl 3 | (2rj) oy ﬂr;)mj
3 .
u f.
and A =—9-.;g.__~;_
2 mirs

373
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then

+___pj -)_+
f = (T)A(V vy

where my and rj are the mass density and radius of particle, respectively.

Hence, the momentum equations for the gas phase are

au 1 3P _ Pj
3:7—.-}- u E_V_ + v E_Y. +£3_P. = —A(_p.j._)(v - .) (A3)
ot 9x 3r ' p or P vioe

Conservation of Gas Phase Energy

The governing equation in enthalpy form is, from the first law of

thermodynamic and open system fixed control volume analysis

pCp %E- = %+ qg''"" +w''' (note q''' and w''' are positive into gas

by assumption)
written for an ideal, perfect gas with constant Cp. The term q'''
reflects the energy exchange with the particles, and w''' represents the
work done by the drag forces acting on the gas. Expanding the equation

out, it becomes

0T aT __3__P_ 3P _§_§ try tey
pCp(—-+ua—-—+ a—r—)-at+ua +V3 +q + w

Using the ideal gas equation of state, the derivatives of T with respect

2 YP

to t, x and r, and the relations a —— the equation can be rewritten
as:

P P 3P o .3p ap 3 _R . R -

T S e TR Rl = ok B wl AR
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Heat Source Per Unit Volume

A volume V of gas containing Nj particles per unit volume is con-
sidered here. Each particle will contribute a heat source at the rate
. 2 2 4
qj = hc(lmrj)(Tj -T) + o(lmrj)(szj - €'IJ+).
The heat transfer rate due to all particles in V is
Q = N,Vq,
Q V45

and the heating rate per unit volume is

q''' =

<jo-
"
2

By using the following relations,

pe o PVg P Nu. = he (2ry) Ao bt
N s 0 Ny X 2
j“rjmj mjrj
and
Nu:C
€= 2ijp
jr
the-B-q"' can be written as
Cy
fi—q"' =(y-Dq""" =(y - 1) p-AEZ-C(T- - T)
Cy 33 J
30 n 4
+ Amjrj (szj - eT*)].

Work Source Due to Drag Force

The work that the particles do on the gas with respect to the

closed system of gas is derived as follows:

trey . +,
W pfe(V

> pj > > > >
5 - = el-Ghad - Iy - D)

ij[(u - uj)2 + (v - Vj)zl.
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Therefore

— W' = (y - l)ij[(u - uj)2 + (v - Vj)zl-

Substituting the relations g;-q"' and-%;-w"‘ into the energy equation,
v

the energy equation can be written as:

3B 8B 8P ,p B . By _
3t 4+ u P + v 5T a (at +u P + v ar) = ABpj (A4)
where

B=(y -1l - uj)2 + (v - vJ-)2 +:;'—C(Tj - T)

30 (elTi% - eTH
+ Amyr (eJTJ eTt)].

Conservation of Particle Mass

Since the particles do not lose or gain mass by any mechanism, it

follows immediately that

3p; 9ps ops; du v, psV
k| A A h| h| i’ _
5T + uj P + T + pj 5% + pj T + 86 = = 0 (A5)

from a control volume approach similar to that used for the gas phase.

Particle Momentum Equation

Since there are no pressure or shear forces acting on the particle,

the momentum equation due to the drag force can be written as:

>

V.
__..A. ta ' +- = - F4
pjlat + (Vj V)VJ] of
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where p% is the drag force of the particles acting on the gas. By

p

substituting the relation F=- -62) A (6 - gj) into the above equation,

the momentum equation for the particles can be expressed in component

forms:
+ u, —= , — = -
5t T Yiax T Vi T Aw - uy) (46)
3Vj ij BVj
Y TV - AV vy 7

Conservation of Particle Energy

For a unit volume of two phase flow, the particles have the total

energy per unit volume

2
Pjey = P5(CyTy + 5=+ 57).

A control volume analysis gives the following

0 > >
_'EZ'jvpjejdv = fspjejvj' n ds - qu"'dv - fvw"'dv

where q'''

and w''' are positive if the energy transfer into the
particle phases. Using the Gauss's divergence theorem, the energy

equation becomes

3 . T - [N LK 2R .
Applying the conservation of particle into the above equation, the

energy equation is rewritten as:

Bej Bej Sej
N L o . LI I .
pj(at tuigsx tVier ) -4 v 0.
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By substituting the derives of e

i into the above equation and applying

the particle momemtum equation, the particle energy equation becomes

3T aTJ AT,
J J[Bt + uJ o + vj 3;74 DjujA(u - uj)
+ijjA(V-vj)—q"l_w'|'=0.

