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ABSTRACT

Title of Dissertation: Numerical Solutions for Two~- and Three-
Dimensional Non-Reacting Flowfields in

an Internal Combustion Engine

Michael Douglas Griffin, Doctor of Philosophy, 1977

Dissertation directed by: Dr. John D. Anderson, Jr.
Professor and Chairman
Department of Aerospace Engineering

Dr. Everett dJones

Associate Professor

Department of Aerospace Engineering

The numerical solution for the flowfield established in a spark-

-ignition internal combustion engine during the four-stroke (intake,
compression, power, exhaust) cycle is considered. Only fluid-dynamic
effects are treated with combustion simulated by constant-volume heat
addition near top-dead-center on the compression stroke. The working
fluid is assumed to be air of constant specific heat, with both viscous
and inviscid models considered. Two- and three-dimensional engine models
are examined, with the three-dimensional models including both rectangular
and cylindrical geometries. The difficulties associated with obtaining
numerical solutions in cylindrical coordinates for three-dimensional
non-axisymmetric problems when the centerline is included in the region
of interest are discussed. A new method which avoids the coordinate-
-singularity problems associated with such cases is presented and used
to obtain the first known four-stroke inviscid-flow solution for a
three-dimensional cylindrical engine model. Similar results are presen-
ted for a three-dimensional rectangular model, and for the first known
two-dimensional four-stroke calculation for a viscous fluid. The invis-

cid three-dimensional results are compared with each other and with




previously obtained two-dimensional inviscid-flow calculations. The use
of two-dimensional models is found to be justified for the non-reacting
flowfields considered, since the results obtained from a two-dimensional
calculation in the valve plane are apparently not strongly dependent on
the flowfield perpendiéu]ar to the valve plane. It is fouﬁd that signi-
ficant flowfields do exist in all I.C. engine models considered. It is
shown that the unit-cell-Reynolds-number criterion 1imits viscous flow
calculations to Reynolds numbers of approximately one ten-thousandth

the realistic value, and that this produces flowfields which are strongly
pistbn;dominated. In contrast, inviscid results show marked circulatory
patterns, which are more realistic. The velocity patterns which develop -
in the three-dimensional cylindrical engine model are shown to exhibit

a marked swirl in planes parallel and perpendicular to the cylinder

axis.
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CHAPTER 1

INTRODUCTION

1.1 Preliminary remarks

This dissertation is concerned with a body of work that has attemp-
ted to bring to bear some of the techniques of computational fluid
dynamics to the analysis of a problem that is of relatively recent

interest, the problem of obtaining detailed solutions for the flow-

field inside a standard spark-ignition reciprocating internal combustion

engine. Interest in I.C. engines is of course not new.

For many years
a course dealing with them has been a standard part of the undergraduate

mechanical engineering curriculum. But until rather recently, the main

feature of I1.C. engine analysis was its empiricism, as exemplified by

Obert's classic book [1], or Lichty's work [2]. No disparagement of

of such work is intended. It has been, is, and will continue to be of
use in practical I.C. engine design for many years before being sup-
planted by more detailed analyses. Certainly the current effort amounts
to only a small step in the direction of obtaining such analyses.

Only
with the advent of extremely large, fast computers could one hope to pro-

duce a detailed, accurate analysis of the flow processes in an internal

combustion engine, and until very recently there seemed 1ittle incentive

to attempt such a task. The concern of the last few years over oil

price levels and energy conservation in general, as well as the desire
to understand and control the air polluting effect of the automobile,
has encouraged renewed interest in the study of the internal combustion

engine, and particularly in the possibility of advanced computer modeling

and simulation of 1.C. engine processes. So recent has this increased



interest been that in late 1974 when the current work was begun, a
moderately detailed literature search failed to reveal any work more
sophisticated than zero-dimensional or one-dimensional analyses. Other
investigators were active at this time, however, as the survey of
currently available Titerature included here will show. It is thus
apparent that the time is ripe to take some of the advanced aerospace
technology that has been built up in the analysis of complex aerodynamic
flowfields and transfer it to the analysis of the I.C. engine. That,

in broad outline, is the main thrust of this dissertation.

1.2 The physical problem

The detailed analysis of the internal combustion engine as it exists
in its operating environment is a task of incredible complexity. The
power obtained depends on the integrated pressure distribution of the
working fluid in the cylinder over the piston surface, which depends
on the energy released during combustion. The efficiency of the combus-
tion process is coupled to the fluid mechanics in a complicated, highly
non-1inear fashion. Factors to be considered include the exact mechanism
for the mixing of the fuel and air, the two-phase flow problems involved
in spray and droplet modeling, the role of turbulence in the flow, the
actual process by which the spark ignites the fuel-air mixture, the
effects due to the valve geometry on the inflowing or exhausting fluid,
coupling between intake and exhaust manifolds and the combustion chamber,
and the role of finite-rate chemical processes in producing undesired
products of combustion. There is no hope of obtaining a closed-form,
analytical solution for any mathematical model which even faintly resem-
bles such a system, so the approach must be numerical. Even here, as

this work will show, the detailed study of the full problem such as
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outlined above cannot be accomplished at present; its achievement will
be the result of an evolutionary process over a long period of time.

This being the case, the steps that can be taken at the present

time are necessarily small ones. Simplistic models must be constructed,
and the methods of analysis of them well understood, before advanced
work is begun. Thus, since the study of turbulence has itself been a

1ifetime work for several generations of investigators without a complete
understanding of it yet having been achieved, it seems logical to omit,

or to employ very simple models of, turbulent effects in current I1.C.
engine analyses. The complicated geometry associated with an intake

or exhaust valve would require enormous storage in a computer to be
properly defined and to have its fluid dynamic effects modeled. It

therefore seems best at this time to treat valves as unobstructed ports
which are either open or closed. The study of two-phase flows is an

entire field in itself, so an acceptable approximation for the present
could be to model the fuel-air mixture as a mixture of gases.

The full
problem is three-dimensional in nature, due to the offset position of

the valves in a real engine, but since the computer simulation of three-
-dimensional flows is in its infancy, it is logical to attempt to do as

much as possible with geometrically and computationally simpler one- and
two-dimensional models.

The 1ist of such approximations could be made

virtually endless; the necessity for making them is a fact which must be

faced by an investigator who wishes to study a problem too complex for

detailed analysis by available techniques. Even when appropriately
simple model problems are set up, there are many questions which must be
answered before the model may be said to be understood.

Roache [3] gives
a very good example of some of these questions concerning I.C. engine model:
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-

Do the outflow conditions (exhaust back pressure) represent
any special difficulties?

Are inflow conditions well specifi-
able?

Is it necessary or worthwhile to calculate the non-

burning portions of the cycle?

How many reacting species must be included in the calculation?

For coarse studies? for refined studies? for performance
calculations? for pollutant calculations? What is the utility
of systematic sensitivity studies using variational techniques?
Are radiation effects significant? If so, can a grey gas
approximation be used? Can a radiation diffusion approximation
be used?

Are discontinuities (shocks, contact surfaces, flame fronts)

present and important enough to warrant shock-fitting techni-

ques. In what dimensionality?

What additional requirements are imposed by the introduction

of fuel droplets? Can or should droplet breakup be calculated

from first principles, or should droplet characteristics be an

empirical input? Is strong or weak coupling of the droplets

to the fluid dynamics required?

Can the incompressibility assumption be used to advantage in

the expansion phase? If so, can the geometry be simplified

enough to use the fast Poisson solvers to advantage? What other

simplifications (e.g., constant viscosity, constant conductivity,
weak compressibility) should be considered?

What dimensionality is useful? Are fully 3D + time calcula-

tions absolutely necessary? Are 1D calculations meaningful?

Are they really an improvement over lumped-parameter models



7b.
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(control volume or O-dimensional models)? Are axisymmetric and

pseudo-3D calculations 1ikely to be meaningful? Is a multi-

-level approach appropriate, or should a single "best code"
be used?

What is the utility of boundary-layer methods and parabolic

marching equations?

What are the computer requirements and realistic computation
times for 1D, 2D pseudo-3D and fully 3D calculations? How

sensitive are estimates of computer time to estimates of reso-
lutjon requirements? of steady-state criteria? Are there

special problems associated with the attainment of a cyclic

steady-state? Should one try to calculate early transients,

j.e., engine warm-up, with accuracy.

Which classes of numerical techniques appear to be most suited

for automotive applications? Eulerian, Lagrangian, or mixed?

Explicit, implicit, or mixed? Parabolic, elliptic, or hyper-

bolic equations? Higher-order or lower-order methods?

What are the best algorithms for integrating stiff differential

equations typical of reacting flows? Are they adequate? Are

there special numerical difficulties associated with calculating

the distinction between deflagration and detonation?

What are the best techniques for describing boundary layers

(viscous and thermal)? Are "one-cell" resolutions adequate
or of value?

What special computational problems arise from the more compli-

cated turbulence theories? 1Is it worthwhile to calculate the

laminar viscous stress terms?



13. Can something of value be learned from 0(ax) differencing? Is
0(at) differencing adequate? is O(Ax4) or higher worthwhile?
What computational techniques exist to minimize numerical diffu-
sion and dispersion?
14a. Does the finite element methodology offer any real advantages
over finite difference methods for automotive applications?
14b. What is the utility of grid-free methods (vortex filament, etc.)?
15. What additional development of numerical methods (rather than
specific codes) needs to be accomplished?"
This work will address some of the above topics, the companion work
of Diwakar [4].will treat others, and still more remain unanswered.
There is a need at this stage of work on the analysis of I.C. engines
to begin with models simple enough that the questions and problems they
pose may be treated with present methods, yet complex enough so that
those questions are important to answer. As the answers are obtained,
the level of subsequent questions may increase.

1.3 Literature survey

As has been remarked, in the past few years there has been a tre-
mendous increase in the literature in the same general subject area as
this dissertation, the numerical analysis and simulation of flowfields
associated with internal combustion engines. In order to properly judge
the state of the art in this field and the relation of the work presented
here to it, this section will be devoted to surveying the available
literature. The work will be covered in approximately chronological order
according to its appearance in print, except that on occasion it may be
useful to consider a sequence of publications by the same author and

dealing with closely related topics. Since this dissertation is not



concerned with the detailed treatment of combustion phenomena, but
rather with the problems associated with the basic fluid-mechanical
simulation of an I.C. engine, the work of others will be considered
with a view toward

1. the geometrical model used in the analysis

2. the numerical method used to obtain solutions

3. the fluid mechanical assumptions made; i.e., viscous or inviscid,

laminar or turbulent flow, reacting or non-reacting, etc.
but no detailed examination of the combustion models assumed will be
made. A survey of the available literature with a view toward combustion
phenomena will be found in the work of Diwakar [4].

The relatively early work of Lavoie, Heywood and Keck [5] is an
example of the type of work which can be done with so-called zero-dimen-
sional modeling. 1In this approach, the only independent variable is
time, and all spatially varying quantities must be replaced by averaged
values. Properties like burning rate which are intrinsically spatially
determined must be obtained by including either experimental results
or an ad-hoc set of additional equations. The authors claim that experi-
mental results confirm the main features of the model.

The next level of sophistication is represented by the time-depen-
dent, one-dimensional models. Examples are the work of Sirignano [6],
and the successive papers which extend the original work, such as those
due to Bracco and Sirignano [7] and Bellan and Sirignano [8,9]. Reference
[6] sets the tone of the work which follows. In this paper a theory
based on a concept of a turbulent flame front model was developed and
resulted in predictions of pressure and temperature as functions of crank

angle and the one spatial variable, taken to be either a radial line



outward from the center of the cylinder, or a vertical line down the
center of the cylinder. A turbulent eddy diffusivity model is developed
which is time-dependent and spatially constant; the model is applied

to both heat and mass transfer. A constant specific heat fluid §s
assumed. The numerical method used is the method of quasi-linearization,
which is an implicit, iterative finite-difference scheme [10,11].
Reference [7] applies basically the sam2 model to the analysis of Wankel
engine combustion, while [8,9] deal with a stratified charge engine,
again with the same approach as in Reference [6]. Reference [8] avoids
the assumption of constant specific heats by using a fifth-degree poly-
nomial fit for Cp vs. temperature, and also adds another term to the
turbulence model that was used in the original work. In [9], a two-
-equation, time- and space-dependent turbulence model is introduced,
although the authors claim that without experimental comparisons it is
difficult to see whether or not it is superior to earlier work. Finally,
Bracco [12] applies the same time-dependent, one-dimensional model of
Reference [6]1 to the analysis of a stratified-charge Wankel engine, and
includes a treatment of two-phase flow in the fuel-injection process.

At this point in the developmental sequence being summarized here,
results for the first two-dimensional unsteady calculations begin to
appear in the literature. The well-timed survey paper of Bracco [13],
contains an excellent discussion of the state of the art at that
time, and also of the implications of various levels of simplifying
assumptions which are brought to bear in reducing the complex original
problem to a tractable model problem.

The work of Boni, et. al. [14,15] constitutes the first new approach

insofar as the numerical method of solition is concerned. Reference
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[14] is an unsteady one-dimensional solution, while [15] is a two-dimen-
sional (axisymmetric) unsteady solution. Both are for viscous flow with
chemical reactions to model combustion, although methane is substituted

for gasoline in order to simplify the chemistry, Both sets of results

include an attempt to model turbulent effects by setting the coefficients

of viscosity, thermal conductivity, and diffusivity to high constant

values. The numerical method employed is the Arbitrary Lagrangian-

-Eulerian (ALE) method due to Hirt, Amsden, and Cook [16]. Because of

the axisymmetric model employed by Boni, only the compression and power

strokes may be simulated.

Bracco, et al. [17,18] have recently published the results of two-

~-dimensional unsteady calculations jnvolving two-phase flow with two

types of model geometry; i.€.»

with solutions obtained in a plane of constant azimuth, and tangential

injectijon with solutions obtained in a plane of constant vertical loca-

tion. The numerical solutions are obtained via the RICE code [19]. As

Bracco states, there were some limitations on the method as of the time

that results were obtained. In particular, the curvilinear boundaries

acco had to be approximated b
e RICE code contains no physical modeling of the

desired by Br y a sequence of small straight-

line segments. Also, th

transport processes, but rather sets the transport coefficients to rela-

tively high valves to obtain numerical stability.

As far as is known, the work of Griffin, Anderson, and Diwakar [20],

griffin, and
stroke solutions, although for very simple

and Diwakar, Anderson, Jones [21] represents the first two-

-dimensional, unsteadys four-
working fluids and no modeling of combustion except for constant-volume
r the top of the compression stroke. Reference [20]

heat addition nea

fuel injection vertically into the cylinder

e e e e e
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contains calculations for viscous, laminar flow in a two-dimensional
rectangular engine in a plane normal to the piston and running through

the centerline between the intake and exhaust valves. Reference [21]
employs the same geometrical model and numerical method as in [20], but
for the case of inviscid flow. The use of the inviscid flow model permits
the four-stroke computation to be run in a sufficiently short time to
allow the inclusion of a detailed finite-rate chemical reaction model

for combustion. Progress in this area is reported in Reference [4].

Gosman [22] also has results for a four-stroke calculation which
were obtained for a two-dimensional axisymmetric model. The fluid-mech-
anical model, while not involving reacting flows as in the axisymmetric
calculations of Boni [15], is considerably more advanced that that used
in References [20,21]. A two-equation turbulence model is employed, and
the valve is treated as an open port of time-varying area and having a
prescribed constant discharge coefficient. Gosman attempted some com-
parison of his results with the experimental work of Witze [28,29], and
claims qualitative agreement., The numerical method used by Gosman is an
implicit finite-difference method, with the resulting difference equations
solved iteratively. Details are not given.

