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ABSTRACT

DEVELOPMENT OF A NAVIER-STOKES SOLVER FOR MULTI-BLOCK
APPLICATIONS

ERDOGAN, Ering
M. S., Department of Mechanical Engineering
Supervisor: Prof. Dr. M. Haluk AKSEL
Co-Supervisor: Dr. H. Tugrul TINAZTEPE

September 2004, 161 pages

A computer code is developed using finite volume technique for solving steady two-
dimensional and axisymmetric compressible Euler and Navier-Stokes equations for
internal flows by “multi-block™ technique. For viscous flows, both laminar and
turbulent flow properties can be used. Explicit one step second order accurate Lax-

Wendroff scheme is used for time integration.

Inviscid solutions are verified by comparing the results of test cases of a support
project which was supported by ONERA/France for Turkey T-108, named “2-D
Internal Flow Applications for Solid Propellant Rocket Motors”. For laminar
solutions, analytical flat plate solution is used for planar case and theoretical pipe
flow solution is used for axisymmetric case for verification. Prandtl turbulent flow
analogy is used in a flat plate solution to verify the turbulent viscosity calculation.
The test cases solved with single-block code are compared with the ones solved with
multi-block technique to verify the multi-block algorithm and good similarity is
observed between single-block solutions and multi-block solutions. For the burning
simulation of propellant of Solid Propellant Rocket Motors, injecting boundary is
used. Finally, a segmented solid propellant rocket motor case is solved to show the

multi-block algorithm’ s flexibility in solving complex geometries.
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0z

COK BLOKLU UYGULAMALAR ICIN NAVIER-STOKES COZUCUSU
GELISTIRILMESI

ERDOGAN, Ering
Yiiksek Lisans, Makine Mithendisligi Bolimii
Tez Yoneticisi: Prof. Dr. M. Haluk AKSEL
Ortak Tez Yoneticisi: Prof. Dr. H. Tugrul TINAZTEPE

Eyliil 2004, 161 sayfa

Sikistirilabilir gazlar i¢in sonlu hacimler yontemi kullanilarak tek zaman igin iki
boyutlu ve eksenel-simetrik i¢ akis ¢oztimlerinde kullanilmak {izere “Cok-blok™
¢ozebilme yetisine sahip Euler ve Navier-Stokes denklemlerini ¢ozebilen bir
bilgisayar programi gelistirilmistir. Surtlinmeli akislar icin laminar ve tiirbiilansh
akis ozellikleri kullanilabilmektedir. Zamanda entegrasyon i¢in tek adim ilerlemeli

ikinci dereceden hassas Lax-Wendroff yontemi kullanilmastir.

Stirttinmesiz akislarin dogrulanmasi1 ONERA/Fransa tarafindan desteklenen T-108
Tiirkiye destek projesi kapsaminda elde edilen sonuglar kullanilmistir. Laminar
akislarda dogrulama i¢in planer durumlarda diiz plaka analitik sonug¢lar1 kullanilmas,
eksenel-simetrik durumlar icin de boru igerisindeki akis i¢in teorik ¢oziimler
kullanilmigtir. Tiirbiilans viskozitesi hesabinin dogrulanmasi i¢in diiz plakada Prandtl
tiirbiilanshi akis analojisi kullanilmistir. Tek bloklu ¢o6ziilen 6rnekler Cok-blok
yontemi ile de ¢oziilmustiir ve sonuglarin uyum igerisinde oldugu goriilmiistiir. Kati
yakith roket motorlarinin yakitinin yanmasinin modellenmesi i¢in enjeksiyon sinir
kosullar1 kullanilmistir. Son olarak, Cok-blok yonteminin karmasik geometrilerdeki
yeteneklerinin anlasilmasi igin birden ¢ok par¢adan olusan bir roket motoru

cOziilmistiir.
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CHAPTER 1

INTRODUCTION

For the analysis of any fluid flow, solution of Navier-Stokes equations is needed to
simulate all the proper behaviours of the motion of the fluid. Besides, for viscous
flows, a relation between viscosity and heat conductivity with a thermodynamic
property has to be established. The solution of this system of equations result in an

accurate simulation of the fluid flows.

In solving the Navier-Stokes equations, Partial Differential Equations (PDE) come
across which are quite complicated. Thus, mostly analytical solution of the Navier-
Stokes equations needs some assumptions so that the equations become tractable.
This means that analytical solution is possible only with some restrictions imposed
on the fluid flow. Application of boundary conditions brings further restrictions to
the solution procedure [1]. Dunlap, Willoughby and Hermsen [2] have solved the
flow inside a solid propellant rocket motor (SPRM) with the inviscid and
incompressible flow assumptions, which is a good example of the restrictions that an

analytic solution requires.

While analytical methods are limited, experimental methods can give all the

information that can be obtained from a fluid flow, but only for a specific problem.



Due to the limitations of data acquisition and experiment setups, because of
increasing costs and physical restrictions, the experimental analysis is not very
flexible and easily applicable. Nevertheless, the flow field information from
experiments is valuable in validating the mathematical solutions of the governing

equations [1].

Over the last forty years, a new form of solution method to handle the fluid motion
equations has begun to be used, with an increasing field of application. This method
is called as the Computational Fluid Dynamics (CFD). Actually, CFD is the art of
replacing the governing PDE’ s of fluid flow with numbers, and advancing these
numbers in space and/or time to obtain a final numerical description of the complete
flow field of interest [3]. Since the solution procedure of the CFD methods requires a
number of repetitive calculations, the use of computer is a must for these
calculations. By the increasing computer speeds and memory usages, more detailed
problems with higher accuracy can be handled by the CFD methods. Since computer
speed and their memory usage capacity is increasing rapidly, CFD applications are

being used in a wider field of interests day by day.

One of the fields of interests of the CFD, in fact one of the most commonly used one,
is internal aerodynamics. Solution of an internal flow plays a great role in the design
and performance prediction of a propulsion system, such as a SPRM. A simple
SPRM can be said to be formed of two sections, combustion chamber where all the
solid propellant inside it is burned during the flight of the rocket, and a nozzle
section where the burned propellant particles are thrown out while thrust is being
produced to create the motion of the rocket. The propellant inside the SPRM, which
is called the grain, has a form that is variable for the desired burning area conditions,
which specifies the thrust regime of the rocket. The shape of the grain is also
important for the pressure variations inside the combustion chamber as well as the
nozzle section. The nozzle gas dynamics calculations are sensitive to the flow

entering the nozzle [4]. Besides the effect on combustion performance, accurate



predictions of the internal flow field are also needed to properly estimate the motor
case insulator requirements, and thereby avoid performance penalties due to
excessive inert weight. Underestimation of insulator thickness has an even greater
penalty, as it can result in burn-through of the motor case and failure of the rocket
during flight [5]. Beyond these topics, effects of flow on structural loading of the
rocket must also be well known in order to have a safe combustion, which is the most

critical concept for a rocket designer [6].

Considering all of these factors, the flow inside the SPRM must be known as

accurate as possible.

To simulate a SPRM, an injecting boundary is required where the propellant is
burning. Even the simplified internal analysis is able to give reasonable accuracy on
total performance prediction of a SPRM, which is performed with the assumption of
one-dimensional flow [7] flow simulations performed at different injection directions

[8.,9] have shown that the flow in mass injected chambers is highly two-dimensional.

Thus, to obtain an efficient and accurate results, a two dimensional (2-D) Navier-

Stokes solver should be used in the simulation of a SPRM.

1.1 THE NECESSITY OF A MULTI-BLOCK SOLVER

Before a flow simulation is to be performed, a grid should be created to define the
physical domain of the flow. Accuracy of the solutions achieved by CFD methods
often depends on the mesh accuracy of the grid. When mesh size decreases, the grid
used represents the geometry better and as a result the errors coming from the
numerical representation of the solution domain decrease. Thus, one needs to use a

mesh size which is as small as possible. But this situation brings another problem. As



the mesh size decreases, the number of nodes used increase. This increased node
number results in a longer computational time and need of more memory usage, thus
stands as a big disadvantage in sense of time and cost. Besides the disadvantages of
time and money, there exist such cases for which an satisfactory grid can not be
obtained or it is even not possible to obtain a grid which is defining the complete

geometry of the physical domain.

Multi-block technique is a solution to these problems. Multi-block technique (also
known as multiple zone approach) can be explained as a process of dividing the
whole domain into subdomains, named as blocks, and solving each one
independently while connecting their interfaces properly so that the physics of the
problem is conserved. By doing this, it is possible to create independent grids for
each block, thus complex geometries can easily be handled in the sense of grid
generation. This simplicity also shortens the time needed to create a grid. In this
sense, Multi-Block technique can be called to be cost-effective when compared to
single block solvers. Use of structured meshes may bring some problems when a
complex geometry is to be solved. Unstructured meshes are partially a solution for
creating grids for complex geometries, but they are difficult to create when compared
to structured meshes. Solution of unstructured grids are also more difficult when
compared to structured grid solvers. Besides, there exist various cases that a grid
with unstructured mesh does not give the desired accuracy. Multi-block technique
can be said to bring the flexibility of creating a grid for complex geometries while

preserving the simplicity of creating a structured mesh.



1.2 LITERATURE SURVEY

Multi-block technique recently has become popular with the developments in the

computer technology which allows higher CPU speed and larger memory usage.

Lijewski [10] applied multi-block method for finned bodies, using only 2 and 3
blocks. Atkins [11] compared a single-block solver with its multi-block version for
both inviscid and viscous flows about aircraft configurations. As stated in his study,
the multi-block method preserves the convergence and accuracy properties of the

original single-block flow solver.

Bush [12] also worked on both inviscid and viscous flows. A “Ni’ s bump” problem
is used to test the solver. Consecutively, sharp and blunt bodies are solved with
multi-block approach. These sharp and blunt geometries strongly emphasize the

power of a multi-block flow solver.

Arthur, Blaylock and Anderson [13] used a multi-block algorithm for inviscid airfoil
flows together with a multigrid algorithm. Jenssen [14] used large number of blocks
with an implicit algorithm for both inviscid and viscous flow and concluded that thin
blocks cause the algorithm to breakdown. Delta wing test cases are solved in this

study. He concluded that the method is well suited for massively parallel computers.

A different approach with multi-block algorithm was studied by Sheng, Whitfield
and Anderson [15] where unstructured grids were used instead of structured one
which is not very common. Incompressible Reynolds-averaged Navier-Stokes
equations are used to solve airfoil test cases in this study and good consistency has
been observed with the single block solutions, with 73 % less memory usage with the

multi-block solver



Madavan and Rai [16] used multi-block approach in turbomachinery applications.

Cambier, Ghazzi, Veuillot and Viviand [17] used different blocks with different flow
properties. One of the blocks is solved with viscous flow assumption, while the other
block, where inviscid flow dominates, is solved with the inviscid flow assumption.
Also, regions with shocks, which are obtained with the single-block solver, are

treated differently, all resulting in a total single viscous transonic flow.

Jenssen and Weinerfelt [18] investigated the influence of a coarse grid scheme for
implicit multi-block calculations on parallel computers. As stated in their study,
implicit flow solvers are often difficult to parallelize. Thus efficiency losses are
present either computational or numerical, as the number of blocks increase. They
reached a considerable reduction in the number of time steps for reaching

convergence with the coarse grid correction scheme in subsonic and transonic flows.

Ghaffari, Luckring, Thomas, Bate and Biedron [19] carried out three dimensional
thin-layer Navier-Stokes computations for the F/A-18 configuration. Their results are

in good agreement with the flight test results.

A high-expansion ratio axisymmetric nozzle with and without longitudinal trailing-
edge slots was studied by Carlson, Pao and Abdol-Hamid [20] using a three-
dimensional simplified Reynolds-averaged Navier-Stokes computer code.
Supercomputers were used in order to handle complex configurations in three-
dimensions. Their results showed good agreement with the experimental data and
they also concluded that slotted nozzles improves thrust ratio by 10 percent when

compared to unslotted nozzles.

Giordano, Ivanov, Kashkovsky, Markelov, Tumino and Koppenwallner [21] applied
the multi-block technique to the satellite thrusters to obtain their plume flow regime.

They concluded that the application of their proposed methodology showed that



optimized satellite design can benefit from a complete numerical study of nozzle and
plume flows. This shows that the multi-block approach appears to be very effective
in providing detailed information about the whole flowfield to a degree of accuracy
that cannot be achieved by approximate engineering methods for nozzle flows and

analytical plume models.

The alternating direction implicit (ADI) method was coupled with a multi-block
approach in the study of Rosenfeld and Yassour, [22] which was presented as a novel
approach for solving implicit systems of time-dependent two-dimensional partial

differential equations in multi-block domains.

Another different approach combined with a multi-block algorithm is the usage of an
implicit Total Variation Diminishing (TVD) method by Grasso and Marini [23] for

hypersonic wind tunnel flows.

1.3 A BRIEF INTRODUCTION TO THE MULTI-BLOCK SOLVER

In the present study, an explicit two-dimensional planar single block external Navier-
Stokes solver [24] has been modified into an explicit multi-block 2-D
planar/axisymmetric Navier-Stokes solver for external or internal flow applications.
The solver is also capable of solving single block applications. For viscous problems,
Sutherland’ s formula is used to calculate laminar viscosity and Baldwin-Lomax
model is used to calculate turbulent viscosity. In the grid generation, non-over
lapping blocks are used for multi-block solutions, having common node points from
one face of both neighbouring nodes. Grids used in all flow solutions are of
structured meshes, created using Tecplot 9.0 Mesh Generator. The solver in fact has

a pointer system, which will be explained in following chapters, that allows also to



solve unstructured meshes. But the existence of multi-block algorithm removes this

need.