The work done on the particles at the particle velocity is

>

ter _ v -’.+= _f_f_.*__._‘*.‘*

> > >
ij(V - Vj) . Vj = ijuj(u - uj) + ijvj(v - Vj)'
From the aforementioned results, the heat transfer into the particle

phase is

30

L B 2 - o ———— -
q = - psAlx C(Tj T) + oy (€4 Tj eT*)].

Therefore, the energy equation for the particle becomes

BTj BTj STj
5t T Yx Vi <D (A8)
where
_ _ A 2 _ 30 4 _ i

2AC _ _ 30 _ N
g— (T T) ———————j 3 (eJTJ eT4) .
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APPENDIX B

TURBULENT BOUNDARY LAYER RELATIONS

The direct integral method is incorporated into the present work to
consider the effect of turbulent boundary layer. In order to understand
the relations applied in this study, the equation and relations of para-
meters, which are presented by Whitfield [24], are shown in this

appendix,

Integral Equation

1 d § 2 g due Cf (1)
T (FwPete®) + Hox o= = 5
TwPele
1 a , 8 3 g due Cf
-2-——6—-—-3-—- i (rypeugbHgx) + Hgxx -1-1;—-3}—{— =5 D. (B2)
TwPele

Shape Factor Correlations

&% = 2 2
- 2
9% - 2 - 0.54 tanh[1.1(H - 1)] + 0.028 M,
0 1+ 0,014 M
Sxx 0.064 2
75— = Hexx = (———— + 0.251) Me
H - 0.8
2
6 0.92 M _
and — =1 - 5 tanh[1.49(H - 0.9)]
8 7.09 + M,
where
H =

I
i | ol
*

(B3)
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Skin Friction Coefficient

1 0.3e-1+330

Cs =
Fo Ra - (B4)

o

[10g10(F )] 1.74 + 0.31H

(o]

where
-1 .2 1/2 pau 0
Fo = (1+ Y M) s Rgy = ee . (B5)
2 0 Ye
Shear-Work Integral
3(2
D = T — d_...
IO Tw v ) (B6)
3 (=
6
where
I =2 for 0<y+<100
Tw
du | du u u
gup v 5 (Y 5L
1 p(0.41y)2 | 3y | 3y 2 p y .2 (“e) (ue)
= T = ET-E—-(O.41-:-)
w W f e
2@ | 3D
0 0
for middle region.
- 3du u_
. 0.0168pugd* 3y 9 _ a(ue)
= = 0.0168 =— 2§
Tw T Cs pe v
a(gé (B7)

for outer region
The point in the boundary layer separating the middle region from the

outer region at a particular location is that point where

(0.41y)2 = 0,0168 ugl*, (B8)

du
3y
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Velocity-Temperature Relation

The density ratio in the expression for the shear-stress distribu-

tion is specified by the modified Crocco relation for an adiabatic wall

p 2
R I R TN B i ¢ -ty ) (B9)
3 Te ug

where recovery factor r., = Pr0‘333.

Definition of Basic Parameters

S Tw

2 2
Pele

§* = [T(1 - Loyay
o e

e e
g = ® ———-pu - (l - u—)dy (B].O)
(j) peue ue
§% = fm a - pu )dy
0 Pele
ox = [T B2 (1 - Wygy
o peue ué



APPENDIX C

DERIVATION OF CHARACTERISTIC EQUATIONS OF TWO PHASE

FLOW FOR WALL BOUNDARY CONDITION

Governing Equations

pr + Vpn + poup + pBvp = —upp = pup - —— = 121

-uu —-l-P - A-Ei-(u -us) =9
[ i’ T2

- a

p
AP
p

vy + an +—S' Py -uvg (v - Vj) V3

Pr + VPn - az(pT + Vpn) = —ng + azupC + ABpj = Y,

- 6pjvj
Pic ¥ ViPay T o3y toeyByy, = ey, T eyuy - ot s
ujT + ﬁjujn = - ujujC + A(u - uj) = Vg
VjT + Vjvjn = —ujvjc + A(v - Vj) = ¥y
TjT + \'/J-Tjn = —ujTj; +D = yg
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(C1)

(C2)

(C3)

(C4)

(C5)

(C6)

(C7)

(C8)

where the ¢ and n subscripts denote partial derivatives with respect to

those variables.