The work of Dwyer and Sanders [23,24] returns to the one-dimensional
unsteady case to demonstrate the application of a new numerical approach
to the solution of reacting flows in which widely varying chemical,
acoustic, and differential time scales are present [26,27]. Reference
[23] concentrates on the unsteady ignition process and its interaction
with the flame front propagation. Reference [24] examines two cases in
more detail, an overdriven detonation wave and the propagation of a flame

front in open and closed ducts. In both bases turbulent flow is assumed,
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engine modeling have chosen to attack the problem in such a way that
the emphasis is on solving combustion modeling problems first, using
only the simplest geometrical descriptions to begin with. When an
investigator has been sufficiently active to have produced several
papers, it has been the case that he has used any increased sophisti-
cation and/or computer power to strive for a more sophisticated combus-
tion model, rather than increasing the sophistication of the geometrical
model.

This is a perfectly acceptable plan of attack. It is quite clear
that at the present time the entire problem of interest cannot be
handled adequately, so simplifications must be made. The particular
choices of which simplifications to make and which complexities to attempt
to treat often depend on the researcher's personal bias quite as much as
on any a priori necessity that things be done a certain way. Many of
those now working in the field of internal combustion engine research had
experience of long standing in combustion research in general, so that
their choices as outlined above were perfectly reasonable.

The present work is part of an effort which, from its inception, was
oriented toward a different plan of attack. It was felt that the purely
fluid mechanical and geometrical modeling difficulties were as challenging
as those associated with combustion. Accordingly, the work reported here
has sought to deal with the problems presented by the intake and exhaust
valve boundary conditions, Reynolds number problems, coordinate system
singularities, the particular choice of dependent variables in the
governing equations, numerical instability, required grid resolution,
etc.; in effect, everything not included under the heading of combustion

modeling. In this sense, this work is complementary to, rather than in
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the same area as, most of the work discussed in section 1.2. The even-
tual goal, of course, is for both lines of development to converge in
the future to a capability to numerically solve the full problem, with
all known effects included.

Because detailed consideration of the heat release due to the combus-
tion process is not of interest in this work, a convention concerning its
inclusion in the algorithms used has been adopted, and will be noted at
this point. A1l "combustion modeling" 1ir this work takes the form of
spatially-uniform constant-volume heat addition which is added instan-
taneously at a given time on the compression stroke. It is recognized
that this is unrealistic; it has as its only purpose the deliberate
stressing of the numerical algorithms ussd, to demonstrate that they will
remain stable following sudden changes such as are more rigorously com-
puted when chemically-reacting flows are treated. Since the heat-addition

process as implemented here is a delta-function process, the term (often

denoted by Q) normally required in the coverning equations for diabatic

flows has been omitted. Instead, the view has been taken that the I.C.

engine flow process js adiabatic both before and after heat addition,
with the effect of heat addition being nerely to change the working fluid
to another with a higher heat content.

In accordance with the objectives as stated above, this dissertation
will include:

1. Two-dimensional viscous flow solutions for the full four-stroke

cycle, in cartesian coordinates.

2. Some three-dimensional viscous flow solutions for inflow and

exhaust test cases in cartesian coordinates.
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3. A variety of three-dimensional inviscid flow solutions obtained
in cartesian and cylindrical coordinates, using different form-
ulations of the governing fluid dynamic equations, and for
various test cases which have proven useful.

4, A four-stroke three-dimensional inviscid flow calculation at
3000 RPM in cartesian coordinates with constant-volume heat
addition used to simulate combustion.

5. A case similar to (4) but with a three-dimensional calculation
in cylindrical coordinates.

6. Detailed discussion of the numerical technique used to obtain
the results in (5), since this technique is original with this
work and provides a capability in computational fluid dynamic
analysis that had not previously existed.

The governing equations of the fluid-dynamical systems considered
here will be developed in Chapter 2. The numerical method and associated
considerations by which the solutions were obtained is described in
Chapter 3. Results for viscous flow cases are given in Chapter 4, for
inviscid flow analyses in Chapter 5, and the final conclusions and
discussion will be found in Chapter 6. A Tlisting of the cylindrical
engine program, together with a sample input data set and the resulting

output, are given in the Appendix.



Chapter 2
GOVERNING EQUATIONS

The scope and purpose of this dissertation have necessitated the
use of several geometrical models and various formulations of the
governing fluid mechanical equations during the course of the work.

It would seem to be simpler to present all of the relevant sets of
equations in one place. It is hoped that this will result in a degree
of brevity and clarity that would be lacking if the text were interrupted
frequently for the development of a particular set of equations needed

at a given point.

As has been mentioned, this work serves mainly to examine and resolve
some of the difficulties inherent in the numerical analysis and modeling
of the flowfield in an internal combustion engine, but from the purely
fluid-dynamic point of view. Since no chemical reactions are considered, the
working fluid (air) is treated as a single-component calorically-perfect
(constant specific heats) gas. The governing partial differential equa-
tions will thus in all cases considered here consist of a global contin-
uity equation, an energy equation, and a vector momentum equation with
the number of components equal to the spatial dimensionality of the
particular model under consideration. These equations express the fact
that mass, momentum, and energy must be conserved for the system as a
whole.

2.1 Navier-Stokes equations

2.1.1 Equations for variable viscosity and thermal conductivity

The introductory work in this investigation was, perhaps surpris-

ingly, carried out with the most complex set of equations. The fluid

(-
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was assumed to be compressible and viscous, with varying viscosity and
thermal conductivity. The appropriate equations are then the complete

Navier-Stokes equations, which may be written in indicial form as [30]:

Continuity
30 5(9\/1)
¢ ¥ a%; =0 (2-1)
Momentum
.a._Yj-:_v.aV.I-l_ag
ot J 3xj o) axi
oV, aV 3V
1 23 i 2"k
+ L -SR] (2-2)
0 axj axj IX 3 axk 1]
Energy
oh ., 2h .1 . 8 3T, 3p,, 2
ot -Vj 5%, | p Lax; (k ax. )ttt vj ax, 2] (2-3)
J J J J
where
p = static pressure
p = static density
T = static temperature
h = static enthalpy
V. = ith component of velocity; i = 1,2,3

u = dynamic viscosity coefficient
k = coefficient of thermal conductivity
§.. = Kronecker delta

¢ = viscous dissipation function

The summation convention is assumed. The dissipation function is

given by
BVi 'aV!i BVi 5 BV_i EXi
1= B [(ax. T 3% ) 3X. 3 B3X.: OX. ] (2-4)
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and the relations among the state variables are the ideal gas equation

p = pkT (2-5)

and

dh = ¢ dT (2-6)

It was felt that the most appropriate choice for primary variables in

the above set was velocity, pressure, and temperature. This choijce

was retained in all subsequent work involving the non-conservation forms

of the governing equations, of which the above set is an example. The

main reason for this early initial choice was the feeling that the required
valve boundary conditions (to be discussed later) could most reasonably

be formulated in terms of temperature and pressure. No reason to alter
this decision was ever found. The following reference variables were

used to non-dimensionalize the system:

p.. = reference pressure = 101325 Nt./m2

T = reference temperature = 273.16%

"
Vr = reference velocity = (\(RTY,)]/2
G G
y = ratio of specific heats = EE'= Erlﬁi
v p-
L = reference length
tr = reference time = L/Vr
_ s . _ N -5 kg
s = reference viscosity = ”(Tr) = 1.708 x 10 s

= e 8 o s g -2 _kg-m
k,. = reference conductivity = k(T,) = 2.414 x 10 ;;§§6E

With this choice, we obtain

Continuity
- AP N T g 21 BT ks | yiyel) o E!i - ¥, 2L [2-7)
3t ~ PrRe X 9%, | ox: ax: dT Re YP ax; i ax
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Momentum
R Tde T ST I i AP T
ot J axj YP X Re p axj 30X axj dT
2 2
3V iy V. SV.
2 "7 3T du i, 1° ]
-3 3%, ax. dT A(BX-SX * 3 axax )] (2-8)
J 1 i 1
Energy

oT _ yT 1 2T . oT T dky . (v-1)
3t ( BX; X u 3X; 3X; dT) * " Re 2]

V.
MY At R 1 (2-9)

as the corresponding non-dimensional forms of equations (1-3), expressed

only in terms of the prime variable vector

(vl’ Vogs V35 P Y = (4, v, w, p, T)E

The non-dimensional parameters are

oV L
Ra = —L_ = Reynolds number
r
i G
Pr = —%?E = Prandtl number
r

After choosing the reference pressure and temperature, the equation of

state yields

" pY‘
TR, (2-10)
hence the non-dimensional state equation
p=oT (2-11)

which will be of use Tater.
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It should be noted that the reference pressure is given by

B - A
P, = oRT, ” Dr(YRTr) =—p V

&

s ol &
hence the reference pressure is not in this particular formulation equal
to the reference dynamic pressure. This produces stray factors of (1/y)
in various places in the non-dimensional equations. Such a formulation
yields non-dimensional velocity data upon output that closely approxi-

mates the local Mach number for many of the cases examined. In later

work it sometimes became convenient to use

_ 1/2
V. = (RT)

which is an energy-based reference velocity, so as to eliminate the fac-

tor (1/y) in certain terms.

The terms %% and g%~in equations (7-9) result from Sutherland's

Laws for viscosity and thermal conductivity. In non-dimensional form,

these are [31]:

1+TO1

3/2
w=w(T) = (g7 7 / (2-12)
01
14T
k= k(T) = () T/7 (2-13)
02
where
1 = 110.33 %
o T
y
1 - 194.44 %
02 3

2.1.2 Equations for constant viscosity and thermal conductivity

The above equations, while completely defining the fully-viscous

problem for a single-component fluid of constant specific heat, are
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perhaps unnecessarily complex for the type of investigations being dis-

cussed here. The inclusion of variable y; and k in particular results

in the generation of terms which greatly complicate the system, while

yielding 1ittle useful sophistication at this time. DOropping those

terms containing %% and %% results in

Continuity
2 3V
3}p __y 37 y(y-1) i 3
3t~ PrRe ax;ox; TR oW 3% ‘Vi'sf% (2-14)
i
Momentum
V. V. aZV azv
9 X . X, ; 3 2
J oy P 3xy Re p axlaxj 33xi3xj
Energy

2 v
AT AL L BT (-1)e s 8T
3t p L$rRe X 43X * Re 1410 T 3% - ¥y 3}; (2-16)

The non-dimensional coefficients u and k of equations (7-9) are absent
above, since if taken equal to w _and k  tiey assume a non-dimensional
value of one.

The above equations with constant viscosity and thermal conductivity

have the advantage of possessing an easily-recognizable vector form.
Thus, we obtain

Continuity
2
o s 5 Y (VT
5 N - I V+elget(y-1) 2] (2-17)
Momen tum
> AT, SN W QU
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T e

Energy
3T TR T ZEI +
e Al (1T YtpeplPr w1 # | (2-19)

Again, the reader is reminded that unless specifically stated otherwise,

all equations are in non-dimensional form.

jons for inviscid flow - non-conservation form

2.2 Governing equat

As subsequent results will show, the use of viscous flow models
in the analysis of I.C. engine Flowfields has severe practical limita-
tions. In many ways an inviscid fluid flow model makes more sense

and has greater potential for providing useful results, particularly

dimensional geometrical model is desired.

if the realism of a trué three-

The non-dimensional, vector non-conservative forms of the governing

~ inviscid flow may be
e yiscous and heat conduction terms. The result

equations fo obtained directly from equations

(17-19) by dropping th

is the following set:

Continuity
.o ymewt ) -
Momen tum
%=-g-g-%ﬂ (2-21)
Ehergy
E%” AR (y-1) TV v f b
5 LA
These equations are often referred to as Euler's equations.
2.2.1 Cartesian com onent_forms
In three—dimensiona1 cartesian space: with
(2-23)

g e uf & vd =W

—

s
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and
au , oV oW
g- V=t ot 3z
- oX 3_)’ 0Z (2_24)
SRS S -

sy 5B LkD
= 71 — 2.+ k —
veigt I 3y k =7 (2-26)
we may expand the above set to yield the five component equations

%% = -(u %§.+ v %% + w-%%) --g%'gg (2-27)
T PRE aa A (2-28)
_g_;ih(u%;iw—g—},i«“w%”%)-;%%% (2-29)
%%=_(u%g+v_g§+wgg)-yp(-§%+%+%) (2-30)
%% s ={u %£.+ v %§-+ W %%) - (y-1)T (%% + %§-+ %g) (2-31)

2.2.2 Cylindrical com onent forms
Although the analysis of three-dimensional inviscid flows in I.C

re approximated by rectangular models constitutes an

engines which a
present work, there is 1ittle doubt that a more

important portion of the
be obtained in cylindrical coordinates

geometrica1 model can
ndaries of a true pi
d by constant values of the coordinates z and

suitable
ston and cylinder combination

where the flow bou

lie along surfaces define
the velocit

=A+A+2
V=urtVe W (2-32)

r. In this system, y vector is

and the required vector jdentities are
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= 4 - = .
v=03 " v +257) (2-33)
_ 1 afru 1 av , W
v- L=y Tor 36 8z (2-34a)
Jdu Uy I ow . 0¥
¢ T r rag 2z (2-34b)
v.z= Liyayt %) (2-35)

P

s are functions of position and hence the time-

Also, the unit vector
ctor in equation (21) produce extra terms

derivatives of the velocity ve

Thus
afu;) . Ty "
3t T tat
alvd) . 3 ;4 28
3t Y *

relations among the unit vectors [32]

and from the kinematic

A

ap < ¥ FY R
st ¢r ° at "y
hence

3&!:l.= [y 14 p

ok T ¢

” & vz A
a_(m = .@—V— ¢ -—17T

ot ot r

s in cy]indrica] coordinates then become

The component equation

2

oy _ vV u L VAU, - A BB

WL -lugtres Wz) T o (2-36)

v vy Y+ LY avy . L 130

at T -(u5r T ¥ 3 +Wgg) TR T 8 (2-37)
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s for inviscid flow, conservation form

2.3 Governing equation
The equations of sections 2.1 and 2.2 are in what is called a non-
-conservative form. These forms result from the application of the basic
physical principles of conservation of mass, momentum, and energy to an
infinitesimal control volume that is allowed to move with the fluid.
If the control volume to which the governing physical principles are
applied is instead fixed in space. @ set of equations in what is called
the conservation form results. These two representations are of course
tely involved algebraic rearrangement will suffice

equivalent. Some modera

to reduce one form to the other.
e technique of computationa1 f
ticular mathematical formulation of the given

As far as th luid dynamics is concerned,

it is not obvious which par
aws will results in a set of equations posing the fewest numerical

physical 1
obably is no single approac

h that is suitable for

difficulties. There pr
certain schools of thought on the matter do

all problems. Nevertheless.,
and his co-workers [33,
use of non-conservation systems, while workers

exist. Moretti 34,35] have been among the most
ardent proponents of thé

at NASA - Ames Research Center have generally favored the use of conser-

vation forms [36,37,38,39]-
¢ this work to attempt to resolve such

It is not the intention ©
servation forms to b
£ utility in the work presented here, and so

questions. The con e discussed have certain proper-

ties which suggested gred

se was made of them. It will be shown Tater that the best

considerable u

e
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results were obtained with the non-conservation forms, but it is stated

in advance that this may well be due to nothing more than the particular

algorithm implemented.