The burning of the propellant inside the rocket motor can be simulated by using an
injecting surface from proper locations, as mentioned above, by which the burning
propellant is introduced into the solution domain with a specified flame temperature
and mass flux. Therefore, for these purposes, injection boundary conditions are used
in the simulation of SPRM flows. For the validation of the solver, several test cases
are used. For the 2-D axisymmetric cases with injection, a support project which was
supported by ONERA (Office National D’Etudes et de Recherches Aerospatiales)
/France for Turkey T-108 [25] and completed with the collaboration of Roketsan
(RS) (Missile Industries, Ankara, Turkey) and ONERA.. The goal of the project was
to modify and apply existing 2-D and axisymmetric flow solvers of RS to
combustion chambers and nozzles of solid propellant rocket motors (SPRM). The
test cases of the project will be explained in detail in Chapter 6. For the planar
laminar case validation, Blasius solution for the flat plate is used. For the
axisymmetric laminar case validation, theoretical fully developed laminar pipe flow

velocity profile is used.

1.4 SCOPE AND OUTLINE OF THE THESIS

Nowadays, as the demand on parallel processing increases, which is widely used to
decrease computer time and memory usage, the need of solvers with multi-block

algorithms increases.

In the literature, although multi-block techniques are commonly used in various
solvers, it is not widespread in internal flow solutions, especially SPRM solutions,

most probably because of the secrecy policies in this technology. In this study, it is



aimed to provide an accurate and efficient SPRM internal flow solver to the use of

Turkish defense industry and academic studies performed in the similar topics.

The present study is explained in the following chapters, which are organized as

follows:

Chapter 2 includes governing equations for the flow of viscous fluids. Chapter 3
explains the numerical discretization of the governing equations. Numerical
calculation and time step calculation are also introduced in the same chapter. Initial
and boundary conditions are explained in Chapter 4. Chapter 5 is devoted to the
pointer system and multi-block technique used in the solver. The results of the test
cases that are used in the validation of the present study are presented and discussed
in Chapter 6. Finally, discussion of the results and future recommendations are given

in Chapter 7.



CHAPTER 2

GOVERNING EQUATIONS

2.1 GENERAL

The fundamental equations of fluid dynamics are based on universal laws of
conservation of mass, conservation of momentum and conservation of energy. In
addition to the equations developed from these universal laws, it is necessary to
establish relationships between fluid properties in order to close the system of
equations. When combined with an equation of state, such as the perfect gas law, the
constant Prandtl number assumption and an expression relating viscosity to
temperature, such as Sutherland’s law, a complete set of equations for laminar flow

can be obtained.
2.2 AXISYMMETRIC NAVIER-STOKES EQUATIONS

The 2-D axisymmetric compressible Navier-Stokes equations written in conservative

form for a Cartesian coordinate system are as follows:

U L OF G RD | (H ~H)=0 @.1)
o ox 0dy Ox 0oy
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where =0 denotes that the governing equations are solved for a 2-D-planar domain

and o=1 for a 2-D-axisymmetric domain. Since planar domains can also be solved

within this thesis study, coordinates will be defined as (x,y) instead of (7,z).

The shear stress components are expressed as follows

40u 2o0v
T =_“‘(_____)
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and the heat flux components are expressed as

q. = —k‘g—: (2.14)
or
q,= —kg (2.15)

In order to close the system of equations, thermodynamic pressure is written in terms

of the conservative variables using equation of state for a perfect gas.
_ 1 2 2
p=(-D e—Ep(u +v7) (2.16)

Also, total enthalpy per unit mass is defined as follows;

)
p

2.17)

where p is the density, # and v are the velocity components in the x and y directions,
respectively, T is the temperature, e is the total internal energy per unit volume, g is
the total effective viscosity coefficient, £ is the thermal conductivity, and yis the

ratio of specific heats.
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2.2.1 NON-DIMENSIONALIZATION

In CFD applications, governing equations are often put in non-dimensional form. As
a result of the non-dimensionalization, equations representing the flow are
characterized by parameters as Reynolds number and Prandtl number instead of the

actual values of viscosity and thermal conductivity [29].

The following non-dimensionalization procedure is applied for the present

formulation.
L .
ref lref a"@/ ar@f
T p » (2.18)
o, .
pr=L o=t po L
P ref T:‘e/ H ref Ayor
h e ta
0 * * ref
h, =—= e* = p *= ;
A e P rc{/'arc{/' ref

where /,.sis the reference length, 7, 1is the reference temperature, p,.ris the reference
density, g.ris the reference coefficient of viscosity and a,. is the reference speed of

sound at the reference temperature.

As a result of non-dimensionalization, following non-dimensional parameters appear

in the governing equations:

Prer e ‘lre ‘
Re,, =—"" (2.19)

“ ref
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CP
Pr,, =, e (2.20)

where Re,.s is the reference Reynolds number and Pr,.s is the reference Prandtl

number. Relations given below also apply for the above equations.
a,, =T, (2.21)

/4
C,=——R 2.22
i (2.22)

This non-dimensionalization also yields the following useful relations:

p*T*
p*= (equation of state) (2.23)
Y
a* = JT* (2.24)
*
ME=4 (2.25)
a *

Throughout the present work, freestream stagnation conditions have been used , to
determine reference values of pressure, speed of sound and temperature. The
advantage of using stagnation conditions over many other choices of reference

conditions is that the non-dimensional stagnation quantities reduce to

DPre=1/y Prei=1 Trer=1
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such that they are independent of the actual flow conditions.

Inserting non-dimensional variables defined in Equation (2.18) together with the

given definitions given in Equation (2.19) and (2.20) into Equations (2.2) to Equation

(2.8), non-dimensional form the governing equations can be obtained. From now on,

all variables will be given in non-dimensional form and for convenience, superscript

* will not be used. Since only the viscous shear terms and viscous axisymmetric

source term have been changed, only their modified form are given below as follows:
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ry =M |_2fou ov) 4y (2.30)
Re, | 3\oy ox) 3y

where
g =— a or 2.31)
Re, (y—DPr,, Ox
g - B or (2.32)

2.3  GOVERNING EQUATIONS FOR VISCOSITY

In the above form of governing Navier-Stokes equations p is the effective viscosity
coefficient. According to the eddy-viscosity concept due to Boussinesq [26] stresses
resulting from turbulent fluctuations can be added to the mean flow stresses. Thus,

the equation given below is used when the flow is turbulent

}"I' — }"I']am + }"lturh (233)
”’ref “’ref ”’rc{/

where u;,, corresponds to the laminar viscosity and x,» corresponds to the turbulent
viscosity due to Boussinesq hypothesis. Thus, in the solution method, laminar
viscosity and turbulent viscosity are calculated independently and then added to be

used as the total effective viscosity coefficient.

Similarly Reynolds proposed an analogy between turbulent heat and momentum

transfer [26] and introduced a turbulent Prandtl number concept as follows.

17



i: “lam + “turb (234)
P r Pr/am Prturh

where Priam is the laminar Prandtl number and Pry, is the turbulent Prandtl number.
In this study laminar and turbulent Prandtl numbers are assumed to be constant for
each flow field analyzed and turbulent energy transport is included in Equation (2.1)

by the approach given in Equation (2.34).

2.3.1 LAMINAR VISCOSITY MODEL

To complete the set of governing equations, an expression relating viscosity to
temperature should be used. For solutions involving laminar flow, free stream
laminar viscosity which is assumed to be constant for transonic flows is calculated

from Sutherland’ s formula [26] in SI units as follows:

3

T2
T+110

Uy = (145x107°) (2.35)

where the temperature is specified in Kelvin degrees.
2.3.2 TURBULENT VISCOSITY MODEL
In order to calculate turbulent viscosity, the Baldwin-Lomax model [27] is

used for turbulent flows. In this model, turbulent viscosity is defined by the equation

given below
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s Y< Ycrossover
= {(luturb )mner (236)

(/’lﬂlrb )01{[07‘ > Y > }ICI‘OSSOVC}‘

where Y is the normal distance from the wall and Y., ,s0ver 1S the smallest value of Y
at which values from inner and outer formulas become equal. For inner layer eddy

ViSCOSIty, () inner» Prandtl mixing length theory is used as below

2

(lulurb)inner = Re ref plinner

| (2.37)

For this equation to be complete, /., should be known, which can be done by
relating it to the flow conditions. For inner layer, /;,,., is calculated by a formula
derived by van Driest (1956) where the van Driest damping factor is applied, given

as below

_y*
I = KY{I—e 4 ] (2.38)

where the dimensionless damping constant A varies with flow conditions such as
pressure gradient, wall roughness and blowing or suction. A=26 for flat plate flow
and «k, the Karman constant, is 0.41. The van Driest damping factor in brackets is

derived from oscillating laminar flow near a wall. [28]

The non-dimensional wall distance Y is defined as
+ u,
Y* =Re,, (p—j Y (2.39)
l"l'lam wall

where Y is the distance from the wall and u, is called the friction velocity, calculated

at wall for wall boundary layers.
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U = |l (2.40)
Reref pwali

Substituting Equation (2.40) into Equation (2.39), ¥ can be rewritten as

Re T
Y+ _ \/ ref pwa/l wall Y (241)
l’l’ wall

To calculate inner layer eddy viscosity, @, the vorticity should also be calculated.

The formal definition of vorticity for a 2-D coordinate system is given as below,

ov Ou

e=_ M

ox Oy (2.42)

By the definitions given above, inner layer eddy viscosity can be calculated properly.

Now that the inner layer eddy viscosity is found, the outer layer eddy viscosity

should also be calculated.
In the outer region where Y>Ycrossover, the turbulent viscosity is given as follows.

ake F(Y)

6
Y
1+5.5(C”"hj

Re_, 0.016C. pF,
re oP (2.43)

(lulurh )auter =

max

where Cys, the Klebanoff parameter, is taken as 0.3 and F), 4. is defined as
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}/max F;nax
. 2
F wake — min C Y le/ff
WK

max

(2.44)

max

where Y., is the Y value corresponding to F... In the Equation (2.44), the upper
formula is valid for attached wall boundary layers and the lower formula is valid for
separated and attached wall boundary layers and wakes where C,,=1.6 and Cwk=0.25
as proposed by Baldwin-Lomax model [27]. The velocity difference Vg is

calculated by the following equation,

Vi = ax = V) i (2.45)

where V denotes the magnitude of the velocity vector. In the above Equation (2.45)
(V)max 1s the velocity value corresponding to Fpay as it is in the definiton of Ymax.

(V)min corresponds to the minimum velocity of the profile. The vorticity moment

F(Y) is calculated from,
-
FY)= J (2.46)

In this equation, the upper formula is applicable to wall boundary layers
whereas the lower formula is applied to wakes. The denominator in Equation (2.43)
is known as Klebanoff intermittency factor and causes the outer eddy viscosity

vanish as Y goes to infinity, as expected.
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2.4 GOVERNING EQUATIONS IN CURVILINEAR COORDINATES

The two dimensional axisymmetric Navier-Stokes equations in Cartesian coordinate
system are transformed into a generalized body-conforming curvilinear coordinate
system, preserving strong conservative law form by using metric transformation in
order to facilitate the implementation of boundary conditions in arbitrary geometries
[1,29,30,31]. A general transformation from Cartesian coordinates to curvilinear

coordinates can be written as

&) > (&)

where

&=Ex.y)
=n(x.y)

These transformations are made such that the grid spacing in the new coordinate
system is uniform and of unit length and besides, there will be a one-to-one
correspondence between the physical and computational domains. Cartesian

derivatives can be obtained by chain rule as below:

0 0 0
Y Y2 i 2.47
= &y PR + 1y o (2.47)
0 0 0
Y _ Y2 il 2.48
% &y PR o (2.48)

The Jacobian of transformation can be written as
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J =; (2.49)
XeVp =Xy )¢

The Jacobian, J, is interpreted as the ratio of areas in the physical space and the
computational space. Since the computational space has a uniform spacing of unity
in both directions, it is the area of the cell in the physical space for the present

formulation.

The metric terms can be written as:

é=%n
6=,
’ (2.50)
P —7)’5
1
n, —7x§

So far, equations required to make necessary transformations are derived. Strong
conservation form of governing equations is now to be transformed from physical
domain to computational domain while preserving the strong conservation form. The

transformed form of Navier-Stokes equations (2.1) can be given as follows:

a—UJra—F+6—G+6—R+6—S+0c(H,—Hv)—>
o oOx oy Ox oy

ou +8F +6G +ai+§+oc(H,'—Hv')
o 05 on 05 On

2.51)

where
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U
U'=— 2.52
7 (2.52)
P R 2.53)
J\on on
G| X6 P p (2.54)
T\og " ae
Rl P p_ g (2.55)
J\ on on
st Fg_Pp (2.56)
T\oe” " ae
H
H=1 2,57
= (2.57)
H
H o=t 2.58
V= (2.58)

The gradients of velocity required for shear stress components are calculated as

follows:

ax_g

on & 0F o

ou _ 1 {ay Opu 0Oy Opu L—l[@y op Oy apﬂ (2.59)

@_L[@aﬂ_a_xaﬂ_;[a_xa_p_a_xa_pﬂ (2.60)
d plon s o9& on \ono& of on
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whereas the temperature gradients required for the heat flux components are:

or _or a;

o _ 2.61
o  OF ox 261
or _or dg (2.62)
oy 0¢& oy

The temperature definition can be given using Equations (2.16) and (2.23) as

follows:

T =y(y- 1){E ~ L low? + v ]} (2.63)
p2p
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CHAPTER 3

NUMERICAL ALGORITHM

3.1 GENERAL

In this chapter, the numerical algorithm used for the solution of axisymmetric
Navier-Stokes equations is explained. A single step explicit Lax-Wendroff type time
marching method is used as the base solver. Finite volume method is used to
discretize the governing equations. Application of the finite volume integration
yields a “cell residual” for each cell, which represents the change in the conservative
variables between the current and previous time steps for that control volume. This
second order change of each cell is then distributed to the surrounding nodes of the
cell by a distribution formula. While Lax-Wendroff type algorithms are known to
have a significant amount of implicit artificial smoothing, transonic or supersonic
flows with shocks need additional explicit smoothing procedure for a stable solution.
Therefore, a first order smoothing algorithm is used to damp the oscillations during
the solution. In order to have a fast convergence, local time stepping technique is

employed.