Characteristic Curves

A linear combination of the equations (Cl) -~ (C8) can be found by

multiplying those equations by %24, 1 = 1-8, respectively, and summing

them. After the rearrangement, this linear combination can be written

as:

dwlp + dWZu + dw3v + dw4P + dwspj + dw6uj + dw7Vj + dngj

= 2¥; + Ag¥y + R3¥3 + L40, + Ag¥s + 2g¥g + 2707 Higig

(€9)



where
> s 25 2 > 5
Wl = (ngl - a V24, 2'1 - a 24) N Wz = (poJZ,l + V;Q;z ’ 2;2)
> - >
> -
WS = (les s 2«5) ’ ;6 =
> - > -
and
+ — —
dwlp =Vp *» w = (Vll - a2 V£4) Py + (21 - azJLl,)p.r

is defined as the derivative of p in the direction of the vector %1.

Let li be chosen so that 51 are linearly dependent, or, in other

) +-§-9,3 + V8, , 24)
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words, lie in one direction. If 24 exist, the curve that contains the

> >
vector w; is called the characteristic curve, its normal N is called the

1

characteristic normal, and equation (C9) is called the compatibility

equation. Let N = (Nn’NT

> >
plane, New; = 0 for i =1 - 8.

In matrix form, the equations become

I

where
FUN, + Ny 0 0 ~a2 (VN +N7)
paNn VNn + NT 0 0
A= 1o 0 VN, + N 0
Y n n T
aNn BNn _
L 0 VN, + Ny

) is the characteristic normal in the n - 1

) )
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0 0 0 Van + N

: ]

and

(C10)

L .
L "8
In order to get nontrivial solution £j, the coefficient matrix must
be singular, in other words, its determinant must be equal to zero.

Setting the determinant equal to zero yields
5 2 _ 2422 (T 2 (v b4
- * . =
[(VNn + No) a‘a Nn] (VNn + Np) (VJNn + V) 0
where

o*2 = o2 + p2.
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N
T

q7 - " § ©one can obtain the following characteristic
n

Noting that

curves by setting the factors of the above equation to be zero.

g;‘— =V ¥ aa* (C11)
-dd—2= v (C12)
&= 9. (€13)

Solution for the &4

To evaluate the parameter £i, one applies the mathematical theory
of matrix to find out the possible solutions of matrix equation (C1l0) on
the different characteristic curves., Substituting equations (Cll1l), (Cl1l2)
and (C13), respectively, into the equation (C1l0), and using the matrix

operation yield the following results:

24 =1, 21 = 82 =83 =25 =2 =427 =28=20 (C14)
dn _ 3
forF—V
=487 =428=0 (C15)
for dn . V + aa*
dt

(C16)
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21 = 22 = 2,3 = 24 = 2’5 = 26 = 27 = 0, 2’8 =1 (C17)
_ _ _ _ _ _ dn _ 5

21 = 2:2 = 243 = 2;4 = 9:5 = 26 2’8 = O, 2.7 =1 for 'd_T“— Vjo (C18)

R;l = 22 = 23 = 24 = 25 = 2'7 = 2’8 = 0, 2’6 = ] (Clg)

Compatibility Equations

Substituting the equations (Cl4) (C19) into the equation (C9),

one can express the compatibility equation in the following forms:

dP - aldp = yydr (C20)
for dn = Vdrt
Bdu - adv = (BY, - ays)dt (c21)
paa pBa _ paalpz DBa\p:;

dP * —=du o= dv = (¥, + aZ\pl t gt )t

- (c22)

for dn = (V t aa*)dr
duj = yedt (€23)
dva = ysdt for dn = deT. (c24)
de = Ygdt (C25)
Discussions

(1) From the theory of numerical characteristic scheme, the slope
of characteristic curve cannot be negative on the wall, The
characteristic curve %%—= V - aa* is incorrect to apply on
the wall.

(2) Because no compatibility equation is available to solve the

particle concentration, the continuity equation and extrapola-

tion scheme are introduced in this study.



(3)

(4)

(5
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Due to the assumption of slip condition for the particle
phase, only equations (C23) and (C25) are applied to solve
the variables uj and Tj. The variable vy can be found out
from the slope of wall and uj.
Comparing the equations (C20)-(C22) with those shown in
in reference 25, one can understand the expressions for the
two phase flow are same as those of one phase flow except
the ¢y terms.
To investigate further the equations (C23) and (C25), it is
easy to see that the numerical treatment is the same as the
one-sided difference scheme under the assumption of slip con-

dition.