The conservation - law formulation of Euler's equations in generalized
coordinates is [40]

__ 2B _9F 6 (2-41)

BX] BXZ 3X3

aU
3t

where o)

ou

U= hih'h3 pV (2-42)
2 oW

Det

pU
p+pu
= h h puv (2-43)
273 "
(pteey)u

m
i

pVv
pUV,
Pt (2-44)
pVW
(ptoe,)v

1

PW
puw
ovw2 (2-45)
ptow
(P+pet)w
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0
ah ah dh 3h
1 I : _2 2 3
puvh, 5§2-+ punh, s (ptev™)hg 3%, (ptow®)h, 5%,
sh oh ah 5h
2 i 2 _3._ 2 1
H = pvwhy :a-;(-; + puvh, X, (ptow )h1 N (ptou )h3 B_XE (2-46)
3 _3_ _1_ 2 2
1 2 3
0
- -

The velocity components u, V. ¥ are in the x,, X,, and x directions,
respectively, and the h, are the metric coefficients for the chosen
(orthogonal) coordinate system. The above equations are in dimensional
form, but can easily be non-dimensionalized to have exactly the same form
at a consistent set of reference values

as equations (41-46), provided th

In terms of the previous non-dimen
hat the reference velocity must be taken as

i sionalizin
is chosen. g procedure

used, this means only t

¥, ® (RT,r)]/2 (2-47)

ing stray factors of y into the E, F, and G vectors.

to avoid introduc

his choice results in a reference pressure

As pointed out earlier, t

2 . .
equal to the reference dynamic pressure, prvr . Is is then easily
(41-46) are in fact non-dimensional.

verified that equations

Some additional rel

in the above system. Note that
E
e, delpsT) F 7 -

but for a calorically perfect 9as such as we have assumed

| R -
e(p’T) = E(T) = CVT a 'Y-] Y"'] p (2—49)

ations are necessary to connect the state variables

e e i S i e S
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hence equation (48) becomes

L
t vlop 2 (2-50)

It is then easy to obtain

2 2 2
pe, = Y?] + (ou)” + ézv) + (ow) (2-51a)
and )
2 2
p = (y-1) [pey - (pu)” + égv) + (ow) ] (2-51b)

which gives the state relations entirely in terms of the components of

the U-vector.
2.3.1 Conservation law form in cartesian coordinates
Again, the two coordinate systems of interest in this work are

cartesian and cylindrical. For the cartesian system all scale factors

are unity, hence

=
u
OO OO0

and we use

W . OE_ oF _ 28
ot T T 8x 3y 2z (2-52)

Uus= oV (2-53)
ow
pey

OUZ
ptou
E = puv (2-54)
pUW
(ptoe,)u
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pVv
puv
ptpVv (2-55)
pUW
(pteey)v

-n
1]

oW
puw
PVW 5 (2-56)
ptow

(p+pet)w

(p]
1]

and the state relations are exactly as in equations (51a and 51b).
2.3.2 Conservation law form in cylindrical coordinates

The metric coefficients for cylindrical coordinates (r, ¢, z) are

so that

H= puv (2-57)

pr
pur
U= ovr (2-58)
pWr
pe.r

pUPz
(ptou”)r
E = puvr (2-59)
puwr
(ptoeyJur
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pv
puv

ptpv (2-60)
oVW

(p+0et)V

-
il

pwr

puwr

pVWwr (2-61)
(p+owl)r
(ptoe, Jwr

[*p]
il

It is convenient to restate equations (51a and 51b) in terms of

primary variables for this system. Algebraic rearrangement yields

(pur)® + (ovr)® + (pwr

2
pe.r = ;?} + T ) (2-62a)
2 2 2
pr = (y-1) [oe,r - (pur)” + (g;:) + (pwr) ] (2-62b)

2.4 Special non-conservation form of inviscid equations

It will be seen in Chapter 3 that the numerical solution of govern-
ing systems of equations such as have been presented so far requires the
computation of finite-difference approximations to the spatial derivatives

appearing in the equations. For example,

du = u(r,¢,z) = u(r—Ar,¢,z)
- — (2-63)

is a first-order backward-difference approximation for the r-derivative
in cylindrical coordinates. When r = Ar, a value of u at r = 0 is re-
quired, and the finite-difference scheme breaks down because r = 0 is a
singular point of the coordinate system; the expressions for the flow-
field variables in cylindrical coordinates are multivalued at that point.

This is the major stumbling block in attempting to obtain a three-dimensional
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solution in cylindrical coordinates. Work on this problem constitutes
a major portion of this dissertation and will be dealt with in detail
later, but for now it is sufficient to note that it is possible to re-
cast equations (36-40) in a form where values on the centerline are tri-
vially zero, thus eliminating the difficulty in equation (63) where
r = Ar.

It was suggested by Professor Everett Jones that an attempt be made
to reformulate the governing equations (36-40) in terms of the prime

variable vector

ru U
rv V
i 8 rw . W (2-64)
rp P
rT T

so that U,r=0 = 0. The derivation of such a system follows most easily
if (36-40) are put in vector form and then multiplied by r, the radial

coordinate. This yields

Moe DWW o- L

“al TS A -l (2-65)
3P _

werri-F-rypr-} (2-66)
=V W (-DTT Y (2-67)

where, for convenience, we use

QiU r+Ve+Wz (2-68)

and



vz/r 1 V2
E.=E -uv/r| = — -Uv (2-69)
0 P 0

It is emphasized that a1though£c looks like a body-force term, its use
is meant only as a notatjonal convenience, as a vector representing

the centrifugal terms due to the non-constant unit vectors of the cylin-
drical coordinate system. With this convenience, the time derivatives
on the left may be treated as in equatjons (36-40); i.e., they apply
only to the flowfield variables U and V in vector Q. A1l the effect of
the unit vectors is in F..

Some new vector identities are needed. Note that for any scalar g,

v-o(gy)=gv-V+V-yvg
or
gv-V=yv-4(gy)-V-y39

and in cylindrical coordinates for the special case g = r,

rv.V=9v.(rV)-u
or

rv-v=y.Q-3 (2-70)

For any scalar g and vector h,

<t
= 3
~—

]

({e]

Yh +h vg (2-71)
Also, in cylindrical coordinates with g = r and h = p (a scalar),

Wrp) =rp+pIr=rwp+pr
or

r (2-72)

<o

r-V—R=——P-
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Finally, from (2-71) it is apparent that

and again in cylindrical coordinates with g = r,

.

13
n

V * %(rh) - u

=

or

U
o] (2-73)

rl'_v_b_=]?g~vfrh!-

Using equations (70), (72), and (73) with h = V, p, or T allows

equations (65-67) to be written as

Lor-ta o+ Gyv-Tw-2n (2-74)
- lo-um + By (v-q-D (2-75)
B g v+ LT (v - (2-76)

It is now easy to eliminate the vector (u,v,w,p,T)t in favor of

(U,V,W,P,r)t to obtain:

3
Bor-lneS-Fr-gn 2
3P 1 +1)UP
E-lg.p P2 g g (2-78)
r
Zro-lg-ueetpolelle 5oy (2-79)
v

Finally, (2-77) may be expanded to obtain the five scalar equations:
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§%=U,."‘EV F QW G (2-80)
N..la W- % (2-81)
%=%—%9_ﬂ~%% (2-82)
—g{-=—%9-'f_+(—*{?@-%ﬁ-‘l'ﬂ (2-83)
.%:-%g'gl+%%—g%ﬁiﬂg. (2-84)

2.5 Equations at the centerline in cylindrical coordinates from

L'Hospital's rule
The equations developed in section 2.4 were, as mentioned, derived
of a continuing offort in this work to develop methods for

as part
s in cy]indrical coordinates.

obtaining solution Another, and eventually
more fruitful, technique was developed which involved the solution of a
completely separate set of equations on the centerline where r = 0.

were obtained by applying L'Hospital's rule to equations

These equations
t containing no (1/r) terms and valid in the Timit

(36-40) to obtain a s€
limits are required for the following

as r approaches zero- To do this,
terms:
1i ve - qim 2v 2 ;
im - = N
wg ¥ r=0 or 85)
e o jim [ratE < Y 5
lim —= = 1im (~u g =¥ = o

r y=0
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u . i
v
v 3 . d v 8., ()
1im Y2 |w| =Tim [V L+ == (W )
0 T oAp picl) orag - or 367 | p (2-87)
il T
1 2 2%
e = = 1im _
r=0 ¥ o9 r=0 ora¢ (2-88)
1im 8 = Timogp (2-89)
r=0 =
2
1 a3V R
lim = = = 1m 3o .
0 T BY) =0 3roe (2-90)

As stated above, L'Hospital's Rule js applied to equations (36-40), with
the terms from equations (85-90) applied where needed, to obtain

4 - lig (2v £) - U M- llg (v ;fg; # X2l - w g - é%.%g (2-91)
T N A A
2 - % . a?«’é% (2-92)

2
3 3V ap E
oy - Tim (v gg T 56

)
ot P
3 au + azv + ﬂ’l—]
- YP [113 (2 3¢ orad FYA (2-94)
r‘:
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Nl EX.EI) - 3T

ol _ aT X
st " Yoar” llg (V 356 © 3r 29 5z
. au + 32V) + _31\]_

r=0

It is emphasized that equations (91-95) apply only at r = 0. The appro-

priate limits are not known in all cases, so the equations have been left
in the above form until their actual implementation is discussed in a
later, more appropriate, section.

2.6 Quasi—one-dimensional equations for inviscid flow

of interest in a later section to examine the effect of

on/cylinder model of the I.C. engine a compu-

It will be
adding to the basic pist

1 region intended to mode

re than a duct connectin
e the same quasi-one-dimensional assumptions as

1 an intake manifold. Since such a mani-

tationa
g the engine to the carburetor, y

fold is nothing mo

it would seem logical to US

tly used in the analysis of fluid flows in rocket engines,

are frequen
gasdynamic lasers. and similar situations where the primary interest
on of the flow properties [41,42,43]. The

js in the streamwise variati

dimensional form are [44]

relevant equations in

Continuity
1 _ 2(pwA)
%% =" Az) 22 (2-96)
Momen tum .
ow _ 1
Al AR (2-97)
Energy
oh _ 1 (2 3p
%z'wﬁ'3(5%+waz) (2-98)
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A = A(z) = duct area as a function of length.

Non-dimensionalizing as in section 2.1 and eliminating density in favor

of pressure and temperature yields

3P _ o (M, WAy 3D i
ot YP (az % A az) W 3z (2-99)
ow _ _ W _ T 3p .
ﬁ—-waz Yp 3z (2]00)
oT _ 81 . - W L W oA X
SE = ¥ (v-1)T (az + A Z) (2-101)

2.7 Moving-grid transformation

So far, all equations have been given in a form that is correct

only for an inertial coordinate system. In an internal combustion engine

the flowfield is of varying size because of the motion of the piston up

and down in the cylinder. A glance at Figure 1 will show that as the

piston
either
passes
system
choice
SO was
tem is
in the

always

moves the grid points at which the solution is obtained must
move with it or be eliminated from the calculation as the piston
them. The former situation implies an accelerated coordinate
which compresses or expands as the piston moves. The latter
would seem to waste grid points and hence computer storage, and
not considered. The computational mesh for the non-inertial sys-
laid out so that it will always have the appearance of Figure 1
transformed space. The same number of equally-spaced points will

lie in the space between the top of the cylinder and the piston.

Let z be the non-dimensional coordinate normal to the piston, with z = 0

at the

top of the cylinder and z = zmax at the piston surface. Let H(t)
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be the time-dependent non-dimensional value of -
length of the available flowfield at time t.

variable g, it must be true that

g = g(x,y,z',t)

where

, 1.e., the total

Then for any dependent

(2-102)

(2-103)

This is simply a statement that all dependent variables are functions

only of the available space within the cylinder.
of 2" is (0,1).

The z-derivatives will transform as

9z' 5 _ 1 3
3z 9z' H(t) 3z’

2 =
0z

hence the finite-difference transformation is

H(t

Az = H(t)az' = Nz-]

where NZ is the number of z-points used in the calculation.

the time derivatives transform as

d = 1.8 3z' 3
(Ef)moving (at)fixed T
or
() = () _Z dd o
dt’moving at’fixed HZ t 3z'
z'V_(t)

Ty i 5
i (at)fixed H{E) Bz°

where Vp(t) = gﬂiﬁl-is the non-dimensional piston velocity.

dt
sinusoidal for all work presented here.

Note that the range

(2-104)

(2-105)

Similarly,

H(t) is

From equation (104) and the
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result above, the required transformation from the non-inertial system

to an inertial one fis obtained,

3 4.9 - kN
(Efqmoving ) (at)ffxed z Vp 8z (2-106)

In practice, equation (105) is applied at the beginning of each

time step, while the extra term of equation (106) is added to the right-

-hand-side of all equations given so far. With this procedure, no

further thought need be given to the treatment of the non-inertial system.

It should be noted that in the two-dimensional analyses reported

in Chapter 4, the piston motion is actually in the x-direction (see

Figure 1). Therefore, al1 of the above transformation equations actually

have "z" replaced by ny' when used in the two-dimensional equations.




Chapter 3

THE NUMERICAL METHOD

The equations necessary to describe the flowfields of interest have
been developed in Chapter 2. The type of problem to which they are
being applied was discussed in Chapter 1. Boundary conditions which are

required to obtain solutions for a specific problem will vary somewhat

in this work because of the range of problems considered, and so will

be dealt with on an individual basis where appropriate. The remaining
topic to be discussed before proceeding to the results is the method by

which results are obtained.

The same numerical algorithm, equations (1-5) below, was used in all
work presented here. The algorithm is a second-order, explicit, time-depe

dent finite-difference scheme due to MacCormack [45].

The basic approach
has been refined by MacCormack and his co-workers [38,39,46], but the

refinements seem not to be applicable to the current problem,

so only
the basic algorithm will be discussed here.

3.1 MacCormack's method

Suppose that all flowfield variables are known or specified at some
time t. Let g(x,y,z,t) represent any such dependent variable.

The basit
idea of MacCormack's method is to advance the known solution in time by

means of the first-order Taylor series

glx.y,z,t8t) = 90xY.z,t) + (5

(at)

avg (3-1)
where

agy .1 (3 39 '
(Bt)avg 2 t ot ‘Xny’zat ¥ ot \X,Y,ZJH'M‘.] (3 2)

and

-39
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g(x,y,z,t+at) = g(x,y,z,t) + (29,

4 (at) (3-3)

XY eZs B

The algorithm is thus a two-step procedure. To illustrate, consider
equations (2-26 to 2-31). If the flowfield is known at time t, then all
spatial derivatives on the right-hand-sides may be computed (actually,
approximated by finite differences). This in turn allows the computation
of a number for the time derivatives on the left-hand-side, represented

above by the term (—5l These time derivatives are then in turn

29)
Pl S 3%
used in equation (3) to yield g(x,y,z,t+4t). This completes the first,

or predictor, step. The predicted values are then spatially differenced,

as before, which again allows the computation of the corresponding time

. ’ " 3g
derivatives, given above by the term (at)x,y,z,t+At'

then employed to average the time derivaties, followed by application of

Equation 2 is

equation (1), which gives the corrected value for g(x,y,z,t+at).
MacCormack [45] has shown that the combined scheme results in 2nd-order
accuracy in both space and time. The method has the advantage of being
simple to apply while still yielding good accuracy, and can be used with
virtually any formulation of the governing equations or coordinate system.
On the other hand, the application to a particular situation can be some-
what ambigous. For example, in the original algorithm MacCormack demon-
strates 2nd-order accuracy for a scheme in which forward spatial differ-

ences, i.e.,

%g = Q(X+Ax,y,z,'z))( - g(x,¥,2,t) (3-4)

are used on the predictor step and backward differences,

39 = 9(x,¥,2,t) - g(x-8x,y,2,t) (3-5)
X Ax
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are employed for the corrector. Other permutations are possible, espe-
cially when second derivatives are present, and MacCormack suggests [38]
that the best procedure is to cycle among them during the computation.
Evidence that this might be helpful is provided quite graphically in
work by Kothari and Anderson [47]. In their work, it was shown that
repeated application of certain differencing patterns could lead to
severe instability, while others gave excellent results. The problem
is that the investigator may not know in advance which technique will
work best.

The integration step size, or time step, can be estimated by appli-

cation of the Courant-Friedrichs-Lewy (CFL) criterion,

Sy T (3-6)
where
A = Tlocal grid spacing
|V [= magnitude of Tocal flow velocity
a = local speed of sound

This linearized stability criterion states that the computational cell
must at least include the region of acoustic influence at a point. In
practice, equation (6) was applied at all grid points in the flowfield
and some multiple (usually .7) of the smallest time step thus obtained
was used as the actual step size.