Finally, implementation of boundary conditions for wall, symmetry, injection, inflow

and outflow boundaries is explained.
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3.2 SOLUTION METHOD

Solution method is a cell-vertex finite volume integration technique of the governing
equations. It is mainly based on the Ni’ s method [32] for solving Euler equations. To
solve the Navier-Stokes equations and axisymmetric problems, viscous flux terms
and inviscid and viscous axisymmetric source terms are also implemented into the
solution algorithm. For the finite volumes, cell-vertex formulation is used for the
Euler equations and Lax-Wendroff method is applied for the time integration.
Additional terms due to viscosity and axisymmetricity are added using cell-vertex

formulation.

Expressing the conservative variable, U, term by using Taylor’ s series expansion in

time up to second order accuracy, following relation is obtained:

n 2 2 n
U =y +At[aUJ JACIOU G.1)
ot 2 ot

where the superscript ‘n’ defines the time from which the iteration is being
proceeded. Rearranging Equation (2.1) and defining H=H-H, for simplicity during

the discretization procedure

a_U = a_F+§+8_R+§+H (32)
ot ox Oy oOx Oy

For convenience, the cell residual ‘6U’ can be defined as
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n 2 2 n
SU=U™ —U" = At[aa(t]j + A; (56;]] (3.3)

Successively, Equation (3.1) becomes

6U=—At(a—F+§+a—R+§+HJ

ox Oy Ox Oy

) (3.4)
A’ O(0F 0G ©OR oS
—-— | =t ——+—+—+H
2 o\ox oy Ox Oy
Second term in the above equation can also be rewritten as
o(oF oG oR oS ) G(GF)" G(GGJ" 6(613)"
———t+—+—+—+H| =—|— | +—|— | +—|—
oo\ox oy oOx oy ox\ ot oy \ ot ox \ ot (3.5)
a(asj” (aH)"
+—|—| +|—
oy\ ot ot
or
o(oF oG oR as ) 8(6F oU oR 6UJ"
——t—+—+—+H| =—| ——+——
oo\ox oy oOx 0y ox\oU ot oU ot (3.6)
6(66 oU  aS an” (aﬁj”
+———F—— | +|—
oy\ou ot oU ot ot

in quasi-linear form. Substituting Equation (3.6) into Equation (3.4), one can obtain

28



U =-At| — oF 8G+8_R §+H
ox oy Ox oy

2 + R G &5 (3.7)
At* | ox\oU ot oU ot oy\oUu ot oU ot

2 (aHjn
+| —
L \or

Separating viscous, inviscid and axisymmetric terms and rearranging Equation (3.7),

i(a_Fa_U R a_UJ” g(aﬁ‘ o, as a_UJ"'

it is possible to obtain

oF aG At*| 0 [aF GUJ" 0 (66 aU)”
SU = —At| — - — | =
ax oy 2 |ox\oUu or ov\oU ot

R aS A’ 9 (oRAUY o (asSouy
— At — +— (3.8)
6x 8y 2 8x 6U 6t oy 8U 8t
—AtH" __(a_Hj
2 \ ot
Defining
AU = -At 6—F+§ 3.9)
ox oy
AU :—At(aR GSJ (3.10)
ox Oy
AU," =AU +AU," - AH" (3.11)

AF" = (a—FjAUT" (3.12)
oU
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U _ AU
ot At

oF QU _(aF AU, ] AF”
oU ot oU At At

Similarly,
G U _AG!
oU ot At
R AU _ AR’
oUu ot At
3 U _as”
ou ot At

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

Inserting Equation (3.17) to (3.20) into Equation (3.8) formulation, one can obtain
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oU =AU/ —E{Q(AF”)JF i(AG” )}FAUV"
2| Ox 8y

. (3.21)
—ﬂ{ 0 (AR")+£(AS")} ~ AUH" —Ai(aHj

2 | ax By 2 Lo

Since the viscous terms include second order derivatives of the conservative

variables, {i (AR”)—i— i( " )} term is generally neglected [33], [34], [35], [36] but

ox oy

for a complete derivation, these terms will be retained.

i-1,j+1 i+1,5+1

II I

I 10Y

i-1,j-1 ij-1 i+1,5-1

Figure 3.1 Control Volume
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Integrating Equation (3.21) over a control volume given as a-c-h-f in Figure 3.1, one

can obtain

o= Jff eI S} 2o v [l v

achf ay achf

2 St e o

achf ay achf

- ([P 2 av

achf

Equation (3.22) can be rewritten, expanding U; and U, terms and integrating the term

on the left hand side, as follows:

) OF , 0G D\ 0 (npan
5" = jjf j - jjf 2 (o) 2o )}N
OR 6S
n (3.23)
vl J o [ o) 2 s

S e MG @

First, third and fifth terms in Equation (3.23) can be handled as four separate volume
integrals around the portions of the control volume a-c-h-f. That is, volume integral
of a-c-h-f can be written as the summation of integrals of a-b-1-d, b-c-e-1, 1-e-h-g and
d-l-g-f. Moreover, these can be approximated as one quarter of the volume integral of

the cells which Node 1 belongs to. Thus, 0U; can be expressed as below

U, =8U,, +8U, , +8U, , +8U, (3.24)
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Here, oU,  is the portion of correction of Node 1 due to the changes taking place in
Cell I

Using Equation (3.23) and applying Gauss’ Divergence theorem, o0U;; can be

rewritten as

SU,, =——— {(Fi. +Gi, }(dS,i, +dS,i,)

Cell 1

A fllar )+ (a67, s, 7, +ds,7)

oAV,
- zti_tva,, (IR?X + 87, )(dS 7, +dS,i,) (3.25)
g cﬂ( i)+ (as7, l(d@s.7, +ds,7,)

lehg

e I

where S, and Sy, represent the areas perpendicular to x and y directions, respectively.
In this equation, the first, third and fifth terms are first order corrections while the
second, fourth and sixth terms are second order corrections. Thus, oU;; can be

expressed as the summation of these two terms as below

8U,, =AU, + AAU, (3.26)

where 4U; denoting first order changes and 44U, ; denoting second order changes.
Similarly, 1% and 2™ order correction contributions from other neighbouring cells of
Node 1 can be defined. These two terms contributing to 60U, ; are expressed in detail

in the below two step.
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S

1 Step:

For the calculation of surface integrals in Equation (3.25), surface vectors are defined

according to Figure 3.3. Since the viscous terms contain derivatives of the

conservative variables, they are calculated at the cell center and then distributed to

the nodes of corresponding cells. Accordingly, first order corrections for the nodes of

Cell I can be written as

AU, , :—[ 0.5(F + F,) (v, =) —0.5(G, + G, )(x, — x;)

AU

AU

5]

[

I

At
4AVY
—0.5(F + )y —y)+0.5(G; + G )(ys — vy)
+0.5(G, + G,)(xy —x,) = 0.5(F + F,)(yy — 1)
=0.5(G, +Gy)(xs = ;) +0.5(F, + F)(ys =) |
At At

b (=S, — 88, ) ——— H
Av( 1851 4AY !

Nt
T 4AY
—0.5(F; + F)(ys —y,) +0.5(Gs + G )(ys — yy)
+0.5(G, +G,)(xy —x,) = 0.5(F + F,)(vy — »1)
—0.5(G, + Gy)(x; —x,) + 0.5(F, + F3)(y5 — ¥,) ]

At At

+ 2 o 85 ) -2 H

AV( "1+ 651 4AV

A [ 0.5(F + E)(y, = 3,) = 0.5G, + G, )(x, - x,)
UNVA R 2)\V2 =W . 1 2 X, 1

—0.5(F; + F)(y; —y4) +0.5(G; + G)(ys — yy)

+0.5(G, +G,)(x, —x,) = 0.5(F, + F)(y, — )

—0.5(G, +Gy)(xy = X,) + 0.5(F, + F)(v; = ) |
At

At
b (Or, + 88, )———H
AV( 1 08) YNV
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(3.27)

(3.28)
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At
AU, ZW[ 0.5(F + Fy) (v, = y1) = 0.5(G, + Gy )(x, —x,)

4
_0-5(F3 + F4)(y3 _y4) + 0-5(G3 + G4)(y3 _y4)
+0.5(G, + Gy )(xy —x) = 0.5(F + F)(vy —») (3.30)
—0.5(G, +G3)(xy —x,) + 0.5(F, + F})(ys = »,) |
At At
+——(dr, —8s,)———H
AV( i =051 YN
where
&r, =(R,AY' —S,Ax") (3.31)
g, =(S,Ax" — R,Ax") (3.32)

This step is a first order approximation to the governing equations on a cell volume

whose shape is independent of time.

2" Step:

This step is the calculation of second order corrections of Node 1 due to the changes

taking place within Cell I during time step A¢t.

A sample cell over which the second order finite volume calculations are carried out
is shown in Figure 3.2 together with its surface normal vectors. Node definitions are
the same for each cell since a pointer system is used to define the whole mesh

structure.
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Sy =3 =i, +(x; —x,)i,
3

i

y =~y );x"'(xu; —-X )l—‘

Sy == =i, +(x, =x))i,

S == = y)iy +(x, —x,)i,

Figure 3.2 Sample cell for finite volume calculations

The second order changes are due to fluxes passing through I-g and 1l-e of Figure 3.3

for Node 1. Second order corrections in Equation (3.25) can be discretized as below

AAU,, =Zi—tv(—8f,—8g,)—82—[vAH, (3.33)
where

&, = (AF,Ay' — AG,Ax") (3.34)

8g, = (AG,Ax™ — AF, Ax™) (3.35)
and
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AF, = [a—Fj AU, (3.36)
oU ),

AG, :(G_G) AU, (3.37)
oU ),
AH, :[O_HJ AU, (3.38)
oU ),
Ax' =%(x2 +X;,—Xx, —X,) (3.39)
Ax" = %(x3 +X,—X, —X,) (3.40)
1
Ay]:E(y2+y3_y1_y4) (3.41)
m 1
Ay =5(y3+y4_y1_y2) (3.42)

One should note that while 56_]-1 is approximated as % and used accordingly in
t

Equation (3.33) rewritten during the discretization of second order corrections of

Equation (3.25).

For nodes 2,3 and 4 of Cell I, corrections are different than the one given in Equation

(3.33) because of different second order changes.

37



At At
AAU, , =—(=0f, +dg,)————AH 343
21 2AV( f, <) SAY I ( )
At At
AAU.,, =——(f, +0g,)———AH 3.44
3 2Av(f1 <)) say (3.44)
At At
AAU,, =——(0f, —0g,)———AH 3.45
Y 2Av(f1 <)) say (3.45)

Derivative terms included in the formulation of flux terms (AF, AG and AH terms)
appeared above are called Jacobians. Calculation of inviscid and axisymmetric

source term Jacobians are given in Appendix A.

Now that both first and second order corrections are calculated for all nodes of Cell I,

total correction at these nodes can be found as

8U,, =AU, , + AAU, (3.46)
8U,, =AU, , + AAU,, (3.47)
8U,, = AU, +AAU,, (3.48)
8U,, =AU, +AAU,, (3.49)

Finally, after the calculation and distribution steps to every node of every cell and
boundary condition implementation, the solution is updated at each node according

to the following procedure for a sample node, Node 1, referring to Figure 3.1:

UM =u"+38U,, +8U,, +3U,,, +8U, (3.50)
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The solution procedure in the code can be summarized briefly as below:

Before the solution process, the mesh is swept by node initializing all cell residuals

to zero (i.e. 6U=0).

After the initiation, first and second order changes are calculated and added to find

the residual term sweeping all the nodes along the domain.

After the contributions to the nodes are calculated and added, boundary condition
implementation and updating of boundary cell residuals completes the solution cycle

for a single time step.

3.3 NUMERICAL SMOOTHING

Most of the explicit formulations like Lax-Wendroff scheme require additional
artificial smoothing to filter the non-physical oscillations near discontinuities. The
necessity arises in two ways. First, the grid resolution or quality may not be
sufficient to resolve the physics of the flow in discrete domain. Second, the damping
mechanism of the numerical method may be insufficient to damp the unnecessary
numerical oscillations especially in the inviscid regions where the viscous dissipation
vanishes. While the presence of numerical smoothing is essential, it should be kept as

small as possible to minimize degradation of the solution accuracy.
For the present algorithm, below smoothing mechanism is used in the solutions after

the distribution of cell changes to the nodes. The smoothing procedure can be applied

as follows to each node. For example, referring to Cell I of Figure 3.1:
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3U, =8U, + U, ~U,)
1

80U, =dU, +ZM(U1 -U,)
1

dU; =dU, +ZH(U1 -U;)

oU, =dU, +%H(U1 -U,)

where

At(Al + Am)
H=0——
AV

with

Al =J(Ax')? +(Ay')?

Am = J(Ax")? +(Ay")?

and

U, =%(Ul +U,+U,+U,)
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(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)
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where o is the artificial viscosity coefficient which depends on the problem
considered and can be specified by trial-and-error and U; is the average of the

conservative variables at the four nodes of a cell.

This completes the formulation of the solver on the solution domain except the

calculation of time step for each cell.

3.4 TIME STEP CALCULATION

The time step limitation is determined by the stability limit of Ni scheme applied to
the governing equations. Unfortunately, since the governing equations are non-linear,
a stability analysis can not be done directly for this system. Therefore, CFL number
is not calculated during the calculations but it is specified by noting the condition

CFL<I.

For the time step calculation, inviscid stability limit formula is used as given below:

At = CFL - min - AV[ , av (3.59)
uAx' —vAy ‘+aAl ‘qu”’ —vAY" |+ aAm

where CFL<L].

No modification is done for viscous solutions since the time step limitation of

equation (3.59) provide enough stability with proper CFL number usage.