APPENDIX D

DERIVATION OF CHARACTERISTIC EQUATIONS OF TWO PHASE FLOW

FOR INLET AND EXIT BOUNDARY CONDITIONS

Governing Equations

= 8
Py + upy + pu, = -Vpy - poup - pBvy —-—§X-= v,
n
1 = a P
ug + uug +-5 P; = = Vuq —-B-Pn - A'Bl'(u - uj) =Yy

- 8 pj
VT+uVC = -an -FPn —Ap—(v -Vj) =1P3

Pr + uP, - a?(pg + upy) = - VP, + a?Vp, + ABog = ¥y
pj‘[ + Ujij + Djujc = - Vjpjn - pjaujn - ijan
8 .
_ Py 0

=== V5

n
By FUgt T T Vg, AG - uy) = Ve
Vj'r + l.lejC = - Vjan + A(V - Vj) = \P7
Tye T ugTa, =~ V3Ty + D = vg-

Characteristic Curves

136

(D1)

(D2)

(D3)

(D4)

(D5)

(D6)

(D7)

(D8)

Following the procedure of Appendix C, one can show the charac~

teristic curves to be

a
dt

u-;a

(D9)

(D10)
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(=9
Y

(D11)

(=9
L]
(3

|

Compatibility Equations

Again, following the development procedure of Appendix C, one can

show the compatibility equations to be

dP - a2dp = pudt (D12)
dg _
for el
dv = w3dr (D13)
dP - padu = (a2}, - pay, + ¢,)dt  for S5 = 4 - (D14)
1 pa 2 4 [o] dt u a
d
dP + padu = (a2¢1 + pay, + w4)dr for E%~= u+ a (D15)
duJ- = 4)6d‘r (D16)
dv, = y.dt for d Ug (D17)
3j 7 dt 3
= D
dTy = ygdr (D18)
Discussions

(1) From the theory of numerical characteristic scheme, the slope
of characteristic curves must be negative for the inlet plane,
Because the values of u and uy are positive in this study,
only the equation (D14) under the subsonic inlet condition
satisfies this requirement.

(2) Because there are eight unknowns in the governing equations
and only the equation (D14) is applied to the inlet condition,

it is necessary to give the seven prescribed inlet conditions.
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(4)
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Because the supersonic exit condition is assumed in this
study, the extrapolation method is applied to all the
variables.
Even though the present results are restricted to the cases
with subsonic inlet and supersonic exit conditions, the com-—
puter code has been set up for supersonic inlet or subsonic
exit cases. For the supersonic inlet condition, all the eight
unknowns must be prescribed. The equations (D12), (D13) and
(D15) and extrapolation of particle variables are applied to
the cases with subsonic exit. It may be useful to apply the
equations (D16)~(D18) to the exit plane for solving the

particle variables.
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APPENDIX E

DESCRIPTION OF COMPUTER PROGRAM

By using the structure of VNAP Code [25], the computer program,
GPF, developed in this dissertation consists of one main program, one
function, and nineteen subroutines. In order to understand the function
of the computer program, a description of main program, subroutines,

inputs and outputs is given in the following.

Main Program

As shown in Figure 52, the flow diagram is helpful for familiarity
with this code. Program GPF initiates a run by reading in the input
data. Next, the program title and input data descriptions are printed.
The subroutine GEOM is called to calculate the wall coordinates and
slope. If the integral method for treating the turbulent boundary layer
is considered, the another kind of wall coordinates for this approach is
computed. The input data are converted to the internal units in which
the program operates. If requested, GPF called subroutine ONEDIM to
calculate the one-dimensional one phase, initial value surface. The
final part of this program is the time-step loop, which calculate the
next step. In this loop, the predictor-corrector procedure is applied
to each time step. The subroutines INTER, WALL, INLET and EXITT are
used to calculate all the grid points in the flow field. If necessary,
the subroutine VISCOS and viscous-inviscid interaction technique are
introduced. The mass flow, energy flux and momentum thrust are calcu-
lated and printed by the action of subroutine MASFLO. The solution are

printed and punched for restart or plotting.
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START

N
[SET DEFAULT VALUES]

L
READ TITLE CARD AND

NAMELISTS CNTRL,IVS,
GEMTRY,GCBL, BC,AVL,
RVL,CNTRP, BCP, TBLIN
AND DATA FILE

WRITE NAMELISTS
>\CNTRL, IVS ,GEMTRY,
NO GCBL,BC,AVL,

RVL,TBLIN
CNTRP, BCP

YES

&
A

A
\%RITE THE PROGRAM/

TITLE AND INPUT
DATA DESCRIPTION

SUBROUTINE GEO
CALCULATE THE
WALL COORDINATE

AND SLOPE

y

®

Figure 52, Computer Program Flow Diagram.
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Figure 52 (continued)
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ALCULATE THE TIME
STEP AND PRINT
THE PROPERTIES

SUBROUTINE VISCOS
CALCULATE THE LOCAL
ARTIFICIAL VISCOSITY
AND MOLECULAR
VISCOSITY HEAT
CONDUCTION TERM
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SUBROUTINE INTER
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INTERIOR MESH
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Figure 52 (continued)
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SUBROUTINE INTER
CALCULATE THE INTERIOR
MESH POINTS

SUBROUTINE WALL
ALCULATE THE BOUNDARY
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Figure 52 (continued)
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Figure 52 (continued)
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Figure 52 (continued)
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Subroutines and Function

1.