Note that the CFL condition is not the only possible stability cri-
terion. For problems involving chemical reactions, the relaxation times
associated with finite-rate processes will often be substantially more
restrictive than the CFL criterion. For parabolic or nearly parabolic
problems, the characteristic time scale of the diffusion-type terms will
be important. In this work, the CFL condition was found to provide the

limiting time-step.
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MacCormack's method and time-dependent methods in general see
widespread application to problems where the desired result is actually a
steady-state solution. In such cases, a rough, qualitatively correct
initial guess for the solution is used to initialize the algorithm. This
rough solution then relaxes to the steady-state as it is advanced in
time. The transient results in such a case are of doubtful interest,
but this is irrelevant if the steady-state solution is sought. However,
in a transient problem such as the one at hand there will never be a
steady-state, so that the question of convergence of the algorithm to
a time-varying solution becomes important. This was found not to be a
problem in the present work. The results showed that convergence to the
quasi-steady solution is both quick and readily apparent, with 1ittle or
no "lagging" of the calculation. Two explanations of this fact can be
made:

1. When the calculations are initiated, the piston is at the top
of the intake stroke, with the intake valve open and ambient
conditions inside and out. The initial dynamic state is in
effect a trivial steady-state solution; there is no fluid or
piston motion. Further, the piston motion is sinusoidal, so
the velocity is initially zero and increases smoothly. The
results showed that the piston motion has a time scale that is
very large relative to the 1imiting CFL step. Many integrations
are thus performed over any physically significant time inter-
val, and there is no reason not to expect the algorithm to be
able to cope with such modest requirements.

2. Even in cases where truly transient events occur (such as opening

and closing of valves), the results settle down in a few time
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steps. This is in direct contrast to the behavior when a
steady-state solution is sought, where on the order of a
thousand time steps are generally required to relax the initial
guess to the final result. The explanation for this would seem
to 1ie in the presence of the driving term for the flow, the
piston motion. The behavior of the results makes it appear
that a driving transient term will smother smaller effects,
thus helping to produce a good solution.
3.2 Spatial differencing techniques
In section 3.1 it was mentioned that the selection of spatial differ-
encing schemes can be important in obtaining good results from MacCormack's
method. It is therefore of interest to discuss in detail the particular
approach to setting up the difference equations that was used in this
work.
For inviscid flow, whether in conservation-law form or otherwise,
the equations contain only first derivatives (unless damping terms are
explicitly added, a point for later discussion). Thus, on the predictor/
corrector steps, one uses forward/backward or backward/forward differences.
Both were tried, and when no difference in the results were obtained for
a sample calculation, the forward/backward difference scheme for the
predictor/corrector steps was chosen since that was the original choice
in MacCormack's work [45].
For viscous flow, the treatment of the first derivatives follows the
same logic as above in terms of the choices available, and the same
scheme was selected. The treatment of second derivatives can depend,
however, on whether the governing equations are in conservation form or

not. If they are, then shear-stress and heat conduction terms which
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themselves involve first derivatives must be included inside the E, F,
and G vectors of equations (2-41 to 2-45). The second derivatives in
the full Navier-Stokes equations then appear implicitly as first deri-
vatives of first derivatives. It was with systems of this type that
Kothari and Anderson [47] pointed out the need for care, particularly
in avoiding situations where the "inner" first derivatives were differenced
in the same direction as the "outer" derivatives.

The only viscous flow results obtained by the present author were
with the non-conservation forms developed in Chapter 2. Here, more of
a conscious decision as to how the second-derivative differencing (parti-
cularly on cross-derivatives) should be performed is required, since one
cannot set up the 2nd-derivative computation to occur automatically.
For second derivatives of the type ;iﬁw 355, and EE? the only choice ever
considered or used in this investigation was the well-known central
second-difference formula,

2

é_g.; g(x+ax) - 29£X) + g(x-ax) (3-7)
X (ax)

which is accurate to the second order in ax. For cross-derivatives, such

82

axay’
difference, for the reason that the symmetry involved was thought desir-

as

the initial choice was to take the central difference of a central

able. Thus the equation used was

2

;;ay = [g(x+ax,y+ay) - g(x+ax,y-ay) - g(x-ax,y+ay)

+ g(x-ax,y-ay)1/4(ax) (ay) (3-8)

This turned out to be a poor choice. When the results of Kothari and
~ Anderson's experiences became known [47], a switch was made to the

following procedure:
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1. On the predictor step, all cross-derivatives were obtained as
backward differences of forward differences. Thus,

2

3
sy - [90sy+ay) - g(y) - glx-ax,y+ay)

+ g(x-ax,y) 1/ (ax)(ay) (3-9)

2. On the corrector step, all cross-derivatives were obtained as

forward differences of backward differences. Thus,

2
sy = La(x+ax,y) - glxrax,y-ay) - g(x.y)
+ 9(x,y-ay) 1/ (ax) (ay) (3-10)
2 2

3 g 3 g s
Analogous formulas are used for 3X3y° 3X32° etc. The use of this

procedure made an immediate difference in the solutions then being
obtained. For the first time, stable results were achieved.

It will be noted that all of the above-described differencing pro-
cedures are suitable only for interior flowfield points. That is, it
is obvious that a backward x-difference cannot be obtained at the first
x-point in the grid, and similarly for the other mesh boundaries. This
difficulty was touched on in section 2.4 in connection with coordinate-
-singularity problems at r = 0 in cylindrical systems. In the more easily
treated case where the mesh boundary is an actual flowfield boundary
(i.e., wall point or valve point, in the I.C. engine problem), several
alternatives are available:

1. The simplest approach is to use one-sided differences on both

predictor and corrector steps, setting the boundary conditions
on each step, and accept the fact that the solution at these

points will in general lack the overall accuracy usually
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obtainable from the algorithm and the mesh spacing.

2. One may add sophistication to the above technique through the
use, at such special points, of additional information that
is outside the numerical method. An important example is the
use of method-of-characteristics schemes to provide wall-boundary
information. Abbett's simple wave corrector [48] is an example
of such a technique that provides excellent results for super-
sonic flow. An analogous technique utilizing the x-t plane
method of characteristics results for one-dimensional unsteady
flow was adapted from the work of Rudinger [49] and applied to
the present problem. The technique and the results obtained
will be discussed more fully in the section where they were
applied.

3. One may avoid specifying any grid points that are actually on

a wall boundary, by beginning the grid layout at a distance

of (ax)/2 from the boundary at x = 0, for example. Then one
may employ a reflection technique [50], possibly combined with
some additional technique as in (2) above.

In the present work, alternatives (1) and (2) were used. Again, it
is felt that detailed discussion of results is best deferred until those
sections which deal with the particular cases run and results obtained.

There 1is one variation on method (1) that should be discussed here,
since it yields a difference formula that proved to be of some value.
Note that since the usual second-order forward/backward MacCormack
algorithm fails at a mesh boundary, it is logical to think of correcting
the situation by using a second-order one-sided difference at such

points. An example of such a formula is
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2 - -3g(x) + 4g(x+ax) - g(x+24x)
?

3
5 2AX )

+ 0(ax (3-11)

which may be derived by writing two Taylor series about the point x,

2 2
g(x+ax) = g(x) + (%%)x (ax) + (z—x%)x 1.2 P
29 2’9y (ax)°
g(xt20x) = glx) + 2(0) (8x) + 4(53) “S5—+ .
3

. 39 P 32
and solving for (ax)x by eliminating (;;%)x'

This scheme was used at mesh boundaries in several different solu-
tions, and nearly always resulted in degradation of the solution, or
sometimes in outright instability. It seems that in cases where mesh
spacing is fine the second-order one-sided difference is useful. However,
for the relatively coarse mesh spacing used here, equation (11) produces
poor behavior in the solution. There was, however, one situation in
which it proved useful in the present work. This is in connection with
the computational scheme that was eventually implemented at the center-
line (r = 0) in cylindrical coordinates. This application will be
described in Chapter 5.

Surprisingly, the computation of second derivatives at the mesh
boundaries presents little problem. They occur only for viscous flow,
and if the mesh boundary is a wall, velocity and temperature are both
specified, so that the use of second-derivative information to compute
them is not required. The equation for the time derivative of pressure,
equation (2-7), does contain the Laplacian of temperature. The second

derivative normal to the wall, at a wall, that can thus occur is obtained
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by the usual three-point central-difference formula, equation (7), and
making the assumption that the temperature inside the wall is the same
as that on the surface of the wall.

More difficulty is apparent in the case where the mesh boundary is
a valve. Second derivatives of both velocity and temperature are required
here, and will include both Laplacian-type derivatives and cross-deri-
vatives. The Laplacian-type terms are obtained using the same approx-
imation as outlined in the paragraph above. The cross derivatives are
handled in a way that is felt to be as consistent as possible with the
approach of equations (9) and (10). Thus, the component of the cross-
derivative that is normal to the mesh boundary is always treated with a
one-sided first-order difference, while the component tangential to the
mesh boundary is forward/backward differenced in accordance with the
usual MacCormack scheme. These approximations seem to work quite well.

Finally, note that for viscous flow the computation of pressure at
a corner becomes a problem. A careful examination of equation (2-7) shows
that at a corner all terms which could contribute to the time derivative
of pressure are identically zero. Such a point therefore acts as a
"pressure source" or a "pressure sink" of a constant value, and so ruins
the calculation. The method used to avoid this was to simply specify
the pressure at a corner point in viscous flow to be the average of three

or four neighboring points. This caused no apparent problems.



Chapter 4
TWO- AND THREE-DIMENSIONAL VISCOUS FLOW ANALYSES

As has been mentioned, the first results during the course of the
work leading to this dissertation were those for the case where the
engine is assumed to be two-dimensional and the fluid is assumed to
be the single-component, non-reacting, viscous, heat-conducting fluid
for which the governing equations are (2-7 to 2-9). This is not as
paradoxical as it might at first seem. In many ways it is simpler to
obtain numerical results for viscous flows. The boundary conditions
are less troublesome, little difficulty is encountered with numerical
instability (at low Reynolds number), and in general the calculations
prove less sensitive than is the case for inviscid flow. There are
many disadvantages that eventually became apparent during the early
work with viscous flow calculations, but for obtaining a baseline result,
the use of the full Navier-Stokes equations was quite helpful.

Much of this early work with two-dimensional viscous flow I.C.
engine calculations was reported in Reference [20]. It is included here
for the sake of completeness, and because subsequent work has in some
cases resulted in new conclusions concerning the earlier results.

4.1 Two-dimensional viscous flow calculations
4,1.1 Details of the problem

Consider the idealized model of the piston-cylinder geometry in an
I.C. engine as shown in Figure 1. The flowfield between the top of the
cylinder and the piston face is computed as a function of position and
time as the piston moves through a conventional four-stroke cycle, with

the intake and exhaust valves opening and closing at the proper times
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within the cycle. Several simplifying assumptions have been made in the

present analysis. The piston motion is assumed to be simple-harmonic
in time, and the valves are assumed to open and close instantaneously.
These limitations do not at this time appear to be serious, and in any
case are easily removed for future work. Of greater importance is the
assumption that the valves are open ports; i.e, the usual structure,
in which the valve stem extends into :he cylinder, is not involved in
the present model.

The real physical problem of interest is three-dimensional, because
of the off-center positioning of the valves. However, for the first
stage of the analysis, it was felt that the increased computer time
associated with the use of a three-dinensional model in cylindrical
coordinates would be unnecessary. Moreover, there are problems associated
with specifying conditions along the "ine r = 0 in cylindrical coordinates,
and in the absence of axial symmetry, it was not clear what conditions
were appropriate. For these reasons the initial work assumed the piston-
-cylinder arrangement of Figure 1 to be two-dimensional (infinite aspect
ratio engine). Such 2-D solutions yield valuable information on the
qualitative aspects of the real problem, and help to underscore the fact
that fluid-flow processes during the four-stroke cycle are important.

Also, for reasons to be discussed later, it seemed desirable to
investigate the effect on the internal flowfield of applying the boundary
conditions directly to the valve points. For this reason, a simplified
"manifold" or plenum chamber was added to the geometry of Figure 1, with
the results as shown in Figure 2, and this model was then used in several
calculations.

The governing equations and non-dimensionalizing procedure have been
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developed in section 2.1.1, and the transformation relating the moving
grid system to an inertial system was derived in section 2.7. It remains
to discuss the boundary conditions appropriate to this particular case.

The boundary conditions for the Navier-Stokes equations are
V] = V2 = 0 on the walls, V] = Vp and 72 = 0 on the piston, and T = Tw
= constant on all walls. At an open valve, pressure and temperature
are held constant at ambient conditions and the transverse (Vz) component
of velocity set to zero. The imposed cooled-wall boundary condition is
an approximation to reality; that is, at some distance from the cylinder,
for example in the water jacket, the temperature is relatively constant,
but it is clear that on the actual cylinder wall it is not. Therefore,

a more sophisticated procedure would be to run a heat-conduction solu-
tion for the walls in parallel with the present scheme and thus allow
the wall temperature to be a computed, time-dependent quantity. However,
it was thought that this would be a relatively straightforward extension
to the current work, and hence not worth the extra computer time at this
stage.

The handling of the open-valve boundary condition follows a some-
what similar Tine of reasoning. It is apparent that at some great dis-
tance from an open valve, "ambient" values of pressure and temperature
are reached; but again, this clearly does not happen exactly at a valve.
A rigornus computation would include a manifold solution to allow the
valve conditions to be computed as time-dependent values. As mentioned
before, it is of interest to see how poor an approximation the constant
temperature and pressure valve boundary condition is. Thus, some compu-
tations are made with the geometry of Figure 2. Results will be presented
later which suggest that the constant p and T boundary condition is some-

what reasonable for the case discussed here.
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The most striking thing about the velocity distribution of Figure
3 is that it clearly shows that there really is a detailed flowfield
inside such a cylinder model. The swirl and convergence of the velocity
field to the open valve is clearly evident, and even on this relatively
coarse scale there is evidence of recirculation zones in the corners.
This has important implications for studies of combustion processes for
an I.C. engine, and the behavior of the resulting emission products.

As shown, this test was conducted at a very low pressure. The

scale size of the problem is also small (thimble size) to keep the cell

Reynolds number small without excesssive computer time. 1In the interest

of examining the effect of the cell Reynolds number of the computations,
a series of cases such as described above were run, with the pressure

and scale size of the problem varied to produce cell Reynolds numbers

between unity and order 104 (corresponding to the real physical case).

The results of these tests for the two extremes are shown in Figures 4

and 5, where pressure and temperature distributions at constant y (near

the middle) and varying x are shown. In Figure 4 there are four pressure

distributions, the upper graph depicting a transient and steady-state
result for the low cell Reynolds number case and the lower graph the

distributions at corresponding scale times for the high cell Re case.