In order to accelerate convergence, a new time step is calculated for each cell locally.
This step is called as the local time step. If accuracy in time is needed without

considering the convergence rate, a single minimum time step is used in every cell of
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the whole domain. This time step is called as global time step. The global time step
usage is more appropriate for identical mesh elements. In this thesis work, all the
computations are made using local time step since different mesh sizes are used in

either each block or between the blocks.
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CHAPTER 4

INITIAL AND BOUNDARY CONDITIONS

Boundary conditions have considerable importance for any numerical solution since
the flow’s limits are defined by means of boundary conditions. Besides, stability and
convergence rate of the numerical solution also depends on the implementation of
the boundary conditions. Consequently, proper boundary condition treatment is a

strongly required condition for a proper numerical solution.

To start the numerical algorithm, a set of initial conditions should be given as input
to the computer program so that the solution procedure initiates. Better initial
conditions doubtlessly decrease the convergence time for the solution. In all of the
test cases, the flow is initialized by using the inflow conditions of the internal flow,

which can be counted as a convenient initiation.

In this chapter, boundary conditions that are implemented to the solution will be
explained. These conditions can be classified in five subtitles as; injecting (inflow)
boundary condition, symmetry axis boundary condition, solid wall boundary
condition for inviscid flow, solid wall boundary condition for laminar flow and exit

(outflow) boundary condition.
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4.1 INJECTION AND INFLOW CONDITION

4.1.1 INJECTION BOUNDARY CONDITIONS

In solid rocket motors, generally there exists an empty cylindrical channel section,
which is surrounded by the propellant that is to burn and flow through the empty
channel. Through this process, propellant is continuously enters the empty channel,
just as if it is injected. To simulate this condition of injection, injection boundary
condition is implemented on the numerical algorithm. By this implementation, a
rocket motor with grain burnback is simulated at a certain instance which have

specific injection conditions (mass flux and injection temperature most generally).

Injecting boundary condition implementation starts with the assumption of zero

pressure gradient at the injecting surface, that is
pm/ = pinjf] (4'1)

with p;, being the pressure value at the point neighbouring the boundary in the

normal direction and p;,; being the pressure value of the boundary itself.

To find injection density, following equations are used:

2
T =T+ r
2C

o

4.2)

P

p=pRT (4.3)
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pinj + (G/pmj )2
! R 2C

,0 inj = inj Dinj

(4.4)

where 7, is the flame temperature, G is the injection mass flux both being the input

parameters for the injection flow.

The only unknown in the above equation is the injection density. Thus, from these
given equations, injection density can be calculated by solving a second-order
polynomial equation with one unknown. Solid propellant is burning over the surface
in the normal direction to the injection surface, therefore tangential velocity is taken
as zero [37] Thus, mass flux divided by the calculated density gives the normal

velocity component, while the tangential velocity component is enforced to be zero.

v, =— (4.5)

4.1.2 INFLOW BOUNDARY CONDITIONS

For the flat plate and pipe flow solutions, injection boundary conditions are not used
but external flow boundary conditions are used. Inflow boundary conditions are
computed from the known values of the free stream flow which are free stream Mach

number and free stream angle.

4.2 SYMMETRY AXIS BOUNDARY CONDITION

For the boundary conditions on the symmetry axis, a simple method is applied
without having to solve any of the governing equations. In this method, velocity

component perpendicular to the boundary is enforced to be zero and all other flow
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variables are equated to the value of neighbouring non-boundary point (that is in the

normal direction to the boundary).

(4.6)

where the subscript “n” denotes normal direction, “t” denotes the tangential direction

(13421
1

and is the unit normal vector.

4.3 SOLID WALL BOUNDARY CONDITION FOR THE INVISCID FLOW

For an inviscid flow, there is no flux through the surface, that is, normal component
of the velocity is zero. To find the tangential velocity, total velocity component of
neighbouring interior point is projected to the wall surface. Density and pressure
values are directly interpolated from the interior region. This formulation shows

similarity with the symmetry axis boundary condition because of zero viscosity.

4.4 SOLID WALL BOUNDARY CONDITION FOR VISCOUS FLOW

For the viscous flow, boundary conditions for a solid wall are called the “no-slip”

condition, where both the normal and tangential components of the velocity vector is
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set to zero, i.e. relative velocity between the wall and the fluid is zero. The wall

temperature or the heat flux at the wall can be specified as

T = Twall (47)
or
or oT,,
k=l _ 4.8
6}’1 61/1 QWJ// ( )

In this work, the wall is assumed to be adiabatic, i.e. ¢,,,;=0. So that Equation (4.8)

becomes

or

—-=0 (4.9)

Besides, momentum equation for the solid wall with no-slip boundary condition
reduces to such a form that pressure gradient becomes zero. Thus, the pressure value

can be taken from the interior neighbouring points.

»_,

P = Puar = Pyai-i (4.10)
n

Using Equations (4.8) and (4.9), it appears that p ., =p..q - With these equations

implemented into the solver, solid wall boundary conditions for the viscous flow is

defined.

4.5 EXIT (OUTFLOW) BOUNDARY CONDITIONS
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In solid propellant rocket motors, a supersonic diverging-converging nozzle should
exist in order to obtain high momentum. Thus, exit boundary conditions are always
supersonic for a solid propellant rocket motor. But to be general, the computer
program can handle both supersonic and subsonic exit conditions. Test case 1 of
reference [25], which will be explained in the next chapter, has subsonic exit flow

which allows to verify the subsonic exit boundary conditions.

4.5.1 SUBSONIC OUTFLOW

For subsonic outflow, the flow should reach an ambient pressure where the code
converges, that is, the flow interacts with the ambient conditions. Thus, pressure
value is enforced to the ambient pressure at outflow boundary, and other parameters

should be interpolated from interior points.

p exit p ambient

—

V. =2V

exit exit-1 —

—

v

exit=2

(4.11)

pexil = 2pe,\‘ll—l - pein—Z

4.5.2 SUPERSONIC OUTFLOW

For supersonic flow, contrary to the subsonic flow, outflow conditions do not interact
with ambient conditions, i.e. they are independent of the region that they are exposed

to. Thus, all the exit flow parameters are interpolated from interior points.
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pexif = 2pexit—1 - pe,\‘lt—Z

—

V

I/exif = 2Vexit—1 Y exit=2

(4.12)

pexit = 210@3(1'1‘—1 - pe,\‘lt—2

4.6 SMOOTHING FORMULATION AT THE BOUNDARIES

In addition to physical boundary condition implementations, special care must be
taken at the boundaries to apply the smoothing procedure. Smoothing procedure for a
specific cell for the main solver requires the existence of 4 nodes of the cell, which is
not applicable for the boundary points since there will always be missing nodes at the
boundaries. However, a one-dimensional smoothing procedure clears out this
ambiguity. Considering the boundary cell shown in Figure 4.1, the smoothing

formulation is

Figure 4.1 Sample boundary cell for smoothing formulation
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oU, = 38U, +%H(U4 -Up)

oU, =38U, +%H(U4 -U)

where

At(Al + Am)
H=0——
AV

Al =+ Ax'” + Ay"”
Am — ’Axlﬂz +Aymz
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CHAPTERSS

POINTER SYSTEM AND MULTI-BLOCK ALGORITHM

The solver, as it is explained before, includes a pointer system for the definition of
mesh structure and boundaries. Also, a multi-block solver system is adapted into the
code to make the solver capable of solving different domains inside a single solver,
adding a great capability of solving complex domains easier for the current solver. In
this chapter, both the pointer system and multi-block algorithm are explained, by
using the same definitions that are used in the code, in order to introduce the solver

algorithm more closely.

5.1 POINTER SYSTEM

When a problem is to be solved, all solvers must first recognize the geometry and
properties of the geometry (i.e. location and type of the boundary conditions, location
of nodes) that is to be solved before the application of the solution algorithm. This
can either be done by defining the structure inside the solver or by another program
that only defines the geometry and gives required information to the solver in a
single file. The former is not as flexible as the latter, since when the geometry is
defined as an integral part of the code, new geometries or even modifications in the
same geometry needs the modification of the solver for each geometry. Also,

different element shapes can not be handled without an unstructured mesh structure
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which requires a pointer algorithm. In the latter case, the general solver stays the
same, no matter how different or complex is the geometry, the solver acts like a big
subroutine, taking the required geometry information from the pointer file and

solving it appropriately.

Besides, the multi-block algorithm, which is implemented to the solver has different
domains with different physical properties together with the different boundary
conditions. These many blocks can be defined one by one in the pointer program as
single cases, thus the preparation time for a new problem with N blocks is much less

than that of a program that carries out the meshing processes in it.

So, the suitable solution for the recognition of mesh structure by the solver is a
pointer system, which defines the mesh structure in a way similar to that of a
connectivity array which defines the mesh structure for a finite element system.
Using the pointer algorithm, changes in the grid structure will change the pointer

system while remaining the solver unchanged.

When the solution shows that one or more blocks has inappropriate or coarse grids, it
is quite easy to change that particular block or blocks and leaving the other ones as
they are. Thus, somehow an adaptive mesh system can be implemented with the
absolute control of the user.

5.1.1 THE 2-D CELL POINTER SYSTEM

The pointer system used for the solver can be explained as follows. A two

dimensional array is assigned to every cell in the domain in the following form:

IP = IP[m,n]
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where n denotes the cell number itself, m denotes cell node number of the n™ cell.
Maximum value of m is 4 since every cell used in the grid consists of 4 nodes, shown

in the Figure 5.1.

1 4
@ ®

gure 5.1 Node numbering for a sample cell

The structure of pointer system is not altered for the multi-block application, to

maintain its simplicity.

By defining this IP array, all the points inside the domain are defined in a single file,
with the cells including them and coordinates of them except the boundary points.
Boundary points are indexed with different names in the solver according to their

types. The following arrays are used for each type of the boundary, having different

names:

IPBB =IPBB [i,j] (stands for solid wall boundary)

I[PBU =IPBU [i,j] (stands for far field boundary)

53



IPBTS =IPBTS [i,j] (stands for symmetry axis boundary)
IPBINJ = IPBINJ [i,j]  (stands for mass injection boundary)

where j represents the boundary point number. Index i is used for two purposes for
the boundary arrays, that is: for i = 1 and i = 2, i represents the cell number of the jth
boundary, i = 3 represents the orientation of the cells 1 and 2. For better
understanding, four possible boundary cell orientations are given in Figures 5.2, 5.3,
5.4 and 5.5. After all the IP values are assigned in the pointer program, according to
their physical positions, boundaries are defined one by one. Also, since the given
names for the boundary points are unique for the main solver and pointer program, it
is very easy to follow the iterations. Besides, assigning different boundary conditions

to the desired boundaries can be rapidly accomplished.

CELL 1 CELL 2

/‘

j

Figure 5.2 Boundary type 1
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CELL 1 CELL 2

Figure 5.3 Boundary type 2

CELL 1

CELL 2

Figure 5.4 Boundary type 3
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CELL 1

N

CELL 2

Figure 5.5 Boundary type 4

By the help of internal points and boundary descriptions, whole domain (or domains)
is defined in such a way that the main solver can make computations in the domain.
This is a very flexible approach for dealing especially with complex grids. All the
calculations and applications inside the main solver is applied according to this

system without any extra data requirement for the main solver.

5.2 MULTI-BLOCK ALGORITHM

5.2.1 INTRODUCTION

Before starting, it should be noted that, the code is already capable of solving single
block, conventional internal mesh structures without requiring any multi-block
algorithm. Besides, after the addition of the multi-block algorithm, the code is still

capable of solving single domains. The main goal, which is explained also in Chapter
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1, is to create independent mesh structures for a desired number of subdomains of a

problem, thus eliminate the difficulty in creating meshes for complex geometries.

To explain the multi-block system clearly, first, the arrays that define the flow

parameters used in the solver will be explained.

In the formulation of the solver, U and 6U values must be stored for the present time
step at each grid point in order to obtain a complete and converged solution. Thus,
including the coordinates of a two dimensional domain, the array must consist of 10

rows to include all these information.

Q=Qli,j]

where i denotes the variable type and j denotes the node number. These 10 rows of
the Q array are given as follows respectively from i=1 to i=10 : x, y, p, pu, pv, e,
d(p), d(ou), d(pv), d(e). The first two variables are for coordinates of the jth node,
next four is for conservation variables of the same node and the last four for the
changes in the conservation variables of the same node. With this Q array, all the
required flow parameters can be obtained at any point in the computational domain.
Therefore, in the multi-block algorithm, interchange of this Q array in a proper
algorithm is quite enough to solve a whole multi-blocked computational domain with

the given boundary conditions.
Given the information about the equations used in the solver together with the

numerical algorithm used in the solver so far, now the multi-block algorithm can be

explained.
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5.2.2 IMPLEMENTATION OF MULTI-BLOCK ALGORITHM

As it is explained in the previous chapters, the solver has the capability of solving
different subdomains (blocks) as a single domain while preserving their
independency in terms of mesh size, distribution and flow parameters without
making any modifications in the main solver The multi-block algorithm needs a
different input file for each domain so that even completely different problems can

be combined if the result is applicable and logical.

If one wants to solve a specific problem in N blocks, N mesh files and N input files
should be given as inputs to the code. The code first solves Block-1 as the first block,
for a single time step, then consecutive blocks are solved until Block-N, which is the
last block, is solved for again a single time step. While this process is running,
appropriate boundary conditions are implemented to each block, either conventional
ones or boundary conditions that are coming from previous blocks, which will be
explained in detail later. Then, after the solution of N blocks, the procedure repeats
itself until convergence is reached for every block. For a single block, the solution

algorithm is given below:
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Check convergence

A

Initialize
3U"=0

Calculate Time Step At

Calculate Metrics

Flux Balance on Cell
6chell

|

Distribute Cell Changes to Nodes

i

Add Smoothing

\ 4

Apply Boundary Conditions

Update Solution

Uin+l=Uin+6Ui

Figure 5.6 Solution algorithm of a single block
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Of course, this block division process introduces a problem of matching one domain

to another since there are no pre-defined boundary types for interface surfaces.