10.

11,

12.

13.

14,

Subroutine GEOM: calculates the wall coordinates and slopes
Subroutine MTLUP: is called by GEOM to interpolate the wall
for equally spaced coordinates.

Function DIF: is called by GEOM to calculate the slope of the
wall.

Subroutine ONEDIM: calculates the 1-D initial data surface.
Subroutine EOS: calculates the equation of state quantities
Subroutine MAP: calculates the mapping functions that map the
physical plane to a rectangular computational plane.
Subroutine MASFLO: calculates the mass flow, thrust, momentum
flux, and energy flux at inlet, throat and exit planes.
Subroutine SMOOTH: smoothes the flow variables if requested
Subroutine VISCOS: calculates the local artificial viscosity
and molecular viscosity-heat conduction terms.

Subroutine INTER: calculates the interior mesh points
Subroutine WALL: calculates the boundary mesh points at the
wall.

Subroutine WALLP: is called by wall to calculate the particle
properties at the wall mesh points.

Subroutine INLET: calculates the boundary mesh points at the
inlet for subsonic flow.

Subroutine EXITT: calculates the boundary mesh points at the

exit.
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15. Subroutine COFGP: calculates the coefficients A, B, C and D
in the governing equations.

16. Subroutine TBLI: solves the turbulent boundary layer problems
by the integral method.

17. Subroutine SIMP: is called by TURB to integrate the shear-work
integral D by Simpson rules.

18. Subroutine TURB: is called by TBLI to calculate the shear-work
integral D.

19. Subroutine LININT: is called by TBLI to linearly interpolate
the Mach number, wall radius, temperature and density on the
boundary layer edge.

20. Subroutine SPLN: is called by TBLI to splinely interpolate the
Mach number, wall radius, temperature and density on the

boundary layer edge.

Inputs and Outputs

In this code, twelve data files are created to interact with the
main program. The five data files with unit numbers 11, 12, 13, 14 and
15 are set up to store the calculations of turbulent boundary layer
problems. For coordinates of the particle limiting streamline and wall,
the files with unit numbers 4, 8 and 9 are used to store those data.

The data file, unit 3, is created to store the solution for the final
time step at any computer run. This result can be used to restart the
computer run at the next time. In order to find out the time history of
pressure at a fixed grid point, the values at any fixed time step are

stored in unit 10. Finally, the input data files, units 1 and 2, are
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important to begin the calculation in this code. In order to restart
the computer run, the data stored in unit 3 are transformed into the
unit 1. The important parameters which control the function of this
code are given in unit 2. The contents of data file with unit 2 are
described as follows.

The input data in unit 2 consist of a case title followed by nine
namelists. The case title may be up to 80 characters long. Following
the title card, the namelist inputs proceed in the following order:

1. Namelist CNTRL: inputs the parameter that control the overall

logic of the program.

2. Namelist IVS: specifies the flow variables for the initial
data surface.

3. Namelist GEMTRY: specifies the parameter that define the wall
contour,

4, Namelist BC: specifies the flow variables of gas phase at the
inlet and exit boundaries.

5. Namelist AVL: specifies the parameters that determine the
artificial viscosity, damping strength, smoothing region and
time smoothing.

6. Namelist RVL: specifies the molecular viscosity and thermal
conductivity parameters.

7. Namelist CNTRP: inputs the parameters that relate with the
particle phase.

8. Namelist BCP: specifies the flow variables of particle phase

at the inlet and exit boundaries.
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9. Namelist TBLIN: inputs the parameters that relate with the

turbulent boundary layer.

Finally, the program output consists of printed output and pur-
chases data for restart and plotting., If requested, the values of terms
in the governing equations can be printed to check the order at any time
step and any grid point. For the calculations of inviscid gas-particle
flow or turbulent boundary layer by integral method, the namelist RVL is
left blank and the value of viscosity is controlled by the parameters

given in Namelists CNTRP or TBLIN.
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