Both of the steady-state results are exactly as expected, but the transient
case for high cell Re clearly shows excessive and undesirable waves and

wiggles. It does not seem Tikely that these represent reality; rather,

they are interpreted to be the result of violating the unit cell Re

criterion.
Similar behavior is evident in the corresponding temperature distri-

butions for these cases, as shown in Figure 5. Notice on the upper graph
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how a smooth initial expansion cooling is followed by eventual equili-

bration to ambient conditions, exactly as expected for such a flow. In

the high cell Reynolds number case, however, the transient result almost

immediately picks up @ wiggle pattern which persists thereafter. Notice

however that the oscillations, both transient and steady-state, are
centered about the isentropic result which would be expected for a nearly
inviscid test case such as Re.qqq * 10,000. This clearly shows how a
high cell Reynolds number renders the viscous terms insignificant, so

that the calculation resembles that for an inviscid flow. Moreover,
close inspection of the numerical results shows the "steady-state" to

be actually a very slowly rising distribution. This is expected if the

at conduction terms have bee
s number effects. That is in fact the case, as

viscous he n dwarfed, but not totally elimi-

nated, by cell Reynold
shown by a trunction-error analysis for a non-linear model equation
(Burgers' equation) such as is done by Taylor [51]. The analysis brings

out the fact that in any numerical solution of the Navier-Stokes equations

differencing procedure,
e denominator of the viscous terms and which is

based on a finite- there is a trunction-error

term that appears in th
eynolds number. It is therefore important that

proportional to the cell R
g be such that a cell Re
the viscous terms (including heat conduction

the mesh spacin ynolds number of order unity be

maintained if the effect of

and diffusion terms) is to be correctly treated.
As mentioned before, it is apparent from the outset that the speci-
nditions as being constant temperature and

fication of valve boundary cO

pressure is at best an approximation. In fact, one cannot Tegitimately
specify such “free boundary" conditions anywhere short of an infinite
distance from the region of interest. However, the geometry of Figure 2
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represents at least a better approximation to infinity, in that the free
boundary is removed ten units away from both the valves and the actual

interior flowfield of interest, thus allowing conditions at the valye

to be computed as time-dependent values. The previously described test

case (at Tow cell Re) was.run, but now with the plenum attached, as

shown in Figure 2. Initial conditions in the external plenum chamber

were specified as ambient pressure and temperature and zero velocity.
Figure 6 shows in succession three sets of transient pressure and tempera-

ture distributions, this time taken down a line of constant y from the

valve point to the rear wall. It is gratifying to note that in genera]

the results with and without the manifold are quite close, within about

four percent, except at early times at the valve point itself. Figure 7

shows the results at the valve point alone for all times. It is clear

that the constant-pressure stipulation appears to be a reasonable approx-
imation, in close agreement with the more exact case after about 250

time steps (.02 usec in this case). The temperature takes about three

times as long to achieve similar agreement. However, the overall results

give a measure of confidence that the constant pressure and temperature
boundary condition is adequate for the present Tow Re solutions, espe-
cially in view of the fact that during the actual four stroke engine

cycle the internal to external pressure ratio is not nearly as severe

as in these test cases.
This question of what constitutes an appropriate way to model the

flow in the neighborhood of the intake and exhaust valves will arise
again in connection with 3-D inviscid solutions. For that situation,

it will be shown that a feasible technique is to attach a duct (for which

the flowfield is modeled by the quasi-one-dimensional equations of
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section 2.6) at the intake valve and thus allow the actual valve point

or points to be computed as with any other interior point. This option

is not feasible for viscous flow calculations, since quasi-one-dimensional
viscous duct-flow calculations tend toward Fanno-line flows. This means
that velocities in the duct tend toward choking values, a situation that

causes problems with the programs and is probably unrealistic also.
The results shown in Figures 3-7 serve as a check of the analysis

and progamming. The general quality of the transient results as well as

the approach to ambient conditions yield some confidence in the extension

of this work to the more complex case of the four-stroke cycle, always

providing that the cell Reynolds number is of order one. To achieve

Rece]] = 1 keeping the same 10 x 9 grid, the "engine model" for the
present work is (8 x 9) mm in size and is operating at an ambient pressure
of .01 atmosphere. Obviously, these are not full-scale operating condi-

tions for typical I.C. engines. However, the present results for a smal]-

-scale engine at low density serve to illustrate the general nature of the
Navier-Stokes solution, and illustrate the influence and character of a

flowfield in the engine process.
Note that if a turbulence model were employed, one immediate effect

would be an increase in the overall viscosity of several orders of
magnitude, thus allowing normal-size engines to be treated at reasonable

pressures. The author feels that without a correspondingly more realistic
treatment of combustion and the mixing processes induced by turbulent

flow, such a procedure is of no benefit, and the present laminar flow

solutions are acceptable.
Figures 8-15 give results for the velocity, pressure, and temperature

distributions at various times throughout the intake, compression, power
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and exhaust strokes for the geometry of Figure 1. On each graph is a
small schematic diagram of the piston-cylinder geometry showing the
piston position and direction of motion at the particular time under
consideration. When relevant, as in the pressure and temperature dia-
grams of Figures 12-15, a small dotted line inside the cylinder shows
the Tine along which the results are plotted.

Figure 8 shows the velocity distribution six degrees past top dead
center (about a tenth of the way through the intake stroke; the total
non-dimensional range of piston travel is 1.0 < xp < 9.0). The com-
pression ratio is therefore nine-to-one. Swirl patterns, as in the
stationary piston exhaust test (Fig. 3), can be seen in Figure 8. How-
ever jn this case it is quite clear that the overall driving force on
the flow is the piston motion, not a pressure differential at the valve.

Figure 9 shows the velocity flowfield near the beginning of the
compression stroke, when both valves are shut. Note how quickly the
flowfield adjusts to the change in direction of the piston, and that the
transient solution is indeed responding to the piston motion quite closely.
In this connection, it is worthwhile to mention once again that there
was some initial concern that several complete cycles might be required
to allow the time-dependent computation to converge to the transient
solution, i.e., to overcome the built in history introduced by the arbi-
trary initial conditions at the beginning of the intake stroke. This
feeling was based on past experience with the use of time-dependent
methods as a means of obtaining solutions to steady-state problems in
the T1imit of large times, starting from fairly crude jnitial conditions.
In fact, these fears turned out to be unjustified. The possible reasons

for this were presented in section 3.1, To check on all of this, part
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of the intake stroke was re-run, continuing after the exhaust stroke.
No significant difference between that and the first intake stroke after
a few hundred time steps was observed.

At TDC on the compression stroke, combustion was simulated by
artifically introducing constant-volume heat additijon. The velocity
pattern for the resultant power stroke is shown in Figure 10.

The exhaust stroke velocity distribution, Figure 11, is shown near
the time of maximum piston velocity. The upper left-hand corner, near
the intake valve, is a region of particular interest. It seems to be
a region of recirculation, more or less cut off from the main swirl
of the flow.

Plots of pressure and temperature for the complete four-stroke
cycle are given in Figures 12-15, and are taken at the same times as the
velocity distributions at Figures 8-11. In each case the upper graph
shows values at constant y and varying x, while the lTower shows values
at constant x and varying y.

Figure 12 shows the intake stroke pressure and temperature distri-
butions on expanded scales. There are several interesting features
here. The most obvious is the hump in the temperature distribution on
the upper graph during what would seem to be an expansion phase of the
cycle. An examination of the lower graph shows this peak to be part of
a pattern of weak (again, recall that the scale of the plots is expanded)
waves in pressure and temperature. These waves persist throughout the
intake stroke, hence are standing waves, and seem to be maintained by
the addition of energy from the mass flowing into the cylinder as the
piston withdraws.

Figure 13 displays the pressure and temperature behavior for the
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compression stroke. The temperature shows a beautifully smooth, boundary-
-layer type behavior, clearly a result of the small scale of the problem
and hence relatively greater importance of heat conduction. The pressure
is constant to at least five significant digits. This behavior further
indicates that the wave patterns shown on the intake stroke are ejther
real, or are introduced by the boundary conditions at an open valve.

The results of the tests with the geometry of Figure 2 would tend to
support the contention that the waves really exist, since detailed exami-
nation of the numerical results shows weak waves in those cases also.
However, this cannot be considered conclusive, since the resolution of
the flowfield in the neighborhood of an open valve is in both cases
relatively coarse. The waves definitely do not seem to be due to the
instantaneous opening and closing of the valves. Indeed, there are dis-
tributions set up when this occurs, but they are transient, not standing
throughout an entire stroke, and as Figure 13 shows, the compression
stroke is perfectly smooth shortly after the intake valve has closed.

The waves do appear to be related to the flow viscosity, at least inso-
far as their persistence is concerned. The inviscid, non-reacting intake-
-stroke solutions of Diwakar [4,21] show that in the 2-D case a definite
large-scale circulatory pattern establishes itself at an early time and
persists throughout the intake and compression strokes.

The results of the power stroke (Figure 14) show the strong heat-
-conduction effects in this low Reynolds number problems. The initial
temperature distribution immediately after the simulated combustion was
strongly peaked (to about 1500°K, or a non-dimensional temperature of
5.5), but as the graphs show, the small scale size and the constant-

-temperature wall boundary condition combine to quickly reduce the
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temperature gradients. It is apparent that future attempts to produce

a realistic engine model must include a heat-conduction solution for the

region outside the cylinder walls, for it is doubtful that the temperature

really drops SO quickly, wall "quench" layers not withstanding.

The results for the exhaust stroke
ttern evident in the transverse direction, but not

are shown in Figure 15. There

js a slight wave pa

as much as on the intake stroke.

The next two graphs, Figures 16 and 17, compare the fully viscous
solution at high cell Re (corresponding to a cylinder of realistic scale)
with the corresponding inviscid solution by Diwakar. These figures

indicate in what way, if any, the high cell Reynolds number solutions

may be considered useful.

Figure 16 shows corresponding velocity distributions in the intake
It can be seen at once that, except near the

stroke for the two cases.
e viscous effects must alway
This is not surprising, since at high flow Reynolds

walls wher s be important, the two cases are

remarkably similar.
s the inertia terms domina
s even less surprising becau
ber criterion is to reduce the effect of vis-

te the viscous terms in the Navier-Stokes

number
se of the effect of violating

equations. It i

the unit cell Reynolds num
cosity. On the other hand, a comparison of Figures 8 and 16 shows that,
again in the core region, the low cell Reynolds number results are virtually
high cell Reynolds number cases. The only

jdentical to the jnviscid and

tation here is that, away from the walls, the flow is

possible interpre
This suggests the possibility in future

primarily inviscid in character.

ning a boundary laye
peed, OF of using a coordinate system which is

work of combi r and an jnviscid solution to yield an

overall improvement in's
< and relatively coarse out in the core region

relatively dense near the wall
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The pressure and temperature comparisons for the inviscid and high
cell Reynolds number cases are shown in Figure 17. As with the velocity
distributions, the two sets of results are nearly identical (the upper
graph is a highly expanded scale). It is of particular interest to
note that, as on Figure 5, the temperature oscillations for the high
cell Reynolds number case tends to bracket the inviscid, isentropic value.
4.2 Three-dimensional viscous flow calculations

It was not originally intended that any three-dimensional viscous
flow calculations should be done. The Timitations on viscous flow
solutions imposed by the unit-cell Reynolds-number criterion made the
use of inviscid flow models for further developmental work, particularly
in three dimensions, seem much more reasonable. However, when even the
simplest 3-D inviscid calculations began behaving in a manner that was
at that time inexplicable, it began to seem prudent to return to the
Navier-Stokes equations and attempt to obtain some sort of three-dimensional
result as a piece of baseline information. It was hoped that this would
involve Tittle more than adding an additional coordinate Toop to the
existing program. It was in fact not much more trouble than that, and
so the first true 3-D solution obtained was the by-product of failure
with what should have been a much simpler system.

The three-dimensional viscous flow problem is not really in the
mainstream of this work, and so will not receive as much attention as
some other areas. However, certain simple exhaust tests are of interest
because they can be compared with the corresponding 2-D tests discussed
above, and hence an idea of the usefulness of future 2-D viscous calcu-

Tations obtained.
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4.2.1 The three dimensional rectilinear engine model

The calculations were performed for an engine model such as depicted
icte

in Figure 18. Note that the y-coordinate is now the direction normal
ma

to the valve plane, and that the x-y plane model of Figure 1 would b
e

the x-z plane in Figure 18. The X-Z plane, or valve plane, is nec
> essar-

ily a plane of symmetry, SO that only half of the chamber need be treated
reated,

with no loss in accuracy. This is true because the "boundary conditi
ons"

at a plane of symmetry may be specified exactly, unlike the case f
or a

The correct condition is tha
1 to the symmetry plane are even functions of the coor

wall. t all flowfield variables except for

the velocity norma
dinate normal to the plane, while the normal velocity component is a
n

This allows image points t
values inside the computational domain, hence

odd function. o be specified across the

symmetry plane from the
the finite differences required on the piane of symmetry present no

ually go furthers;

n functions across the symmetry plane

problem. One can act because all flowfield variables

except normal velocity are eve

s on that plane,
me is true for the second derivative of the

their derivative in the direction normal to it, are
b

identically zero. The sa

onent of velocity 1in th
s information can be used if desired, rather than

normal comp e direction perpendicular to the

symmetry plane. Thi

ting finite differences.
t does not come from th
Anderson reports that in time-dependent nozzle

On some occasions such use of analytical

compu
e differencing scheme itself can

information tha

lead to trouble. Thus,

tions [41,42,43] one

dA(x) = :
zle, —dx = 0, because this leads to a "bump"

-flow calcula should not use the known result that

at the throat of a nozZ
Both approac

sults on the test cases

hes were tried in this work, and it

in the mass fluX.
were slightly better using

seemed that the re
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the exact values for derivatives normal to the plane of symmetry, so
this approach was retained.

A11 other boundary conditions for the 3-D viscous flow solutions
are as described above for the 2-D case. Also, as mentioned in Chapter
2, the assumption of constant viscosity and thermal conductivity was
used in the 3-D case, so that equations (2-17 to 2-19) were used. At
the temperatures involved, this is expected to make no difference.

4.2.2 Discussion of results for 3-D viscous flow

Two cases were run with the 3-D Navier-Stokes code after it was
checked out. The first was a simple inflow case, with the external
pressure at .01 atmospheres, and temperature at 273°K, while inside
the chamber the pressure was .008 atmospheres and the temperature equal
to .938 of the ambient value. The case is for a cell Reynolds number
of order one, as indicated by the low pressure. The piston was held
motionless with the intake valve open. The expected behavior is that
there will be a sudden inflow of air, followed by equilibration to ambient
pressure and temperature inside and out. The calculations produced the
expected behavior; the case was of interest because the inviscid flow
model had been experiencing difficulty (to be discussed) on an identical
test case.

The next case to be run was the reverse of the situation above, and
essentially a three-dimensional duplicate of the low cell Reynolds number
exhaust test discussed earlier for twc dimensions, and for which the
results are shown in Figures 3-5. The work "essentially" is used because
exact duplication is not possible. In the 2-D solutions, only one point
of the relatively coarse grid system was used as the intake valve point.

Since the flow is two-dimensional, this point gives the valve an effective
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"area" of about one-ninth of the total top surface "area". In the 3-D
case, the effective number of points on the top surface is eighty-one,
counting the image points which were not actually stored in the machine.
One-ninth of these is nine, hence nine points should be, and were,
specified as valve points. To do this, more than one must be placed

on the symmetry plane (x-axis) and this was done as shown in Figure 19,
where it is seen that three of the valve points are necessarily image
points. The net effect is that an exact 3-D duplicate the earlier 2-D
test cannot be obtained without reducing the effective size of the valve.
This is undesirable also, so the same valve area was retained at the
expense of modifying the shape.

Figure 20 shows pressure and temperature distributions taken in the
valve plane along a line perpendicular to the central axis for the 2-D
and 3-D exhaust tests. They are taken at approximately the same time
(0.37 msec for 3-D and .041 msec for 2-D. A distinct difference in
behavior is evident. The slight variation in the levels of pressure and
temperature is unimportant, since the times are different by about ten
percent. But notice that the 2-D pressure distribution shows the same
standing wave pattern, at the beginning of its formation , that is clearly
evident in Figures 12 and 15 for the 2-D tests. The data in both cases
is taken in the same locations. Such standing wave patterns are not found
in the 3-D cases. This may be due to the altered valve geometry, in Tline
with the earlier conjecture that the 2-D waves were initially caused by
the valve boundary condition, or it may be that their absence is due to
the "3-D relief" that is not present in the earlier results. This kind

of result does not support any extensive conclusions, but still, there is

evidence that a pattern clearly visible in a viscous 2-D flow is missing

in a 3-D calculation for the corresponding case.
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This completes the discussion
of 3-D solutions of
the Navier-St
-Stokes
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and it appears at this time that they do, then one may also question
whether equally valid (that is, incorporating a different set of errors!)
inviscid flow models might not serve as well for the next generation
of developmental work. This allows 2-D computations, even including
reacting chemistry, to be performed without prohibitive amounts of
computer time being expended. This is the thrust of a major portion of
the companion work of Diwakar [4]. Similarly, for the purpose of
extending the geometrical models to the three dimensions in cylindrical
coordinates, it certainly makes sense to employ an inviscid flow model.
At the time of publication of Reference [20], it seemed that a pro-
mising Tine of development might be in the area of applying an improved
numerical method to the I.C. engine problem. Extensive searching of
the recent Titerature failed to turn up any other approach with the com-
bination of reasonable speed, ease of applicability and history of success-
ful use as the explicit finite difference scheme of MacCormack [45].
Accordingly, work to develop three-dimensional inviscid flow calculations

was seen as the next logical step.