The basic idea behind solving multi-block problems is making the blocks interact
(communicate) with each other in such a way that the final solution represents one

complete problem as if it is solved as a single block problem.
To explain the matching process at block interfaces, a simple example consisting of

two domains with uniform rectangular cells of different sizes in x-direction is given

in as shown in Figure 5.7.
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Figure 5.7 Sample two-blocked geometry

When the common surface of two subdomains is zoomed, (the region inside the

elliptic circle of Figure 5.7), mesh structure at the interface is as shown in Figure 5.8
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Figure 5.8 Sample cells on the interface of two blocks

Consider four neighbouring cells which of two belong to one block (A&B, in the
dotted region) and the other two (C&D, in the cross-hatched region) belong to the

other.

For Block-1, left (1-2), bottom (1-4) and top (2-3) faces can be defined as what they
simulate without any difference in definition or application. But for the right face (3-
4), it is obvious that any predefined boundary conditions will be inconvenient.

Therefore, a new type of boundary condition must be defined for this faces. The
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same situation is valid for Block-2" s left face interacting with the right face of the
other block this time. To obtain a converged solution, these two faces are expected to

have the same value at the final stage.

Basically, when the solution converges, below statements should be reached in order

to obtain a smooth and continuous interface transition between the blocks.

O(K,A3,Block1) = O(K,C2,Block2)

O(K,A4,Block1) = O(K,C1,Block2)

O(K,B3,Block1) = O(K,D2,Block2)

O(K,B3,Block1) = O(K,D1,Block2)

where K is flow parameter index for p, pu, pv, pe.

Now, to obtain these equalities, the algorithm that is applied inside the solver will be

explained.

First of all, to remove any discontinuity at the interface nodes as convergence is

achieved, these two faces should interact with each other such that:

Block-1" s right face is forced to be the inflow boundary condition for Block-2 when

Block-2 is being solved.

Block-2" s left face is the outflow boundary condition for Block-1 when Block-1 is

being solved.
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Thus, during the solution of each block, the nodes at the interface boundaries do not
go under a special boundary treatment (like solid wall, symmetry axis etc.), but
instead they are left with the calculated results coming from distribution step of the

previous block.
This 2-block example can be generalized such that any physically interacting N

blocks can be solved, with the given flow chart & equations. Note that this chart is

the same chart as the chart given in Figure 5.1 if a single block is solved.
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Recover of the previously stored flow parameters of the previous time step for the current block. so that the block can be solved for the new time step
B=B+1
IF (B.GT.BMAX) B=1
DO i=1.IQMAX

Qli.jl = QMBIi,j.B]
ENDDO
ENDDO

Tnitialize

4> 8U=0

| Calculate Time Step At, t->t+At

| Calculate Metrics

Flux Balance on Cell
aUc
Check convergence
If convergence is not reached, n>n+1
A A | Distribute Cell Changes to Nodes |

| ‘Add Smoothing

| Apply Boundary Conditions

“ g - ¢ e ] e

Update Solution
UM=UMSU;

Storage of the solved block” s flow parameters
DO B=1.BMAX
DO i=LIQMAX
DO j=3.6
QMB [i.j.B] = Q[i.]
ENDDO
ENDDO
ENDDO

Implementation of the solved block” s interface values to the neighbouring block™ s boundary conditions

DO i=1, TOTAL # OF INTERSECTING BOUNDARY POINTS OF THE INTERFACE
DOj=3.6
Q-INFLOW (i.j.B+1)=[ Q(i.)) at the corresponding boundary points, if exists |
Q-OUTFLOW (i,j.B-1)=Q(i.j) [at the corresponding neighboruing boundary points at the other side, if exists |
ENDDO
ENDDO

Figure 5.9 Flowchart of multi-block algorithm
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where i represents the node number, j represents the flow parameter (o, pu, pv, pe),
QMB is used to store the parameters of the solved block, B is used for the block

number and Q is the general flow parameter array.

When convergence is reached, the values of intersecting nodes which are at the exact
same location but belonging to different are expected to have the same value, such
that there is no discontinuity through the interface. When this is achieved, it can be
said that multi-block algorithm works correctly, but of course general convergence

must be checked.

In solving multiple number of blocks together, there exists a problem in the
distribution step of the solver algorithm for some special interface arrangements.
This can be shown in Figure 5.10, an enlarged appearance of the intersection region

of two blocks shown in Figure 5.7 .

Figure 5.10 Enlarged view of the intersection of two cells on the corner

As it can be seen, in the distribution step, one cell is missing (the cell drawn in
dashed line, which is not there actually) to complete the distribution process of the
node shown in the circle. So, special attention is needed for this specific cell. On can

note that this situation is for the cases where the specified missing cell situation is
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present if the corner node is not a boundary node. If it is a boundary node, the

modification explained below is not applied.

Considering equations (3.26-3.29), oU calculation of this specific node, named here

as oU*, will be as follows:
1 At
dU* = ESU"‘+§(8Uc —of, —dg, —or, —ds, _EAHJ (5.1)

to compensate the lack of one node in the distribution step. Of course, this kind of
situation can occur in different orientations than this block interface. All the

possibilities for this special condition is given in Figures (5.10) in circles.
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Figure 5.11 Possible intersection points subject to Equation (5.1)

Equation (5.1) holds for all these four possibilities and calculates the true oU value of

these special nodes.
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CHAPTER 6

RESULTS AND DISCUSSION

This chapter is dedicated to the computational results of various test cases which are
used to validate the present multi-block Navier-Stokes solver. Test cases used are a
superposition of different flow situations for the verification of the internal/external

2-D planar/axisymmetric multi-block Navier-Stokes solver.

Simulation on a computer is done to design, operate or investigate existing or
proposed processes (or systems) and to determine their performance under various
conditions [38]. Especially in missile industry, during the design of a rocket motor or
modification of an existing configuration need some experiments of validation of the
new configuration in the most efficient procedure. For this purpose, although
experiments can provide quite useful information about the rocket motor, they are
either quite expensive or sometimes impossible or very restricted due to substructural
problems. Besides, safety requirements may sometimes prevent the designer from
performing experiments. In this situation, simulation by a computer program is the
best choice, if there exists a validated computer code. The practitioners and users of
simulation results, the decision makers arriving at decisions based on these results,
and those affected by these decisions are all justly concerned with whether the results
are credible or whether the level of credibility of the results is acceptable for the

purposes for which they are being used [38].
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The main objective of this study is to develop a reliable Navier-Stokes solver to be
used in SPRM flow simulations. For these purposes, result of RTO-AVT T-108
support project [25] is used for validation of SPRM simulation by the present solver.
Since this project includes only inviscid flow applications, Blasius flat plate solution
is used to verify the planar laminar flow solutions. For the verification of the
axisymmetric laminar flow solution, theoretical velocity profile in a pipe flow is
used. [28] For the verification of turbulent viscosity calculation, turbulent 1/7 power
law is used. After the single-block results are presented, the same test cases are

solved by multi-block algorithm.

To check the flexibility of the multi-block algorithm, a segmented SPRM, which is
frequently used for large SPRM’ s, is solved finally.

6.1 SINGLE BLOCK SOLUTIONS OF T-108 TEST CASES

6.1.1 TEST CASE 1

This test case is not a SPRM simulation but it is used in reference [25] to verify the
injecting boundary conditions and compare the results with the analytic results along
the symmetry axis. It is also the first test case in reference [25], divided into two
parts, one being planar and the other being axisymmetric, both of which are solved

by the present solver. The obtained results are compared with the results in reference

[25].

The geometry and the boundaries are given in Figure 6.1. The grid used in the

solution of this problem is given in Figure 6.2.
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Figure 6.1 Geometry of Test Case 1
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Figure 6.2 Grid of Test Case 1
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The physical properties of the flow and grid properties are given in Table 6.1

Table 6.1 Geometric properties and input flow parameters used for Test Case 1

2-D Planar 2-D Axisymmetric
(Test Case 1-a) (Test Case 1-b)

Geometric Properties

Total Length 581 mm 581 mm
Inside Radius 20 mm 20 mm
Grid Size 51x16 51x16

Flow Parameters

Mass flux 2.42 kg/m’/s 2.42 kg/mz/s
Exit Pressure 150000 Pa 150000 Pa
Gamma 1.4 1.4

Gas Constant 299.5 J/kgK 299.5 J/kgK
Reference pressure 100000 Pa 100000 Pa
Flame Temperature 3387 K 3387 K

The solution is started from the subsonic initial condition of which the injection
boundary condition imposes for both cases. Front end is inert wall with slip velocity,
bottom wall is an injecting wall with constant temperature (flame temperature of the
propellant), top wall is the symmetry boundary and the aft end is the pressure outlet
boundary. Mach contours, pressure contours and streamlines, also the Mach and
pressure profiles along the symmetry axis obtained from the present solver is

compared with the results in reference [25] for the planar test case (TC1-a).
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6.1.1.1 TC1-A
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Figure 6.3 Mach Contours of the present solver and T-108 for TC1-a
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Figure 6.4 Pressure Contours of the present solver and T-108 for TC1-a
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Figure 6.5 Streamlines of the present solver and T-108 for TC1-a

As it can be observed from the iso-Mach, iso-pressure lines and streamlines in Figure
6.3, 6.4 and 6.5 respectively, results obtained by the present solver shows great
similarity with the results in reference [25]. It should be noted that no pressure

gradient is observed in the transverse direction.

This test case shows that the injection boundary condition in the present solver is
valid for injecting flow test cases. Also, wall, symmetry and subsonic exit boundary
conditions are valid for subsonic inviscid flows. The Mach number value at the aft
end of the geometry at the axis of symmetry is found as 0.1811 by the present solver

and the value obtained in reference [25] solution is 0.1804, with a deviation of 0.3%.

The residual used is the maximum local residual, defined as the largest difference for
the oU values of all the nodes of the solution domain for that time step. About orders
of decrease is observed for the residual in the current test case, as shown in Figure
6.6. CFL number and artificial viscosity are 0.3 and 0.001, respectively. Since no
divergent or convergent section is present in this test case, the residual decreases

with a good slope in 75000 iterations and reaches to steady value.
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Figure 6.6 Convergence History of TC1-a

Also, the variations of Mach number and non-dimensional pressure along the
symmetry plane are compared with the results in reference [25] as shown in Figure
6.7 and 6.8, respectively. The results are quite comparable and verify the results of

the current solver.
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Figure 6.7 Mach profile along the symmetry axis
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Figure 6.8 Non-dimensional pressure profile along the symmetry axis
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6.1.1.2 TC1-B

To check axisymmetric terms, the same test case is solved with axisymmetricity. All
the boundary conditions are the same, except that the top plane is no longer a
symmetry plane but it is an axis of symmetry boundary. Again, Mach contours,
pressure contours and streamlines, also the Mach and pressure profiles along the
symmetry axis obtained from the present solver is compared with the results of TC1-

b in reference [25].
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Figure 6.9 Mach contours of the present solver and T-108 for TC1-b
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Figure 6.10 Pressure contours of the present solver and T-108 for TC1-b
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Figure 6.11 Streamlines of the present solver and T-108

The comparisons given in Figure 6.9, 6.10 and 6.11 imply that the results obtained

with the present solver are satisfactory, verifying the fact that the axisymmetric terms
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added to the present solver are valid for inviscid flows. Pressure gradients are only

seen in the axial direction, which is also observed also in the planar test case.

The Mach number and non-dimensional pressure variations on the axis of symmetry
are given in Figure 6.12 and 6.13. The results are quite similar and comparable.
Maximum difference in both Mach number and pressure values at the axis of
symmetry is less than 1%. Small variations for Mach number in the head and aft ends
of the symmetry axis are most probably due to differences in the boundary conditions

at the corners where two boundaries intersect.
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Figure 6.12 Mach profile along the symmetry axis
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Figure 6.13 Non-dimensional pressure profile along the symmetry axis

For the axisymmetric solution, the maximum local residual decrease is more than 2
order of magnitudes. For this test case, artificial viscosity is 0.001 and CFL number
is 0.1. This test case converges slower than the planar test case. Axisymmetric terms
are responsible for this situation since no other modification is done on the solver
and the flow properties are also same. A lower CFL number is used for this test case
and the response of the solver in sense of decrease in residual is slower for the
axisymmetric case as expected. Finally, the results obtained are quite satisfactory

when the variations in flow variables are considered.

For higher artificial viscosity values, a faster convergence can be obtained but

theoretically. However, it should be kept as small as possible to get less smoothed
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gradients. In all cases, the artificial viscosity is kept as small as possible in order to

have minimum smoothening which certainly slows down the convergence.
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Figure 6.14 Convergence History of TC1-b
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6.1.2 TEST CASE 2

Second test case is a lab-scale-motor for the verification of mass injection boundary
condition in an axisymmetric geometry. This test case is used in reference [25] to
validate the stability of 2-D computations. The burnt propellant is injected from the
bottom wall at a constant flame temperature. Length of cylindrical part of
combustion chamber is 170 mm while the inner radius is 45 mm. The converging-
diverging nozzle has a throat radius of 16.77 mm with a radius of curvature of 30
mm. Overall motor length is L = 270 mm. The physical properties of the flow and
grid properties are given in Table 6.2.

Table 6.2 Geometric properties and input flow parameters used for Test Case 2

2-D Axisymmetric

(Test Case 2)

Geometric Dimensions

Total Length 270 mm
Inside Radius 20 mm
Grid Size 99 x 16

Flow Parameters

Mass flux 11.39 kg/m*/s
Reference Pressure 100000 Pa
Gamma 1.14

Gas Constant 299.5 J/kgK
Flame Temperature 3387 K
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The head end of the geometry is again inert wall with slip velocity, the top plane is

an axis of symmetry, the bottom plane is injecting wall with fixed temperature and

the exit plane (aft end) is free supersonic boundary.

The geometry and boundaries are given in Figure 6.15 while the grid for this test
case is presented in Figure 6.16.
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Figure 6.15 Geometry of Test Case 2
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Figure 6.16 Grid of Test Case 2
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Mach number and non-dimensional pressure contours and streamlines demonstrating
the motion of burnt gases in the rocket motor for the current problem are given in

Figure 6.17, 6.18 and 6.19 respectively.
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Figure 6.17 Comparison of Mach contours of Test Case 2 with T-108
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Figure 6.19 Comparison of streamlines of Test Case 2 with T-108
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As it can be seen from the above figures, Figure 6.17, 6.18 and 6.19, the results
obtained by the present solver are quite compatible to the results of reference [25]. At
the converging section of the nozzle, Mach number starts to increase as expected and
speed of sound is reached at the throat section of the nozzle. After the throat,
supersonic flow is observed and at the point of intersection of symmetry axis and exit
plane, Mach number reaches 2.50. Supersonic boundary conditions are also validated

by this test case.

Mach number and non-dimensional pressure variation along the symmetry axis are
given in Figure 6.20 and 6.21, respectively. Non-dimensional pressure value at the
subsonic region is almost constant and reaches its maximum value at the head end
which is 8.553. Even though there are differences in velocity profiles, the maximum
local difference is approximately 1.1% and this is most probably due to the

symmetry plane boundary condition.
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Figure 6.21 Non-dimensional pressure variation along the symmetry axis
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For the supersonic case, some difficulties are observed during the initiation of the
solution for low artificial viscosity values. When the solution is initiated, the flow
inside the geometry is subsonic everywhere and according to CFL number used,
some iterations are required to obtain a supersonic flow beyond the nozzle throat.
During these iterations, an artificial shock wave travels through the divergent part of
the nozzle and may cause some instabilities till the throat Mach number reaches

unity.

Above results are obtained for a CFL number of 0.2. For this value of the CFL
number, 1000 iterations are required with 0.02 artificial viscosity to overcome these
instabilities and artificial viscosity value is decreased to 0.001 after 1000 iterations.

The residual history is given in Figure 6.22.
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Figure 6.22 Residual history of Test Case 2

6.1.3 TEST CASE 3

This test case is used to simulate an actual motor with a narrow throat. Physical
dimensions and flow properties are given in Table 6.3. Geometry and grid used for

the solution of this test case are given in Figure 6.23 and 6.24, respectively.
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Table 6.3 Geometric properties and input flow parameters used for Test Case 3

Geometric Dimensions

Total Length 270 mm
Inside Radius 20 mm
Grid Size 121 x 16

Flow Parameters

Mass flux 16 kg/m?/s
Reference Pressure 100000 Pa
Gamma 1.14

Gas Constant 299.5 J/kgK
Flame Temperature 3387 K
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Figure 6.23 Geometry of Test Case 3
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Figure 6.24 Grid of Test Case 3

This test case is a modified form of test case 2, with injection from the inclined
surface in front of the convergent part of the convergent-divergent nozzle. Also, the
throat is narrower when compared to the previous test case. Due to this inclined
injection and narrower throat, this test case was the most challenging test case in
sense of convergence. The definition of the point of intersection of inclined injection
surface and horizontal injection surface can also effect the results especially in the

convergent section.

The boundary conditions can be given as follows: the bottom plane starts with mass
injection boundary with a constant flame temperature till the convergent section of
the nozzle and then wall type boundary condition is used along the nozzle. Wall
boundary conditions are also used for the left plane (head end). Axis of symmetry
boundary condition is used for the top plane while supersonic boundary condition is

used for the exit plane.
Mach number and non-dimensional pressure contours and streamlines demonstrating

the motion of burnt propellant in the rocket motor are given in Figure 6.25, 6.26 and

6.27, respectively.
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Figure 6.25 Comparison of Mach contours of Test Case 3 with T-108
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Figure 6.27 Comparison of streamlines of Test Case 3 with T-108

As it can be observed from the figures, results obtained by the present solver show
great similarity to the results obtained in reference [25]. The slopes of iso-Mach lines
change in the divergent section of the nozzle in both solvers, due to the compression
wave reflecting from the symmetry plane. Pressure contours obtained by ENS2D
show less variation in transverse direction in the subsonic region where the diameter
is constant. This is more reasonable when subsonic flow with fixed diameter is

considered and the previous test case demonstrates this behaviour properly.

Besides these contours, the Mach number and non-dimensional pressure variations

along the symmetry axis are given in Figure 6.28 and 6.29, respectively.
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Figure 6.28 Mach profile along the symmetry axis

Mach number profile seems well fit to the results obtained in reference [25]. At the
longitudinal location where a compression wave reflects barely, a difference of 1.2 %
is observed but the profiles tend to fit well again after the reflection. This difference

may again be due to the implementation of symmetry plane boundary conditions.
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Figure 6.29 Non-dimensional pressure variation along the symmetry axis

Non-dimensional pressure profile of the present solver is also similar to one obtained
from the results of reference [25]. Again, as it is in the previous test case, pressure

profile in the subsonic region is almost constant and reaches its maximum value of
42.853 at the head end.

The difficulty encountered during the solution of the previous test case is observed
also for this test case. This time, since the geometry and injection directions are more
complex, the initial artificial viscosity value is taken as 0.2. This is a quite high
value, which allows an initial CFL value of 0.5. When a Mach number of unity is
obtained at the nozzle throat after 5000 iterations, artificial viscosity is decreased to
0.05 which allows a CFL number of 0.15 at most. Lower artificial viscosity values

are tested to obtain proper results but even with low CFL numbers, instabilities are
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observed. Besides, the results obtained by this CFL and artificial viscosity values are

quite satisfactory and no artificial effects are observed in the solution.

Maximum local residual decreased only 2 orders in 100000 iterations which was
lower than the ones in other cases, most probably due to the complexity of the flow,
but this situation does not bring any problem again in sense of comparing the results.
After 100000 iterations, the residual stayed constant and it is assumed that the

convergence is reached after 100000 iterations with 3 orders of decrease in the

residual.
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Figure 6.30 Residual history of Test Case 3
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6.1.4 TEST CASE 4

This test case is a simulation of a full SPRM with two inclined injection surfaces.
Physical dimensions and flow parameters are given in Table 6.4. The geometrical
representation of the test case and the grid used in the solution are given in Figure

6.31 and 6.32, respectively.

Table 6.4 Geometric properties and input flow parameters used for Test Case 4

Geometric Dimensions

Total Length 270 mm
Inside Radius 20 mm
Grid Size 176 x 15

Flow Parameters

Mass flux 19.6 kg/m’/s
Reference Pressure 100000 Pa
Gamma 1.22
Gas Constant 287 J/kgK
Flame Temperature 3149 K
Axis of Symmetry
Head End N S S S S S N Nozzle
ea na |
Yy Solid Propellant 2 4

Figure 6.31  Geometry of Test Case 4
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Figure 6.32 Grid of Test Case 4

This test case is the best test case in sense of resembling a SPRM. Generally, to
obtain the required thrust regime for the mission of the missile, special grain
(propellant) shapes are used. During the burnback of these grain shapes, there are
injections in different directions or propellant thickness varies as it can be observed
from Figure 6.31. The geometrical configuration has been retained corresponding to
mid-combustion. The combustion chamber is 50 mm in length, which contains an
axisymmetric grain formed of two conical ends with inclined injection linked to a

cylindrical port with vertical injection.

The bottom plane starts with a wall, then continues with mass injection at constant
flame temperature up to the divergent section of the nozzle. Thereafter, there is a
wall boundary. Left plane can also be treated as a wall. Top plane is an axis of

symmetry and the exit plane has supersonic boundary conditions.
The Mach number, non-dimensional pressure contours and the streamlines

demonstrating the motion of the burnt propellant are given in Figure 6.33, 6.34 and

6.35, respectively.
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Figure 6.33 Comparison of Mach contours of Test Case 4 with T-108

Mach number contours of the two solutions have very small differences, as it can be
seen from Figure 6.33. Even if there are differences in the subsonic region at the
head end, ENS2D gives almost constant Mach values at the transverse direction
which is reasonable just like the present test case. Besides, the Mach number has
quite small value at the head end. For the supersonic section, the Mach number

contours are almost identical.
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Figure 6.34 Comparison of non-dimensional pressure contours of Test Case 4 with

T-108

The pressure contours also show great similarity, with some small differences in the
subsonic region. This difference is locally 1 percent at most and most probably due
to the small differences in the implementation of symmetry boundary condition and
because of the handling of the intersection points of two sides of the inclined surface

near to the head end.

In Figure 6.35, the turning of the flow from inclined surface at the head end can be

clearly seen from the streamlines.
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Figure 6.35 Comparison of streamlinesof Test Case 4 with T-108

Below, Mach and non-dimensional pressure profiles of two solutions are compared

along the symmetry axis in Figure 6.36 and 6.37, respectively.
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Figure 6.36 Mach profile along the symmetry axis

As it is clearly seen from Figure 6.36, the Mach profile along the symmetry axis
obtained by the present solver compares well with reference [25]. The maximum

difference is about 0.6%.

Pressure profiles also show great similarity and pressure remains almost constant in

the subsonic region, having its maximum value at the head end which is 15.808.
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Figure 6.37 Non-dimensioanl pressure profile along the symmetry axis

Residual history for the current test case is given in Figure 6.38. The maximum local

error decreases about 3 orders which the solution is assumed to be converged.
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Figure 6.38 Residual history of Test Case 4

By these 4 test cases, inviscid axisymmetric solver with injection boundary

conditions is verified.
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6.2 VISCOUS FLOW TEST CASES

6.2.1 LAMINAR FLAT PLATE

After the solver is verified for inviscid internal axisymmetric flows, viscous flux
terms and also additional axisymmetric terms coming from the nature of viscous
flow should also be verified. First, for the verification of viscous flux terms, the
laminar over a flat plate is solved and the results are compared with the self-similar

Blasius solution.

The grid used is given in Figure 6.39 where the plate begins at x=0 and ends at x=1.
Different than the test cases solved above, this test case has only two different kinds
of boundary conditions. One of them is viscous adiabatic wall boundary and the
other is far field boundary, where the Mach number of the flow is defined on the left,
top and right planes, to provide a free flow over the flat plate. Even though these
boundary conditions are not used for internal flows, a flat plate solution gives a good
indication of whether the viscous flux terms are correct and the viscous adiabatic

wall boundary conditions are properly applied.
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Figure 6.39 Grid used for the solution of laminar flat plate

The Mach number, Reynolds number, Prandtl number and reference temperature are

0.3, 35000, 0.72 and 288 K, respectively. The velocity profile of the solution

obtained by ENS2D is compared with the self similar Blasius solution and the

obtained non-dimensional velocity profile is given in Figure 6.40 where # is defined

/5x/Rex.

L

asng

106



8 |- = ENS2D
Blasius

Uiy,

Figure 6.40 Axial velocity profile of the laminar flow over a flat plate

It should be noted that the profile above is taken in the longitudinal location where
the fully developed flow is already observed, which is at x/L=0.5. As it can be seen
from Figure 6.40, the obtained axial velocity profile compares well with the self-
similar Blasius solution. The CFL number and the artificial viscosity are 0.3 and
0.004, respectively. With these values, the solution is assumed to be converged with
the decrease of maximum local residual decreased by 3 orders. The residual history

obtained from the solution is given in Figure 6.41.
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Figure 6.41 Residual history for the laminar flow over a flat plate

With this test case, the viscous flux terms for 2-D planar flows are verified.

The same problem is also solved by decomposing the solution domain into two
blocks, to verify the solution of laminar problems with the multi-block technique and
also to see the effects of this technique on convergence. The geometry is divided at
x=0, where the flat plate just starts. It can be said that x=0 is relatively most complex
x location in sense of domain decomposition along the flat plate, where one side of
the point is free flow while the other side is a solid wall. The results obtained for the

two-block domain are exactly the same as the single block solution. Therefore, only

the convergence history of the two-block solution is given in Figure 6.42.
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Figure 6.42 Residual history of the multi-block solver for the laminar flow over a flat

plate

It can be observed from Figure 6.42 that block 1 shows no progress in convergence
while block 2, which has the flat plate has 3 orders of decrease of residual, where the
solution is assumed to be converged. Since block 1 has no solid boundary and all the
boundaries except the interface boundary are free flow, just as it is in the initiation,
the residual of block 1 starts from a very low value. At the end, it converges to the
value that block 2 converges. This convergence is the stabilization of flow variables

at the interface which are disturbed by the leading edge of the flat plate.
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6.2.2 LAMINAR PIPE FLOW

Since the scope of this thesis is mainly SPRM flow solutions as also mentioned
above, most of the problems that are to be solved are axisymmetric problems.
Therefore, besides the 2-D viscous flux terms, axisymmetric viscous terms must be

verified for an accurate laminar Navier-Stokes solver.

A laminar pipe flow is used for the verification of the axisymmetric viscous terms.
The grid used in the solution is given as below in Figure 6.43. At the inlet, free
stream Mach number is 0.0023. Top plane is handled as axis of symmetry, the

bottom plane is adiabatic wall and the exit plane is subsonic outflow.
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Figure 6.43 Grid used forlaminar flow in a pipe

The theoretical axisymmetric pipe flow velocity profile for laminar flow is given as:

2 Y
u(ry="v, {1 — (3) } (6.1)
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where V. being the centerline velocity, r being radial position and D is the diameter
of the pipe.For the equation (6.1), the velocity profile obtained from ENS2D and the
corresponding theoretical velocity profile from Equation 6.1at x/L=0.5 are given in

Figure 6.44.

o
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Figure 6.44 Velocity profile at x=0.5 where the fully developed laminar profile is

achieved

The velocity profile of ENS2D compares quite well with the theoretical profile,

indicating that the handling of viscous axisymmetric terms is acceptable. The
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velocity vectors for the pipe flow for the fully developed section is given in Figure
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Figure 6.45 Velocity vectors in the fully developed region of axisymmetric pipe flow

Residual history for the current problem is given in Figure 6.46. As it can be seen

from the figure, the residual decreases about 4 orders where the solution is assumed

to be converged.