Chapter 5

THREE-DIMENSIONAL INVISCID FLOW ANALYSES

5.1 The physical models considered

he analyses of Chapter 4 led to £
w models offered the best chance to obtain reason-

Since t he conclusion that further

work with inviscid flo
able solutions within acceptable computer time, the choice of the exact

e] became the next step. The geometry for which a solu-

geometrical mod
he cylindrical piston/cylinder model depicted

tion was most desired is t

the difficult portion of the work

in Figure 21. It was thought that

would lie in finding an appropriate way to specify conditions at r = 0,

of the cylinder. This was in fact a problem, but

the centerline (z-axis)
ree-dimensional calculations. A few

not the only oné associated with th
o begin work directly with t
at more than one type of difficulty might be

abortive attempts t he 3-D geometry of Figure

21 led to the conclusion th
Therefore, an inviscid flow model in cartesian coordinates

involved.
e analysis of the flowfields in the rectangular engine

was developed for th
This proved to be a well-chosen step, as it

model of Figures 18 and 19.
hat additional problems unique to the three-dimensional invis-
his type of internal flow w

been successfully analyzed without decoupling

developed t
ere present, and in all

cid solution for t

probability could not have

them from those associated with the use of cylindrical coordinates. Thus,
d cy]indrica1 engines were extensively studied. This

both rectangular an
1 in analyzing the results eventually obtained

has proven to be most helpfu
from the four-stroke engine cycle calculations for both these models.
A11 factors involved in specifying the grid Tayout for the rectan-
gular model were discyssed in section 4.2.1, and as they are not unique
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to viscous flow, they will not be repeated here. Figure 22 shows the

grid layout which was used in the cylindrical coordinate model, including

the valve points. Note that considerably more valve points are required

to define a valve than in the rectangular case as a result of the coor-

g that occurs for small values of r. The pattern of

n all planes defined by z = constant, with the

dinate bunchin

Figure 22 is repeated 1
exception that the valves obviously are found only at z = 0. Ten z-planes

were used in all three—dimensiona1 work reported here. The physical
size is not important since no non-1isentropic effects which would "scale"
1 are found in the inviscid flow equations used, but a nominal

the mode
eters in height by eight in width (or diameter) was

size of nine centim
chosen to simplify comparison with the work of Diwakar [4,21] and so that

value of engine speed would result in realistic piston

an ordinary

velocities.

5.2 Boundary conditions for inviscid flows

5.2.1 Wall boundary conditions

The absence of viscosity in the governing equations used for this

(sections 2.3 through 2.5

n for the tangential comp
he situation is that the inviscid system is of

) obviously eliminates the use of the no-

work
onents of velocity at a wall.

-slip conditio

Another way to view t

order than the viscou so the solution requires fewer

boundary conditions.

hermal conductivity, so that neither a temperature

with the neglect of t
nor a temperaturé gradient may be specified at a wall. This Teaves
y kinematic condition that the normal component of velo-

only the primar
st equal the velocity of the wall. In the I.C.

city at a solid wall mu
o on all interior walls except the piston.

engine problem, this value is Zéer
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This condition is applied computationally as follows. The MacCormack
algorithm is applied at wall points just as at interior points, except
that one-sided differencing in the same direction must be used for both
predictor and corrector steps. In general, the normal component of velo-
city will not be computed as zero, and so prior to each predictor or
corrector step, it is reset to zero.

The application of this condition alone is sufficient in all cases
the author has encountered to at least yield a solution. However, there
are refinements available that will improve the solution. One in parti-
cular is obtained by noting that resetting the kinematic condition on
the normal component of velocity at a wall does nothing to correct the
slightly erroneous values of pressure and temperature which were computed
consistent with the erroneous value of wall velocity. An excellent scheme
for correcting this situation in supersonic flow calculations is Abbett's
simple-wave corrector [48]. In this approach, the angle of the velocity
vector at a wall is first computed after application of the numerical
algorithm for one step. The Prandtl-Meyer formula is then used to compute
a weak compression or expansion wave of the appropriate strength to turn
the flow back toward the wall through the known angle. The strength of
this wave is the pressure correction, and the isentropic formula may be
applied to give the corresponding temperature correction.

A scheme similar in concept that is useful for subsonic flows is
obtajned by assuming that the normal component of fluid flow at a wall is
locally one-dimensional. The results of unsteady one-dimensional char-
acteristic theory [44,49] may then be applied to compute the temperature
that would have to exist at a wall if the fluid were to be reduced to a

stagnant (one-dimensionally) gas. The pressure is then obtained from
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the isentropic relation. The working formulae are:

172 o x=1 2
Twall ~ (T £ 57~ u) (5-1)
o
T wall\o7
TR A o o Ak (5-2)

The positive sign applies if the wall is reached by a right-running

characteristic, the negative sign for a left-running wave. Physically

this corresponds to saying that if the normal velocity is positive and

headed toward a wall, then as the one-dimensional flow is brought to

stagnation conditions, the temperature must increase, and vice-versa

for the opposite case.

It is interesting to note that, in theory, only one condition may
be obtained by applying characteristics scheme at a wall, since only

one wave from the wflowfield", which is actually a wall point, can reach

the "wall". Equation (1) shows this clearly. To obtain the pressure,

additional information in the form of equation (2) must be introduced.
This in theory overspecifies the fluid properties at the wall. An inco-
sistency is avoided because the additional information (isentropy) is in
fact implied by the original inviscid system of equations, hence infor-

mation obtained from it is not really inconsistent with the original

system.

Figure 23 shows the results of applying the wave-reflection scheme

e when resetting the wall boundary values. Clearly, the

r and Tess oscillatory when the method is used.

outlined abov

solution is smoothe
These results are obtained with the non-conservation forms of the govern-

ing equations; the conservation-form algorithm consistently gave poor
results if anything other than the simple kinematic boundary condition
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was employed. No explanation for this suggests itself at the present

time.
5.2.2 Valve boundary conditions

The valve boundary conditions are less susceptible to the kind of
analytical treatment above than the wall boundary conditions. Neither
the mathematical or physical aspects of the problem are sufficiently
well understood to allow a rigorous formulation of conditions for numerical
analysis. It is clear that the constant pressure and temperature condi-
tions of the viscous analyses are unacceptable; for one thing, they bear
no relation to the isentropic relation which must hold for the inviscid
flows under discussion here. A1l attempts to use such a condition, in-
cluding variations where the constant-property point is placed outside
the chamber and the valve points are treated as regular interior points
which "feel" the constant-property point on the backward-difference step,
have failed.

Diwakar [21] formulated the first workable valve boundary condition
for inviscid flow during the course of adapting an existing viscous flow

program to the 2-D inviscid case. Diwakar noted that the isentopic condi-

tion
T Y
valve )§:T

Pvalve = Pambient (T (5-3)

ambient

must apply, no matter what else is done. If one then assumes that the

intake flow is one-dimensional and steady, conservation of total enthalpy

requires

W » "
(h + “?') N Hva]ve Hambient
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or

g . = Y
Tvalve Tambient ~ 2 Wvalve (5-4)

The procedure then consists of assuming the velocity as obtained fr
om
the algorithm is acceptable, applying equations (4) and (3) in successi
sion,

and setting the transverse components of velocity at the valve to ze
ro.

This is done for both predictor and corrector on each time step, and

seems to work quite well. Success seems to be tied strongly to the
requirement that the time derivatives which are neglected in obtaining
equation (4) are actually small. That is, the full unstéady quasi én

- e-

-dimensional energy equation may be written

Bl

oH _
i TR

2
W .
+ 5 1s the total enthalpy. The integrated result of equa-

n all the unsteady terms are small, producing

where H = h

tion (4) is obtained whe
If the comp
Diwakar's technigue works well. Note

a quasi-steady flow. uted flow at the valve is at each time

uasi-steady,
number of points are used to specify a valve

level essentially 9

that when an insufficient
the internal preésure drops very rapidly on Bl TGRS BEFOHER, tos
quasi-steady flow assumption s yiolated, and the calculation blows up.
xcellent examples of this type of behavior.

Reference [4] contains some €
ensional assumption b
components t0 float invariably produces poorer

The one-dim y itself seems quite good. Allowin
’ 9

the tangential velocity
Note that it would not be necessary to

results than when they are fixed.
fix them to zero if inflow (still one-dimensional) at some angle were

desired.




- .

The treatment of flow at the exhaust valve follows a slightly dif-

ferent line of reasoning. Here the fluid is exhausting against the

external back pressure of ambient conditions, rather than being drawn

in from a constant-property reservior of infinite extent. It is impor-

tant to note that unlike the pressure, the temperature at the valve

should not be set to the ambient value, because after the heat release

on the power stroke the internal fluid will be on a djfferent isentrope

than the external fluid. Equation (4) is thus inapplicable. The only

scheme that makes physical sense is to specify constant pressure (ambient)

at the valve, and then use equation (3) to solve for the temperature.
These conditions for intake and exhaust valve specifications seem

to work well, and were used for most of the results given in this

chapter. However, refinement is possible at the price of a slight in-

crease in computer time and a modest increase in the level of complexity

of the program. That is, one may view the intake flow more realistically

as the endpoint of a ducted flow from the open air, rather than as just
a boundary point of the internal flowfield. To implement such a model,

the flow in the duct can be described by the quasi-one-dimensional invis-

cid flow equations of section 2.6. The setup is then as shown in Figure

24, with the large open end of the duct held at reservoir conditions.
The valve point or points are then regular interior points of the engine
flowfield calculation. The duct point closest to the valve is used by
the engine calculation on the backward difference step; the valve point
(or the average of the properties at all the valve points) is used on
The details invol-

the forward difference step of the duct computation.

ved in a one-dimensional calculation of this type are thoroughly covered

in Reference [52].
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Some experiments were run with the geometry of Figure 24 to compare
the results of the scheme to the more usual method of this work. Such
a comparison is given in Figure 25, where the pressure distribution at
an early time (about ten percent of the total time required to reach a
steady state) is given for a stationary-piston inflow case. The initial
pressure and temperature were p=.8, T =.9382346. The data shown in
Figure 25 was taken down the line of constant x and y, with varying z,
from the valve to the piston. At this instant a travelling wave is in
progress from the valve to the piston. Note that there is a significant
difference in the two results, with smoother results and a smaller dif-
ference between the extremes for the ducted case. This and similar
results obtained for intake flows with the engine turned on seem to indi-
cate that use of the ducted intake provides a smoother, qualitatively
more desirable result.

The problems, if any, associated with using a similar technique at
the exhaust valve have not been investigated. This represents a worth-
while direction for future work.

5.3 Preliminary results for three-dimensional inviscid flows

It quickly became clear that there were more problems associated
with obtaining even very simple three-dimensional results than had been
the case for 2-D work. The primary test case was the same as has been
repeatedly described; the engine was turned off (stationary piston) and
a pressure and temperature differential established between the inside
and outside of the chamber as an initial condition, with the intake valve
open. Eventual equilibration to a steady state with a uniform pressure
and temperature inside and out and all velocities of order 10'3 or smaller

is expected, and occurs within roughly five hundred to a thousand time
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steps in the usual 2-D computation. Such was not the case for the

corresponding 3-D problem. A true steady state could not be reached.

The observed behavior was common to all test cases run. After

approximately five hundred time steps, approximate equilibration would

occur (pressure and temperature nearly unity everywhere, all velocities

small) and then at this time, when the desired steady state had virtually

been achieved, the calculation would diverge. The velocities in certain

specific locations near the bottom of the cylinder would grow large,

pressure and temperature would drop to an unrealistic level, and in
general it became apparent that an equilibrated result would not be

obtained.

Since the behavior of the three-dimensional algorithms was the
same in both cartesian and cylindrical coordinates, coordinate singu- :
larity problems in the cylindrical system were ruled out as a possible ’

here followed a Tong series of experiments with ﬁ

cause of difficulty. T
ed at defining the cause of the behavior

the rectangular engine model aim
it was found that a wide variety of alter-

described above. In summary,

mulations, both at the valve and the walls,

nate boundary condition for
did nothing to changé the basic pattern. The same was true when the

he equations were used instead of the usual non-

conservation forms of t

the size of the valve did not, within rea-

conservation forms. Changing
nd even an exceptionally Targe

sonable Timits, affect the behavior, @

e calculation in @ different fasion. An

valve would only blow up N
use the problem to appear in an excep-

exceptionally small valve would ca
but the same proble
evised to eliminate program errors as a

i ; m occurred.
tionally short time,

A series of checks was d

A two-dimensiona1 program was obtained from

possible cause of trouble.
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the existing three-dimensional version by not computing spatial deriva-

tives in the y-direction and by eliminating the y-momentum equation

There could thus be no computed change in any quantity in the y-direction

so the calculation was confined to the valve plane. When this was done

the results agreed exactly with the previously obtained two-dimensional

results of Diwakar [21]. The same thing was done in another way by

dummying out the «-direction. Again the results were good. The test
case described can be made two-dimensional by extending the valve width
until it is a s1it occupying all y-points at some constant x-value.
When this was done, the results were again perfect. A further indication

ed by the fact that until the calcula-

of program correctness was provid
the computed temperatures and pressures agreed with the

tion diverged,
one or two percent.

isentropic law to within
dicate that the problem was of a

The results above seemed to in

more fundamental nature, SO at this point the three-dimensional Navier-
~Stokes calculation of Chapter 4 was programmed. It was hoped that at
Teast one truly three-dimensiona1 problem could be found that could be

solved adequately. Also, the 3-D viscous program was built up from the
existing inviscid code by altering the wall and valve boundary conditions

propriate viscous term
g of the resulting program was another indica-

and adding the ap s to the governing equations.

The correcting functionin
tion that the difficulty did not 1ie in the original programming.

the viscous code for a case where the inviscid algor-

The success Of
e clue that led to eventual resolution of the

ithm had failed provided th
The only difference that ¢
flow test did not have th
ted that possibly the inviscid flow

ould be seen between the two cases

problem.
e damping of the Navier-

was that the inviscid

~Stokes solutions. This sugges
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equations for this three-dimensional problem required the addition of

an artificial viscosity term to be stable. An opportunity was found to
discuss the results outlined with R. W. MacCormack of NASA - Ames Research
Center [53]. MacCormack claimed to have seen situations similar to

that described above which had been shown to be due to the sign of the
truncation error terms which produce the artificial viscosity that is
implicit in the method. The situation is apparently analogous to that

found in the behavior of the simple harmonic oscillator equation,

where if the term wz is positive, both solutions will be oscillatory,
while if w2 is negative, one solution will be exponentially damped and
the other will grow without bound. According to MacCormack, the remedy
for this type of behavior is to add a term to the right-hand sides of
the governing equations (component form) that is of the same order as
the truncation error terms (thus leaving the overall accuracy of the
method of the same order as before) but chosen so as to ensure that
it would produce the correct net sign in these terms.

A form similar to that given by Lapidus [54] was suggested, and

is given here for both cartesian and cylindrical systems:
2 2
3" U, 3-U.
Sy p Fin o 3u i 2 3V i 2
artificial viscosity = ¢ [lgidiizr (ax)° + ,554“—37 (ay)
2
BW,QUT(

ol = 82)%] (5-5a)

+ |
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N T P e 2
artificial viscosity = ¢ [la | (:;}f kgl ()" 4
22U, 2” 2
| —5 (82)°] (5-5b)

L — w15l 2

where "c¢" is a positive constant of order (1/4) and U; s used to indi-

cate the ke component of the U-vector being used. Thus, for the non-
2-27 to 2-31, the U-vector is

conservation forms of equations (

=
ll
—~NoU =< Cc

dependent variables from Chapter

and similarly for any other choice of

3.