112



10"

10°

10°

10*

Maximum Local Residual

10°

I L | I | |
50000 75000 100000
Number of lterations

L I L
25000

Op EER |

Figure 6.46  Residual history for the laminar flow in a pipe

As it is also done in the laminar flat plate solution, the pipe domain is decomposed
into two blocks in order to obtain a multi-block solution for this problem. The pipe is
divided from the mid-section, at x=0.5, and the solution is obtained using same
boundary and free stream conditions. The results obtained with the multi-block
solver again is the same results obtained with single block solver. Therefore, again,

only residual history of the two-block solution is given in Figure 6.47.
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Figure 6.47 Residual history of multi-block solver

The residual of both blocks drop more than 3 orders, where the convergence

is assumed to be obtained.

6.2.3 TURBULENT FLAT PLATE
For the verification of turbulent viscosity calculation, the same flat plate which is

used for the laminar flow in Figure 6.39 is used. Free stream Reynolds number is

taken as 6x10° and free stream Mach number is 0.3. The transition location is 0.054
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and the axial velocity profiles at several locations beyond this transition location are
1

given in Figure 6.48 together with turbulent 1/7 power law UL = (%}7 .
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Figure 6.48 Non-dimensional velocity versus delta for turbulent flow over the flat

plate at several axial locations

When Figure 6.48 is examined, it can be seen that the velocity profile is in harmony
with the power law, emphasizing the Baldwin-Lomax turbulent model implemented

to the solver works properly. Universal profiles together with the calculated turbulent
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similarity profiles are given in Figure 6.49, where laminar sublayer, logarithmic and
wake regions obtained by the present solver’ s solution can be easily seen for several

axial locations along the flat plate.
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Figure 6.49 Turbulent similarity profiles compared with universal profiles

The residual history for the problem is given in Figure 6.50.
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Figure 6.50 Residual history for the turbulent flow over the flat plate

The residual drops 3 orders where the solution is assumed to be converged. The same
problem is also solved with multi-block algorithm and almost exactly the same
velocity profiles are obtained. Blocks used are also exactly the same with the ones
used in laminar flat plate solution. The residual history for the multi-block algorithm

is given in Figure 6.51.
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Figure 6.51 Residual history of multi-block solver for the turbulent flow over the flat
plate

The same situation seen in the residual history of laminar flat plate can also be
observed in Figure 6.51. Block 2, which has the boundary layer shows residual drop

of 4 orders while Block 1 only converges to the residual value of Block 2.
As a comment for viscous flow solutions with multi-block algorithm, it can be said

that multi-block algorithm works properly for laminar and turbulent problems either

planar or axisymmetric.
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6.3 MULTI-BLOCK SOLUTIONS OF T-108 TEST CASES

The results obtained by the present solver for several test cases involving inviscid
and viscous flows for planar and axisymmetric geometries using single block show
that the solution method for the governing equations is valid and provides
satisfactory results in sense of engineering. Besides, viscous flow problems are also
solved with multi-block algorithm and verified. To test the multi-block algorithm for
internal flows, T-108 test cases solved with single block are resolved using multi-

block approach.

Besides these test cases, a completely different problem is solved using multi-block
algorithm, to test the solution method’s robustness and to demonstrate the flexibility
of the algorithm more clearly. This problem involves a section from a segmented
motor. For large SPRM (i.e. having large diameter and longer combustion chamber),
generally the combustion chamber includes multi-grain geometries to keep the burn
area neutral, thus to acquire a neutral thrust-time curve. This situation brings a space
between adjacent propellant grain structures. The space in between often requires
special care in sense of fluid flow since they may cause instabilities [39], [40], [41]
or even may change the flow regime improperly if their influence on the combustion

chamber is not analyzed with enough accuracy.

For this reason, the solution of segmented SPRM’ s generally need denser grids than
other sections of the combustion chamber. When a complete combustion chamber is
to be solved, this segment forms a small part of the complete domain and it is often
challenging job to adapt a mesh to the segment or even impossible for generic mesh
generator tools (e.g. Tecplot’s Mesh Generator). The difficulty seen in creating a

single-block mesh for such a geometry is tried to be illustrated by several attempts by
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Tecplot 9.0° s Mesh Generator where the grids of multi-block geometries are created.
At this point, multi-block algorithm steps forward and can use desired grid size for

desired geometries.

The last test case to be solved includes a segment section together with a combustion
chamber section and a converging-diverging nozzle. Since the goal is to demonstrate
the flexibility of the multi-block algorithm for this kind of geometries and because of
lack of experimental or numerical data, the solution is analyzed in the sense of
convergence and general flow profile without comparing the results with any other

data.

6.3.1 TEST CASE 1-B

To prevent repetition and since the goal in this section is to emphasize the
effects of multi-block algorithm, planar flow solution of Test Case 1 (Test Case 1-a)
is not solved but instead, axisymmetric flow solution is given. This geometry is
divided into two sections, just through the middle of the complete geometry. The
results obtained with the multi-block solver are compared with the single block
solutions, again to be able to demonstrate the possible differences or problems rising
from multi-block solver, if any. Since the Mach contours and pressure contours are
sufficient for comparison for the results of the same solver, Mach and pressure
variations along symmetry axis are not presented. It should be noted that same
comparison method is used for all test cases except for Test Case 4 which is the most
similar geometry to a real SPRM. In Test Case 4, the streamlines are also given to
show the continuity between the blocks together with the Mach and pressure

variations.

Mesh used for the current test case is given in Figure 6.52. As a common notation,

blocks are numbered starting from the most left one as 1 and is increased as the axial
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position of blocks increase. The first block used in the solution has 60x21 grid points

while the second one has 51x21 grid points.
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Figure 6.52 Blocks of Test Case 1-b

Figure 6.53 and 6.54 demonstrate the Mach and pressure contours of Test Case 1b,
respectively. The contours on the top are the results of single block solver while the

contours on the bottom are the results of multi-block solver.

121



Level Mach
011 F 10 033
01 E_ 5 029
’ ; 8§ 02
0.09 3 7 023
0.08 F & 020
0.07 | 5o
F 4 013
0.06 3 W R
0.05 ;— 2 oo7
oo04 E 1 008
003 F /r(:{i/}{fff——rmﬂ_iy—;_:—____—aﬁﬁ?’;
g « e e
002 KK ’ K// /7///;/“*
0.01 f ( f (
Y 0F L 1 1
-0.01 ;— KK u k LQ k};}\\ EnsaD
o0z kb . \ a :-\__‘k_ uki B loc!
: 1 \xﬂ%‘%
-0.03 :_I T | |mﬁﬁ—ﬁ—?‘—_ﬁ e 1;'*
0 0.1 0.2 03 04 0.5 06 07 08 09 1
X

Figure 6.53 Mach number contours of single and two-block solutions for Test Case

1-b
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Figure 6.54 Non-dimensional pressure contours of single and two-block solutions for

Test Case 1-b
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As it can be observed from these figures, both the pressure and Mach contours show
great similarities. For the two-block solution, the maximum value of Mach number is
0.358 on the top of the exit plane where maximum pressure value is 1.170 on the top
of the wall. The same values are 0.359 and 1.171, respectively for the single block

solution.

No discontinuity is observed through the adjacent boundaries of the two
blocks, verifying that the multi-block algorithm is working properly. Since the results
obtained by the single block solver are also in accordance with the results of
reference [25], no obvious improvements in the sense of accuracy of the solver with

the multi-block algorithm is observed, naturally.

Residual history for the present test case is given in Figure 6.55.
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Figure 6.55 Residual history of the multi-block solution for Test Case 1-b

Comparing the residual histories of the single and multi-block solvers, it is clear that
the residual of the multi-block solver drops more than that of the single block solver.
Even though the slopes are different and it seems that convergence of multi-block
solver is slower, it should be noted that the iteration number for one block is the half
of what is being observed from the convergence history since two blocks are solved.
Therefore, with this information, it can be said that the residual drops about 3 orders
at the end of 75000 iterations and the convergence rate is quite close to that of the

single block solver.
During the iterations, CFL number and artificial viscosity values have been

changed, as in the some test cases solved with single block. Initially, both CFL and

artificial viscosity are taken as 0.1, then both dropped to 0.05 after 12500 iterations.
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After 30000 iterations, artificial viscosity is dropped to 0.01 and finally after 70000
iterations, CFL number is increased to 0.1 and artificial viscosity is dropped to 0.001.
The final CFL and artificial viscosity values, which were used in the single block
solver throughout the solution, cause instabilities in the intersecting boundaries of the
two blocks and diverge the solution. Even the convergence rates are close, the multi-
block solver is not as robust as single block solver in the sense of convergence

behaviour for subsonic flows.

6.3.2 TEST CASE 2

Meshes used for the multi-block solution of Test Case 2 are given in Figure 6.56.

Block 1 has a mesh size of 51x16 where Block 2 has 66x16.
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Figure 6.56 Grids of two blocks of Test Case 2

For Test Case 2, Mach number and pressure contours are compared with the
results single block solver in Figure 6.57 and 6.58, respectively, with the one on the
top being single block solution while the one on the bottom being multi-block

solution.
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Figure 6.57 Mach number contours of single and multi-block solutions for Test Case

2

As observed from Figure 6.57, it is clear that the Mach contours are quite
similar to that of the single block solution. In the subsonic region, even though there
seems that there are some differences in the contours, it should be noted that the
Mach number values in these regions are below 0.1, being quite low. This kind of
difference can be expected for very slow flows in the subsonic region. The maximum
Mach number in the whole geometry is 2.498, which is quite close to the value

obtained by single block solver which is 2.503.
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Figure 6.58 Non-dimensional pressure contours of single and multi-block solutions

for Test Case 2

When the pressure contours are examined, contours are also quite close to
each other. In the supersonic region, the results are much closer than that of the ones
in the subsonic region. Minimum pressure value of 0.447 is obtained at the top
section of exit plane while the maximum pressure value of 8.640 is obtained at the
most left of the symmetry plane. The same values for single block solver’ s results

are 0.438 and 8.553, respectively for the single block solution.

One of the most important issues when applying a multi-block algorithm is
the transition of the values from one block to the other, i.e. continuity of the solution
along the interfaces. As it can be observed from Figure 6.57 and 6.58, this continuity

has been conserved between the two blocks. No distinguishable gradients can be
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observed between the blocks, indicating that the multi-block solver can solve the

whole geometry as a single block solver.

Convergence history for this test case is given in Figure 6.59.
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Figure 6.59 Residual history of multi-block solution for Test Case 2

When Figure 6.59 is compared with Figure 6.22, it can be observed that the
convergence rates of single and multi-block solutions are again close to each other.
However, the residual of the single block solution drops more than 3 orders while the

residual of the multi-block solver drops about 3 orders for each block. Besides, one
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can observe that there are some oscillations in the residual history of Block 1. But
these oscillations start to fade out after 50000 iterations for each block. This
difference most probably rises from the interface of the blocks. In the end the

reached convergence state is quite satisfactory.

During iterations, block 1, which is always subsonic, goes through some
disturbances because of the existence of interfaces. This is an expected situation
since the continuity is not completed till convergence is reached, thus both block has
some incomplete interface boundaries in the sense of continuity until convergence is
obtained. Block 1 carries these disturbances inside its domain, which is subsonic, and
this effects the residual history in this block. On the otherhand, since Block 2 is
mostly supersonic, the effect of this problem to Block 2 is much smaller than that of
Block 1 and Block 2 seems to have a smoother convergence. Also, it is interesting
that blockl reaches a lower residual value when compared to block 2 but the

difference is about a quarter order, which not so significant.

CFL number and artificial viscosity are initially taken as 0.3 and 0.05,
respectively. After 15000 iterations, they are both decreased to 0.1 and 0.02,
respectively. It should be noted that this test case converged easier than Test Case 1

most probably due to the existence of supersonic flow.

6.3.3 TEST CASE 3

Being solved Test Case 1 and Test Case 2 by dividing them into two blocks,
number of blocks used for Test Case 3 and 4 are increased to three. Furthermore, one
of the interfaces of Test Case 3 is at the throat section of the converging-diverging

nozzle to test the effects of interface boundaries on transition regions.
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The grid of Test Case 3 is given in Figure 6.60. The grid sizes in the first,
second and third blocks are 21x16, 101x16 and 41x16, respectively. In the second
block, denser grid has been used since the inclined surface can effect the solution.
Because of the interface at the throat and the narrowness of the throat, this test case
was the most challenging test case in the sense of the capabilities of the multi-block
algorithm within the test cases in reference [25]. This test case is solved to test the

effect of the location of the interface on the solution.
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Figure 6.60 Blocks of Test Case 3

Mach and pressure contours obtained for Test Case 3 by the multi-block solver are

given in Figure 6.61 and 6.62, respectively.
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Figure 6.61 Mach number contours of single and multi-block solutions for Test Case

3

When the Mach contours are examined, differences are observed in subsonic region
similar to Test Case 2. These differences are for the Mach number values below 0.1
and these kind of small deviations are expected for very slow flows in the subsonic
region. In the diverging part of the nozzle, a compression wave reflects from the
symmetry plane which is most probably carried out by the small discontinuities
created at the throat interface but fades out as the wave reflects from the symmetry
plane. Maximum Mach number value obtained with the multi-block solver is 2.99

while it is 2.94 for the single block solver, with a difference of 1.57%.
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Figure 6.62 Non-dimensional pressure contours of single and multi-block solutions

for Test Case 3

Pressure contours are in better agreement than the Mach number contours. Maximum
pressure value obtained by the multi-block solver is 41.602 while it is 42.835 for the
single block solution. The difference is about 2.83%, which is higher when compared
to previous test case results. When compared to other test cases, it is obvious that
dividing the geometry from the critical axial locations can effect the solution and
increase the error. The small perturbations on the interface boundaries can magnify

since the flow is affected in large extent from these critical boundaries.
The residual history for this test case is given in Figure 6.63. As it can be observed,
residuals for Block 2 and 3 drop only about 2 orders while residual of Block 1 drops

3 orders. Several values for CFL and artificial viscosity values are tested and the best
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results are obtained for 0.2 and 0.04, respectively. Initial values of CFL number and
artificial viscosity were 0.04 and 0.3 respectively, and 0.09 and 0.35 were used after
13000 iterations. After the supersonic flow is obtained at the diverging part, the
artificial viscosity is decreased to 0.04 and CFL number is increased to 0.2. Artificial
viscosity is tried to be kept as minimum as possible, in order to not to apply

smoothing to the results.
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Figure 6.63 Residual history of multi-block solver for Test Case 3

This test case was the most challenging test case among the test cases in reference
[25]. Although the results obtained show some deviations, the solver was able to

handle the problem and also able to converge the solution to some extent. When the
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results are examined for the whole domain, contours lines are as expected except
some numerical differences. These differences can be corrected by an algorithm

which increases the convergence and decreases instabilities of the residual history.

6.3.4 TEST CASE 4

The entire geometry is divided into 3 blocks and each block is solved separately. The
gird used is given in Figure 6.64. The grids for Blockl, Block 2 and Block 3 are
21x16, 71x16 and 97x16, respectively.

0 01 02 03 04 05 06 07 08 09 1
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Figure 6.64 Blocks of Test Case 4

Mach number and pressure contours for Test Case 4 are given in Figure 6.65

and 6.66, respectively.
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Figure 6.65 Mach number contours of single and multi-block solutions for Test Case

4
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Figure 6.66 Non-dimensional pressure contours of single and multi-block solutions

for Test Case 4
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When Figure 6.65 and 6.66 are examined, it can clearly be observed that the
solutions are quite similar. Maximum Mach number values obtained for the multi
block solver and single block solver are 2.2652 and 2.2674 respectively, with a
difference below 0.1%. The maximum pressure values are 15.55 and 15.65 for the
multi-block and single block solver, respectively, with a difference of 0.6%.
Analyzing the differences, this test case is solved as successful as by the single block
solution. Mesh generation quality of the Tecplot 9.0 Mesh Generator was sufficient
and convergence is obtained faster than Test Case 3, most probably due to quality of
the mesh. To illustrate the continuity between the blocks, streamlines are given for
both solutions in Figure 6.67. It can be clearly seen that the solution is complete with
no discontinuities. Since this test case is the most SPRM-like test case and the three
block solution is satisfactory, the multi-block code can be used for real SPRM

applications.
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Figure 6.67  Streamline comparison of single and multi-block solutions for Test

Case 4

The residual history of the Test Case 4 is given in Figure 6.68.
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Figure 6.68 Residual history of multi-block solver for Test Case 4

When the residual history of single block solver is compared with the multi-
block solver, it is obvious that single block solver has one more order of decrease.
But in the overall, both three blocks has about 2 orders of decrease in residual after

50000 iterations.

6.4 SEGMENTED MOTOR

As a final problem, a SPRM of two segments is presented. In SPRM

production, improvements are most probably exposed to dimensional restrictions in
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the sense of propellant casting or case production. Solving these restrictions by
increasing the geometrical capabilities of the production facilities is not always a
good problem since the investment cost would increase causing the improvement to
be inefficient. Instead, a multi-segment motor can be produced with mechanical
connections between these segments with the present capabilities. This will both
increase the efficiency while decreasing the production cost and also will provide the

flexibility of choosing desired motor length and size.

Today, most of the long-range SPRM’ s which are used both for military and
aerospace missions are formed from several segments (eg. Ariane Space Program of
European Union). But these multi-segmented motors need special attention in the
sense of analysis of the internal flow because of the space present between the
segments which can effect the flow regime and connection items. This test case is a
shifted version of Test Case 2, where it is assumed that the motor is formed of two
segments with a space between them, with the same flow conditions. The main goal
in solving this problem is to demonstrate the efficiency of the multi-block solver in
solving these kind of problems. The geometry of the problem with injection

boundaries is given in Figure 6.69 and 6.70:
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Figure 6.69  Injection boundary of segmented SPRM
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Figure 6.70 Enlarged view of the space between two segments of the segmented

SPRM

The blocks with their grids on them are given in Figure 6.71.
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Figure 6.71 Geometry of segmented SPRM

Because of the gap between the two segments as shown in Figure 6.71, it is

quite difficult to create a structured mesh. Several attempts with Tecplot 9.0 Mesh
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Generator were not sufficient to obtain a satisfactory mesh structure. Examples of

these unsuccessful attempts can be seen in Figure 6.72 to 6.74.
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Figure 6.74 Grid generation attempt 3 for segmented SPRM
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When Figure 6.72, 6.73 and 6.74 are examined, it can be seen that these
meshes which are impossible to use, are created or meshes with high length-to-

diameter are obtained which is not preferable to use in a CFD solver.

After the implementation of multi-block algorithm, it is quite easy to create a
structured mesh for these kinds of geometries, in fact almost any kind of geometries.
As it can be observed from Figure 6.75, the mesh in the middle block is created
separately as the other two blocks. The connection of this block with the two blocks

on the right and left hand sides are set within the solver.

POELLE RV LV VY
BRER \\\\\\\\\\X
\\Il\\\\\\\\\\
lll\\\\\\\\\\\\\\
-0.05 |- EEREERERRRRRN
EENERTRTREAN
SEER \\\\\\\\
HEREERERERRN
e lll\\\\\\\\\\\
Y ' L1 AEEE
l\\\\\\\\\\\
EEREEERRNEY
BEE \\\\\\\\
-0.15 f- | ll\ \\\ RN RNY
PUV VYN VAN
e
-I 1 Il 1 | I 1 1 Il Il I | 1 1 1 I 1 1 1 I 1 1 1 | I 1 1 | 1 I
0.05 01 015 0.2 025 0.3 0.35
X

Figure 6.75 Enlarged view of mesh structure in Block 2
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After defining the geometry and required connections within the solver, the solution
of the problem is not different than the solution of a single cylinder. Mach contours
obtained by using the same flow properties of Test Case 2 are given in Figure 6.76
and 6.77, involving contour of the whole geometry and an enlarged view of the space

between two segments.
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Figure 6.76 Mach contours of segmented SPRM
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Figure 6.77 Enlarged view of Mach contours between two segments

Analyzing Figure 6.76 and 6.77, one can see that a faster flow is observed
from the space between two blocks, block 2, relative to the injection surface
perpendicular to the symmetry axis. This affects the flow regime but the maximum
Mach number obtained at the exit plane is 2.498 where the same value for Test Case
2 was found as 2.503. The main difference is the pressure obtained at the gap which
is 8.840 at the bottom of block 2, which is higher than the pressure value obtained at
the intersection of symmetry plane and left wall, 8.153. This indicates that a
relatively higher pressure is obtained in block 2, which may change the
manufacturing requirements for the case and especially insulation thickness. The
designer can rearrange the erosion models of insulation after the accomplishment of
the internal flow simulation of SPRM, which is a situation that emphasizes the

importance of an internal flow analysis of a SPRM.
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Streamlines for this Test Case are given in Figure 6.78. The enlarged view of
the block 2 where the flow turns from injection direction to the exit direction is

shown in Figure 6.79.

Figure 6.78 Streamlines of segmented SPRM
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Figure 6.79 Streamlines of block 2 of segmented SPRM, enlarged view

Examining Figure 6.79, it can be seen clearly that the turning of the flow is
achieved successfully. No discontinuity is observed along the interface of the blocks

even though different mesh sizes are used for different blocks.

Residual history of this problem is given in Figure 6.80.
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Figure 6.80 Residual history of segmented SPRM

Analyzing the residual history of the problem, it can be seen that residuals of
all blocks dropped about 2 orders. For such a problem which involves a complex
flow with a gap between the segments, the residual histories are quite satisfactory,
especially that of block 2. This problem shows that the multi-block algorithm can be

used for segmented SPRM” s quite easily and rapidly with sufficient accuracy.
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6.5 AN OVERLOOK TO THE MULTI-BLOCK ALGORITHM

The observations and differences from the single block solver observed during

the solution of the problems can be summarised as below:

. Each block has to be defined separately by the pointer algorithm, each having
its own boundary condition and flow properties if there is a difference

(inviscid, viscous etc.)

o The order of block definition to the solver is important since the interface

matching is done with a fixed order.

o For the boundaries corresponding to the block interfaces, one should be careful

to use indifferent boundary conditions.

o The possible transition sections should not be the interface boundary section if
possible since this can create instabilities during the solution or even affect the

results.

. Computational time naturally increases since in completion of every time step
for one block, the block parameters are stored in a separate array and the stored
array is assigned to arrays of the incoming block. Thus an extra computational
effort is necessary for every step. Besides, the number of blocks used in the
solution increases the memory usage. Also with the block number check points
in various points of the solver which is inevitable, the computational time

needed for a test case also increases with the present multi-block algorithm.

o The convergence is not influenced dramatically either positively or negatively.

The code preserves its convergence behaviour after the implementation of
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multi-block algorithm. Different artificial viscosities can be applied to
accelerate convergence as long as they are equated after a certain point if
necessary. Provided that they are equated and the difference is not big, even
different CFL numbers can be used during the iterations. These can be taken as

advantages of the multi-block algorithm.
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CHAPTER 7

CONCLUSION

7.1 SUMMARY OF THE WORK

A two-dimensional axisymmetric compressible laminar or turbulent Navier-
Stokes solver is developed for multi-block applications especially to be used for the
simulation of internal flow of SPRM’ s. Discretization is done by finite volume
method in which the inviscid flux terms are based on cell-vertex formulation whereas
the viscous flux terms are based on cell-centered formulation. A pointer system is
used for the definition of grid structure, geometry and boundary condition
assignments which makes the solver independent of the geometry or grid structure.
For laminar viscosity, Sutherland’ s formula is used and for turbulent viscosity, one
equation Baldwin-Lomax turbulence model is used. Artificial viscosity is used to
stabilize the solution. For the simulation of fuel injection in the SPRM’ s, injection

boundary conditions are used with the assumption of constant flame temperature.

A multi block algorithm is added to the single block solver to enable the
solution of multiple domains. The division process of the whole domain is done
without any loss or addition in the geometrical dimensions and even at the interfaces
of the blocks, the cell-vertex formulation is completely applied. One constraint of

this method is that the interface boundaries should have same coordinates in order to
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preserve the continuity. But this situation does not effect the mesh generation since

one can create any number of blocks to define the desired geometry.

The newly developed code is tested with several test cases for different
purposes. For inviscid axisymmetric formulation with injection boundary
implementation, test cases which were used as test cases in reference [25] are solved
and the results are in close agreement with the compared solutions. Especially last
test case of these test cases is a good example for internal flows in SPRM” s which is
of primary importance for the present work. For viscous flows, laminar and turbulent
flow assumptions are tested by comparing the results with the self-similar Blasius
solution and turbulent 1/7 power law analogy respectively. Results are in good
agreement and the laminar and turbulent viscosity as well as the planar viscous flux
terms are verified by these comparisons. For the verification of axisymmetric flux
terms, laminar pipe flow is solved and the results show excellent agreement with the
theoretical velocity profile in an axisymmetric pipe flow. After the verification of the
code for single block applications, some of the test cases solved by single block
solver are resolved by multi-block algorithm, dividing the geometries into blocks
from several locations. The results of multi-block solver are in good agreement with
that of the single block solver, signifying the verification and accuracy of the multi-
block algorithm. The effects of multi-block algorithm to the convergence regime are
also analyzed. Finally, a segmented SPRM is solved emphasizing the flexibility and
robustness of the multi-block solver and the results obtained are satisfactory for the

analysis of the internal flow in a SPRM.

7.2 RECOMMENDATIONS FOR FUTURE WORK

The present solver is quite satisfactory for the global features of internal flow
in SPRM’ s with complex geometries. For future developments, an implicit residual

smoothing model can be implemented to the solver to accelerate the convergence.
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The present solver may need user input to prevent instabilities or to have a properly

decreasing convergence history.

A two-equation turbulence model can be implemented in order to eliminate the
directional properties rising from algebraic Baldwin-Lomax model. Besides, due to
lack of test cases involving SPRM’ s with turbulent flow assumption, experimental

data should be obtained to verify the developed solvers.

Since the solver is developed mainly for SPRM applications, coupling the
present solver with a grain burnback model can provide a complete SPRM solver
which can impose the effects of internal pressure deviations to the burnback model.
By this coupling, a quasi-unsteady SPRM solver can be obtained, thus creating an
accurate and complete internal flow simulation for the complete burning time of

SPRM’ s.

Finally, since this solver can solve blocks separately with the implemented
multi-block algorithm, it can be used for parallel processing to save computational

time.
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APPENDIX A

JACOBIAN CALCULATION

1 2,2 1 2 2
P=(7/—1)(€—5P(u +v )):(7_1)((]4_2_(]1((]2 +U57)

+e
g, =P¥I_,

-(-D

w%(Uzz"’Uf)
1

158



) U,
pu —Uz +(y-1)(U, ——2U U, +U ))
Fe| TP U,
o O
T u,u U (U22 +U32)

I

4 _ _1 2
(7 )2U,2

_Uizﬁ(y—i)wzzwsz) 20, (-HU, T VR
U’ 2u, Uy, ! U, !
oU Ulz Ul | Ul
’7UU o yU4 ) 1) 1 W,
1 +( 1) (U +U, ) Ul 2U1 (3U +U ) (y 1) Ul U _
U2U3
oV Ul
- | =t -DU, -— (U, + U,
P+ p 0, (y- )( __'_2U ( %))
pvH UU, (
/4 7 -
L Ul 1 i
_U2U3 ﬂ ﬂ
U’ U, U,
G|y LoD U2 +UD CG-bU, 20, (r-DU, ( 1)
vl - gfr 20, U LU U )
7/U3U U; O, /U, (y-1) ‘: A
e U, +U, -(y—-1 | U,” +3U,
0 ()(+)()UHU} 2U](+ )Ul_

Inviscid and viscous axisymmetric terms’ Jacobeans are calculated by the same
procedure used to calculate inviscid flux terms. The axisymmetric H term is divided

into two parts, inviscid(H;) and viscous(Hy), to give the solver flexibility of solving
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either inviscid Euler equations or viscous Navier-Stokes equations according to input

statement. Resulting Jacobeans are given as below:
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