The implementation of MacCormack's suggestion provided immediate

ther attempts had failed. Computations for a series of

ectangular engine were obtained in an attempt to

success where 0

inflow cases with the.r
determine the minimum acceptable damping coefficient; a value of .2 was

settled upon.
Following the determination of the damping coefficient, a complete
ectangular engine test was run, with the combustion effect

four-stroke r
y constant-volume heat addition at the top of the

once again simulated b

This is done more to stress the algorithm and observe

compression stroke.

the behavior than in any expectation that the results of doing so have

ystion phenomena. The rectangular engine test

any real relation t0 comb
t. and proved useful in later comparisons

case provided a benchmark result,
ing cy]indrica1 engine test, which was the Primary

with the correspondin
as run at 3000 RPM to facilitate comparison

case of interest. The test W
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with the majority of results obtained by Diwakar [4,21]. At this speed,

the valve layout of Figure 19 was required to allow the engine to breathe

properly on the intake stroke. This is not upsetting; the valves as

shown in Figure 19 are of realistic size.

An attempt was made to duplicate the solutions of the above test

case using the governing systems of equations expressed in the cartesian

coordinate conservation form developed in Section 2.3.1. It was expected

that such a solution would provide experience with the conservation forms

eful after switching to the cylind
«t that solutions of the equations in conser-

that would be us rical coordinate ver-

sion. It was in that conte

vation form were expected to be most useful.

The simple inflow cases described above for the inviscid, non-con-
servation forms of the governing equations were reproduced without inci-
dent using equations {2-52 to 2_56), except that as mentioned above, the
wall boundary condition scheme using the wave-reflection method was found
he full-scale 3000 RPM engine test could

to be inapplicable. Solution of t

not be obtained. The calculation blew up during the middle of the power
stroke, but percursors 10 this behavior were apparent well beforehand,

as indicated by Figure 26, which shows temperature distributions at
approximately the same crank angle for the cartesian conservation formu-
lation and the analogous non—conservation formulation. It is seen that

elop in the conservatio
cient magnitude to cause the computation of nega-

oscillations dev n form results. These oscillations

eventually grow to suffi

ttributes this behavior to the same trou-

tive temperatures. The author a

wn what they are) that arose when the wave-reflection

bles (it is not kno
ntroduced into the conservation forms. As

boundary conditions were i

er 2, the results given here are not intended as a general

stated in Chapt
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indictment of the use of the conservation form of the governing equations,
or even their application to the present problem. It is most definitely
true that the process of obtaining useful solutions in computational

fluid dynamics calculations depends in a substantial measure upon the
reservoir of experience that each investigator accumulates. This author
has obtained most of his experience with the non-conservation forms. It
may well be true that another investigator would be more familiar with

the appropriate techniques for use with the conservation equations, and

so would obtain better results. All that can be done here is to report
the computational algorithms used and present the results obtained.

As a final note on this topic, it may be significant that the
damping factor required to obtain useful solutions on even the simple
inflow cases was fifty percent higher when using the conservation forms
than when using the non-conservation forms. That is, roughly the same
degree of quality in the results was obtained with a damping factor of
.2 in the latter case as was obtained with a damping factor of .3 in the
former case.

5.4 The centerline problem in cylindrical coordinates

When it was felt that the general problems which had previously
affected the inviscid flow solutions in three dimensions were understood
and corrected, attention was focused upon the engine model of greatest
interest, the cylindrical model of Figures 21 and 22. There are some
disadvantages to working in this system. Figure 22 indicates one obvious
flaw; there is a bunching of coordinate points near the centerline and a
lack of them near the walls in each plane of constant z. Since there is
no a priori reason to expect more fluid dynamic action near the center,

the extra points are not particularly helpful, and they penalize the
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calculation by reducing the time step allowed by the CFL criterion of
n o

equation (3-6). Also, the valve shape allowed in a cylindrical coord
ordi-

nate model is possibly even more unrealistic tha
h that may be debatable, since neither can be con

n that for a rectangular

engine model, althoug
sidered representative of the true geometry. However, it was felt that
these disadvantages were balanced by the advantage of being able to

correctly model the outer wall shape, thus eliminating the unrealistic
corners and stagnation regions not present in the physical problem but
a necessary part of a solution obtained with a rectangular model.

As stated in the preliminary remarks in this chapter, it was felt
that the main difficulty would be due to the indeterminacy of the azi

muthal angle at r = 0 in cy]indrica] coordinates, and the consequent

multivalued nature of the flowfield representation in these coordinat
es

It is to be emphasized tha
ar line specified by r = 0. It is simply the

a "
t that point. t the flowfield is in no way

special along the particul
representation in a particular coordinate system that causes difficult
y.

h illustrating in more det
s the flow of a uniform stream in the +x direc

T > . '3 i
his point is wort ail. Consider the example

of Figure 27, which depict

the expression defining the flow is the same for

tion. In this system,

oint that may be chosen. It is

any arbitrary field p

v=Ud

for a stream of speed U. The same stream at the same field point in

tes has the representation

cylindrical coordina
v=rUcosé- o Usiné = u(rae) 7+ v(r.e) ¢

which is clearly a function of the azimuthal coordinate ¢. This particu

055€ss constant properties along any radial line

Tar flowfield will P
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rom the origin, but at the origin where the radial 1lines conver
S ge, the

flowfi ion i indri
Towfield representation 1n cylindrical coordinates is necessaril
¥

multivalued. Another way to view the problem is that the unit vect
ctors,

r and ¢, are themselves functions of the location of the field point
nt,

and it is in terms of the unit vectors that the individual velocit
y com-

ponents u and v are defined.
The result of this behavior is that in a general cylindrical coor-
dinate problem, one cannot obtain solutions along the singular line re-
presented by the z-axis without developing a special procedure. Even
if one does not consider the problem in the terms outlined above, equa-
tions (2-36 to 2-40) make it clear that r = 0 is a singular point, be-
cause of the (1/r) terms present. When the problem of interest is
axisymmetric, so that the ¢-derivatives are identically zero, the
classical technique for either analytical or numerical work is to apply

s in section 2.5 to obtain

of interest here is not axisymmetric due

LI -
Hospital's rule a a set of equations valid

at the centerline. The case€
and so the full equations (2-36 to 2-40)

to the influence of the valves:
'Hospital's rule is applied, equ

y clear what the limits in these equa

must be used. If L ations (2-91 to 2-95)

result, and it is not immediatel

The entire problem bec
a convenient method for numerically handling

tions should be. omes sufficiently annoying for
Roache [50] to state that
the problem wheri values On the centerline are required has not yet been
s using an outer ring i
and an interpolation scheme

n cylindrical coordinates
b

found. Roache suggest

a central region in cartesian coordinates,

Roache 1abels th
wfield is physically w
ped to communicate the necessary

is approach as "clumsy".

to patch the two.
el1-behaved at r = 0

The fact that the flo

suggests that a techniqué be develo
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information on conditions at the centerline to the numerical scheme for

use on the backward difference step. It was on the problem of how best

to do this that possibly the majority of effort on this project was

expended. A1l of the approaches tried will be briefly mentioned in the

ir lack of merit can save sOme future investigator the

hope that the

effort of trying them.

5.4.1 Averaging techniques at the centerline

The most obvious approach to specifying the flowfield values at
r =0 is to conjecture that conditions are represented by an average
of those on the ring at r = Ars the first ring at which normal compu-
tations may be performed. That is straightforward for pressure, temper-
since its unit vector is independent of the

ature, and z-velocity (
Tocation of the field point), but more thought is required to properly
average the u and Vv components of velocity. The u and v components,

zimuthal velocity, do not in general

corresponding to the radial and a
ction at any two field p
components in some reference system where

ie i : oints. To avera
lie in the same dire ge them,

they must be converted into
a common direction. It is convenient to use the cartesian

e cy1indrica1 system is ¢

e of the cylindrical engine model used

they do have
onventionally referred

coordinates to which th

to accomplish this. In the cas

Figure 21 will show that this forces the x-axis to

here, reference to
nce there can be no mass flow normal to this

be the symmetry plane. Si

necessary only to average those parts of the u and v com-

plane, it is
ponents in cylindrical coordinates that contribute to flow along the
peferring again to Figure 27, it is

x-axis in cartesian coordinates.

Seen that
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U = u(r,e,z) cos ¢ - v(r.¢,z) sin ¢ (5-6)

gives the contribution to the x-directed flow from the velocity vecto
r

at any field point in a cylindrical system. Equation (6) is then used

to obtain the contribution at each value of ¢ on the ring at r = ar

These values are then averaged to obtain (in this approximate method)

the representative flow velocity at the centerline. Letting this value

the velocity represent

£ constant ¢ and displaced slightly from the origin

b o B S
e denoted by Uavg’ ation in cylindrical coordi-

nates along any line 0

will appear to be

1im u(é,z) = U (z) cos ¢
0 avg (5-7)
rim v(6,2) = “Uayg(?) sin ¢ (5-8)

r-0

at this is the form that u and v must have as r goes

It is emphasized th
on lies in the determination of the value

to zero; the only approximati

and T averages as well. But if the flow velo-

of U, q» and of the W, P>
e x-axis,
the component velocities in cylindrical

city is to 1ie along th as it must, then as seen from various
angles around the point ' = 0,
e of the form given i
een somewhat protracted because it will be

coordinates must b n equations (7) and (8).

This discussion has b
s line of thinking later. For now it

found necessary to return to thi
that no way was found
averaging of the simple variables (u,v

will suffice to note in which such an averaging
scheme could be made to work.

pted as outlined ab
and both of these approaches were tried in a

ove. Mass averaging of the relevant

w,p,T) was attem

variables was also trieds
the average values over the two adjacent

technique that involved taking
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2=
planes above and below the one where computation was being perf
erformed.

T : -
he behavior of solutions for simple inflow cases as described
several

t1 :
imes previously was about the same in all such trials. The solut
p utions

would not blow up, but neither would they stabilize. Values at th
e

C (3 . . -

enterline and on neighboring rings would oscillate in time, a cl

) . ‘ ’ ear

indication that poor values of time derivatives (which of course d
epend

on the poor values of spatial derivatives obtained) were being comput
puted

ne and hence ruining the results obtained from the

dvance the flowfield values in time

near the centerli

Taylor series applied to

5.4.2 Other formulations of the governing equations

Because of the failures recounted above, the use of some of th
e

verning equations discussed in Chapter 2

other equivalent systems of go

nt the best hope for obta
in particular appears to be perfect, because

se ini
emed to prese ining a solution. The cylin-

drical conservation form

the U-vector,

is mathematically wel1-defined everywhere in the flowfield. This may b
e

when one attempts to

t attempted here, the
nservation variables was observed. That

use equations (2-57 to 2-61) in a

the case, but
same behavior as for the

calculation such as tha

averaging scheme 1in the non-cO

scillated badly in time and would not settle down, eve
’ n

is, the solutions 0
for simple inflow cases-

al non-conservatio
n 2.4 has the same P

n form of the governing equations that

The speci
roperty for its U-vector

was derived in sectio
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as does that for the conservation equations; it therefore comes as no

surprise to find that the solutions obtained with the dependent variabl
e

formulation of section 2.4 evidenced the same poor behavior as in the

previous cases described.
on of programming error is alwa
To help demonstrate that the codes

The questi ys important when no

algorithm appears to be successful.
implementing the ideas described above were at least doing what they were
intended to do, a series of checks was run for each program, in which ,
the centerline treatment was altered to that for a wall boundary condi-

gid bar of diameter NG
the inflow tests carried out for this

tion; i.e., a ri was inserted down the centerline

of the cylinder. In all cases.

trial geometry produced results every bit as good as for the cartesian

This seemed to absolve every portion of the

coordinate inflow cases.
sible for specifying conditions at the center-

program except that respon

Tine.

g to note that if a large enough damping factor

It is interestin
s described above, the large time-wise

(.8) is used in the approache
crease to a relativel

ation for the behavior 0
h the particular formulations may yield

y acceptable amplitude.

oscillations de
f the above two special

The author's explan

systems is simply that even thoug
table values On the ¢
s as pressure and temperature gradients,

mathematically accep enterline, the real physical

flow depends on such factor

adequately evaluated at 1 = Ar unless values of the

which cannot be



primary variables can be found at r = 0. Very simply, no information
can be communicated through the center region of width 2Ar, because the
dependent variables used in the systems described reduce all such infor-
mation to the same value, zero. Yet proper description of the flowfield
requires such information to be available. There seems to be an impasse.
5.4.3 Transformation of derivatives

There is another possible approach that allows one to ignore the
question of what the actual values of the flowfield variables are on
the centerline. Note that what is actually required is an expression
for the backward difference in the r-direction for all points on the
ring r = Ar (see Figure 22), so that the corrector step may be correctly
performed. Professor Everett Jones suggested obtaining this derivative

through the transformation

and since
X = Tr cos ¢
y =r sin ¢
X

the required derivatives and g%-may be computed. Reference to Figure

ar
22 will show that on the ring at r = Ar, there is always a point in the
image field that allows the necessary backward y-difference to be obtain-
ed. Also, for ¢ < % there is a point in the range ¢ > %—that allows

the x-difference to be computed, and vice versa. The accuracy on these
difference computations will not be exactly the same as for the overall
scheme, but one would not expect it to be prohibitively poor. This is
therefore a scheme that really should work; it does not. The author

has no explanation.
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5.4.4 The numerical use of L'Hospital's rule

Having outlined the approaches that failed, it is now appropriate

to describe the one that cucceeded. The application of L'Hospital's

rule to the complete set of governing equations to obtain a set valid
in the limit r = O has been given in section 2.5, with the result being
equations (2-91 to 2-95). Considerable time was spent attempting to
evaluate rigorously the 1imits found in those equations; i.e., attempting

to show whether or not a term 1ike §%§$ should be zero at the origin in
the general case, and if not, then what? It was felt that this had to
be done before a valid use of equations (2-91 to 2-95) could be made.
Finally, since no argument could be constructed to show what the Timits
were, the following rationale was adopted:
1. There probably are no specific 1imits that should occur; the
terms required will probably be both time and azimuth dependent.

2 It is not necessary to know a priori what the limiting terms

'Hospital equations should be. That is, there is no

differenceé solution to obtain any information

in the L

way in a finite
about any quantity more accurately than is inherent in the

grid resolution that is initially chosen. A1l derivatives are

that result from taking a 1imit; this does

in fact expressions
te differences in approximating

not prevent the use of fini
 the purposes of obtaining a numerical solution.

such 1imits fo
9 p b i
3796 can be appropr1ate1y treated

Therefore, such terms as 1jg

r=
e best finite difference that is available for them.

by using th
ate computation of such limits is concerned,

As far as an accur

the best that can be done is to resolve them to the limit of

the grid spacing.
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The argument advanced above is similar to that for the situation
at a symmetry plane. One knows the values in the image region behind
the plane of symmetry, hence finite differences in either the backward
or forward direction may be constructed for the derivatives with respect
to the normal coordinate. But as discussed in the previous sections on
boundary conditions, one has the option of applying the knowledge that
all quantities except the normal component of velocity are even functions
with respect to the coordinate normal to the symmetry plane. Therefore,
first derivatives of all such quantities on the symmetry plane are
identically zero. This information comes from outside the finite-differ-
ence scheme, and may be used or not, as desired. It is felt that the
process of obtaining the 1imits in the L'Hospital equations is analogous
to the above case. The difference is that the option of applying analy-
tical information does not exist; one is constrained to stay within the
bounds of the finite-difference scheme.

It will be noted that the correct use of L'Hospital's rule depends
on the existence of an indeterminate form, i.e., (0/0). It has not been
established here that the governing equations (2-36 to 2-40) are actually
indeterminate at the centerline. That is, the denominators of several
terms approach zero as r does, but the numerators have not been considered.
However, it must be true that the time derivatives on the left-hand
sides remain finite at any point in the flowfield. 1If there is a solu-
tion for which this is not true, it is to be rejected anyway. Therefore,
the numerators of the right-hand sides must approach zero at the center-
Tine in a manner which generates an indeterminate form.

The above arguments merely allow a set of equations to be developed

that would seem not to be inconsistent with the finite-difference
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approximations inherent in the overall scheme. There is another funda-

mental objection to the use of L'Hospital's rule in situations where the

¢-derivatives are not zero. If they are not zero, then at the center-

Tine computations are being done at neighboring points in $-space which

are actually the same point in physical space, since r = 0. It would

thus seem that equation (3-6) for the time step allowed by the CFL condi-

tion would mandate a 1imiting time step of zero, thus preventing the

calculation from being advanced in time.

A further problem is that the region r < 0 does not exist, thus

only forward differences can be used in the radial direction at the

This will be shown to cause some difficulty which was eli-

e one-sided second-order difference of equation

centerline.
minated by applying th
(3-11).

Despite th tions caused by the CFL

e above suspicions about limita

criterion, it was decided to implement the L'Hospital equations for use
on the centerline in the algorithm for the non-conservation form of the
equations. It was felt that the centerline might be special in some

way not anticipated that would invalidate the apparent time step Timi-
tation. It simply did not nfee] right" that the equations should have
such an artificial Timitation imposed upon them. When programmed, the
algorithm immediately gave excellent results on the inflow test cases,
and so the next step was to attempt the full four-stroke engine calcu-
lation for the same speed (3000 RPM) as previously. This went well;

e following section. For now, since the

results will be discussed in th
it is appropriate to furnish some details of implemen-

scheme worked,

tation that otherwise would be omitted.
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The computations for the "ring" at r = 0 are handled much the same

as those at any other place in the flowfield, with the exception that

different governing equations are used after the spatial derivatives are

obtained, and a few extra spatial cross-derivative terms are required.

The method for obtaining the corresponding finite differences for such

cross terms has been given in Chapter 3 and need not be repeated here.

The values on the "ring" are physically stored in the same array as the

U-vector for other locations, and prior to spatial differencing, a few

conditions are imposed based on the physics of the flow at the center-

line. First, it is jmportant to recognize that the multivalued nature

of the flowfield does not extend to the pressure, temperature, and z-

-component of velocity. Therefore, prior to each predictor or corrector

step, these values are averaged on the "ring" that is stored for all

0, and the entire ring then reset to the average

-

values of ¢ at r =
d, the true velocity vector t
iscussed in section 5.4.1, this direction lies

value. Secon hrough any point can have only

one direction, and as d

along the x-axis for the geometrica1 situation of this case, where the

o =0and ¢ = 7) is in a pl
ve must hold exactly for the velocity distri-

x-axis (1ines of ane of symmetry. Thus

equations (7) and (8) abo
bution on the "ring" at r = 0. The only quantity left to be determined

is the value of Ujq- several sensible methods could be considered, but
the only one used in this work was. to simply take the average of all the
x-resultants of velocity on the "ring" using equation (6) for each term
in the average. It is felt that this is sufficiently accurate since the
resetting process is performed before each predictor or corrector step.
In a perfect computation, the average would not be needed; analysis of
any one component on the ring would yield the value of Uavg' This
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computation is not perfect, but it is not believed that the imperfections
Justify higher-order averaging techniques involving inward extrapolation
along radial lines, etc.

This completes the special procedures involved in the handling of
the values at the centerline. Note that the use of the method, while
made more convenient by the presence of a plane of symmetry, is not
restricted to cases where one exists. Even if the flow as a whole has
no plane of symmetry, it is still true that the velocity "field" at the
centerline must have the form of equations (7) and (8), with the excep-
tion that "4" must be changed to "¢ - ¢O", where ¢o denotes the angle
(relative to the x-axis) of the line along which the velocity vector
lies. This line is a line of symmetry for the "ring" at r = 0, and
different z-planes will have different values of % The value of %
may be determined through the use of an equation giving the resultant

velocity in the y-direction, as equation (6) yielded the x-resultant.

The equation is

V =u(r,e,z) sin ¢ + v(r,4,z) cos ¢ (5-9)

which, as with equation (6), can be obtained from consideration of
Figure 27. Recall that all velocity components must be zero along the
line normal to the symmetry line. In general, the y-axis will not be
such a Tine, and the value of y-directed velocity from equation (9) will
therefore not be zero. The velocity vector is then along a line at some
angle in the x-y plane. The angle along which it will 1ie follows from

joint use of equations (6) and (9), from which

6, = tan”! (V/U) (5-10)



<%=

Equation (10) is valid for each choice of & giving values of U and V
from equations (6) and (9). It would probably be best to average the
result obtained from the entire "ring" at r = 0.

5.5 Results for the 3000 RPM cylindrical engine test

The complete four-stroke calculation requires the solution of what-
ever governing equations are used at approximately 16000 time steps and
hence produces a tremendous volume of data. Most of this data can never
be adequately reduced, so that results given here are either general
remarks obtainable by merely scanning the data by eye, or remarks which
address specific points to be made from plotted results. One example
of a useful general remark is that pressures and temperatures are spa-
tially constant to better than three significant digits on the compression
stroke.

Figures 28-31 illustrate pressure and temperature behavior near the
bottom of the intake stroke (Zp = 8.6, with 1 < Zp < 9), both in the
valve plane and normal to it, for the rectangular and cylindrical engine
models. A1l are in the same z-plane (z = 44z). Figures 28 and 29 give
pressure and temperature distributions for the cylindrical engine along
three lines, defined by ¢ = 0, ¢ = /2, and ¢ = w. These results show
immediately that even on the intake stroke, where 3-D effects are expec-
ted to be of greatest significance, the deviation from a purely axisym-
metric distribution of results is minimal, not exceeding two percent in
the worst case. Figure 30 shows the distribution of pressure and tem-
perature in the valve plane (at z = 4az) for the rectangular engine.
These results are in excellent qualitative agreement with the valve

plane results for the cylindrical case, even though differing slightly
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in overall level for the same crank angle. This is due to the difficulty
of specifying valve areas which agree when dealing with two different
shapes. Figure 31 displays pressure and temperature in the direction
normal to the valve plane at two locations (x = 24x and x = 6Ax) on the
x-axis. Here the qualitative agreement with results from the cylindri-
cal engine is not as good; there are slight standing waves which seem to
be quite typical of intake pressure and temperature behavior normal to
the valve plane, even for cases where the piston is stationary. Such

, behavior is not found in the cylindrical engine, which is to be expected,
since waves cannot "stand" the same way for the two geometries. Whether
such differences are important to account for in an engine model is a
matter that cannot be answered by the present work.

Figure 32 is a velocity-vector plot, in the valve plane, for the
cylindrical engine and is obtained for the same piston position on the
intake stroke as the pressure and temperature plots discussed above.
Some caution in interpreting the plot is necessary; the radial scale
is stretched relative to the vertical scale in order to physically have
room on the paper to produce the plot. The angles are not distorted
by the stretching. The magnitudes are scaled so that the largest velo-
city found at that time receives a value of unity; any non-zero velocity
smaller than .2 units is arbitrarily set to that value, since anything
smaller is smaller than an arrowhead. In spite of these limitations,
this plot and similar ones to follow provide a very vivid picture of
the flow pattern in a way that other, more accurate data, cannot do.

It should be noted that the pattern shown in Figure 32 is in excellent

agreement with the two-dimensional results of Diwakar [4,21]. This is
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a hoped- ‘
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plane.
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m % D 3
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of the type of mixing
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n
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lete by the time the piston has moved

from the isentrope
onto another isentrope

t
he power stroke (solid 1ine

Thi i
is process is essentially comp
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gradients established immediately after the heat addition at the top
of the compression stroke. These spatial gradients are sufficiently
large to allow the normally small damping terms to generate a signifi-
cant increase in entropy and to reduce the gradients.

The time variation is relatively smooth as shown in Figure 38,
where pressure and temperature vs. crank angle are plotted for both the
rectangular and cylindrical engine models. The crank angles plotted
span the last 45 degrees of the compression stroke and the first 45
degrees of the power stroke, thus covering the heat addition phase for
both models. Again, it is shown that the rectangular engine follows a
very smooth curve. While the curve for the cylindrical engine is slightly
rougher, it is not nearly as rough as would have been indicated by the
total pressure loss taking place at this time. This indicates that
the gradients which must exist to produce the entropy increase are in
the form of standing waves, rather than travelling waves which would
show up on a time-dependent plot.

A plot of these standing waves at TDC on the compression stroke
(following heat addition and the subsequent build-up of the wave) is
given in Figure 39. Note that the pressure wave is almost exactly axi-
symmetric. This is to be expected, since the valves are closed, all
velocities are relatively small, and all pressures and temperatures
were nearly constant throughout the cylinder prior to the heat addition.
The pattern of Figure 39 is repeated almost exactly for each z-plane in
the cylinder. It is clear that if a pattern such as this is established,
the strong gradients in conjunction with the normally insignificant
artificial viscosity term will produce a total pressure 10ss shown on

the indicator diagram for the cylindrical engine. The question is then
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piston and flow yelocities are sm

f the separation of variables technique requires
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y(r,z,t) = R(r) 2(z) #(t)

This well-known procedure [56] produces sinusoidal solutions for the time

variation, sinusoidal or exponential behavior for the z-dependence, and

a solution for the radial equation of

R(r) = A Jo(kr) + B Yo(kr)

where
Jo © zeroth-order Bessel function, 1st kind
Yo = zeroth-order Bessel function, 2nd kind
k = separation constant

The assumption of axisymmetry leads to the requirement

() =0

dr Tr=0

which yields the result B = 0, since

Y;(kr) = -k Y](kr)

and Y, (kr) is infinite at the origin [55]. Therefore,

R(r) = A J,(kr) _

o evaluate the constant A. The point is that the

n of Figure 39 looks as much like the zeroth-

There is no need t

radial pressure distributio
-order Bessel function of 1st kind as is possible, considering that only

ailable to define the funct
sts until non-1linear effects from the damping

eight points are av ional form. This radial

pressure distribution persi
term and the increased magnitude of the piston velocity invalidate the
ons and the standing wave dissipates.

original assumpti
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It is emphasizedthat no claim is made that the process described

above is the correct process for this situation. The gradients which

must initially exist to establish such a physically realizable flow

should not be present if the results of the rectangular engine calcu-
lation are a guide. What is claimed is that the pressure distribution
being computed in response to some disturbance is correct, and that if
the initial disturbance is oliminated, accurate solutions should result
It was felt that the most 1ikely source of an initial numerical .
instability that would serve to establish the pressure distribution of
Figure 39 was the first-order accuracy in the radial differencing scheme
used at the centerline. To check this conjecture, the one-sided, second-
-order differencing formula of equation (3-11) was implemented at the

1 differencings
e compression stroke. No sign of

centerline for all radia and the calculation re-started

at the point of heat addition on th
pattern of Figure 39 was found even when the calcula

e original point of its appearance. The com-

the standing wave

tion was run well past th
nal isentrope established after heat-

puted isentrope stayed on the origi
e of Figure 37),
al pressure. These results would seem to

ing (upper solid 1in instead of settling on an isentrope

corresponding to a Tower tot
establish both the cause of the trouble and a cure for it.

o use second-
pose an additional burden on the I.C

The requirement t order differencing at the centerline

in the radial direction does im
ns presented here, becauseé experience has shown that

engine calculatio
use of the one-sided second-order first derivative of equation (3-11)
too near a valve severely degrades the calculation. The relatively
used in this work is undoubtedly the cause. The

oo far from the centerline to be allowed to

coarse resolution

valve points are simply t
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give information describing the shape of the flowfield at r = 0. The

same problem was found when using the one-sided difference equation

(3-11) at a wall near a valve in the rectangular engine, so this diffi
culty is by no means related to the usé of cylindrical coordinates. 1In

any case, use of the scheme seems toO require an additional ring of point
S

e and the centerline so as to better separate them

sided differencing scheme in the

between the valv
order one-
e may not be the only workable approach

The use of a second-

radial direction at the centerlin
[24] in their work on unste
milar to that above exists when the MacCormack

Dw
yer and Sanders ady combustion phenomena

point out that a problem si
scheme is used with shock fitting. Spatial differencing at the shock

order accuracy at the sho
Details for avoiding the problem are

is reduced to first- ck because the shock is a

discontinuity in the flowfield.

not given, but the authors refer to the work of Salas [57] for informa

cated techniques. These may well be applicable to

tion on more sophisti
the present case.

ults for the exhaust str
they were found to be slightly rougher

The res oke are not as interesting as much

of the material discussed aboves
a result reported by Diwakar [4,21]

than the intake stroke results,

t to be due to the boundary condition which fixes a con-

This is though
xhaust valve. This hypothesis should be examined

stand pressure at the e
n terms of the feasibility of attaching

in future work, particu1ar1y i
duct to the exhaust va
t is that Diwakar reported difficulty with the

a one-dimensional lve, as discussed previously

One interesting poin
valve boundary condition unless the amount of heating applied during

power strokes was kep
problem was experienced with the current work

the compression and t sufficiently low to avoid

supersonic flow. NO such



-102-

Heating was deliberately applied at a Tevel sufficient to result in a
greater-than-critical pressure difference at the exhaust valve when it

opened. The flow velocities near the valve temporarily exceeded Mach

one, then settled down as equilibration was approached, but with no

sign of difficulty. Possibly the artificial viscosity term in the

Present calculation produces this benefit; this should be checked by
adding such a term to the 2-D calculation. The corresponding test of

removing the damping from the 3-D code cannot be performed, because

the computation will fail for other reasons. The test would therefore

Prove nothing.



Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

The main goal of the research for this dissertation was to explore

the purely fluid mechanical problems associated with developing realis-
tic computational fluid dynamic solutions for the flowfield in an inter-
nal combustion engine. A wide range of topics was explored, including
o- and three-dimensional engine

both viscous and inviscid flows, tw

models in both cylindrical and cartesian systems, the effects of differ-
ent dependent-variah]e formulations of the governing equations, the im-
portance of valve and wall boundary conditions and the effects of various
approaches to their treatments. the problems associated with coordinate
system singularities and the worth of various approaches for dealing
with them, and actual four-stoke 1.C. engine calculations for the models
considered, with attendent comparisons of these results. One main con-
clusion is that there is 2 virtually endless amount of work remaining

a variety of interesting
s regarding those things which should follow

to be done in directions. The author has

reached certain opinion
ch are perhaps not ready for further

immediately and those things whi
These conclusions are:

work as yet.
id flow, full-scale models such as dealt with

1. The use of invisc

here and in Referencé [4] provide good results in simulating

ts of I.C. engine flowfi
1 work can be and should be done with these

many aspec elds and combustion pheno-

mena. Much usefu
models before proceeding to the relatively much more ponderous

viscous flow calculations.

-103-
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The three-dimensional solutions developed here uniformly suggest

that three dimensions are not really necessary for current work

That is, the rectangular models differ slightly from both 2-D

models and cylindrical models, but the results obtained in the

valve plane for each of these seem similar, both in terms of

henomena such as the overall velocity vector patterns

gross p
more detailed results such as pressure and

and in terms of
temperature distributions. This seems to indicate that results

obtained in the valve plane, while not able to represent the
entire flowfield, are reasonably useful. Thus the flowfield
normal to the valve plane does not seem to be strongly coupled
to the flow in that plane. A more sophisticated fluid dynamic
model may change this conclusion, and for that reason it is
hree-dimensional algorithm that

desirable to have available a 1

o check such possibi]ities.
etric calculations obtained by many inves-

can be used t

Similarly, the axisymm

s for the compression and power strokes (or even all

tigator
h a centrally placed valve) appear to be rea-

four strokes wit
sonably valid when compared with the 3-D cylindrical solutions

They could possib]
by using initial conditions which

developed here. y be made even more so, with

complexitys

Tittle additional
y swirls that are produced by the

include the type of velocit

e open valve on the jntake stroke as shown here and

effect of th

in Reference [4].
A technique believed to be the first of its kind has been

he treatment of general three-dimensional flows

developed for t
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jcal coordinates. It produces qualitatively excellent

s and verifiably exact (as on portions

in cylindr

results for many caseé

of the indicator diagram of Figure 37 and for stationary-piston

results for others. Special treatment of radial

sary at the centerline, but the method

intake flows)

differences appears neces
e has great promise as a usef
and without doubt provides a capa-

as a whol ul technique in compu-

tational fluid dynamics,

bj1ity not known to the author through the use of any other

available method.
The "clumsy" suggestion of Roache [50] to the effect that cy-

drical problems which lack axisymmetry can be treated by

gjan grid in the center,

1in
using a carte a cylindrical coordinate
grid at the boundaries, and an interpolation scheme to patch
o, should be tried. It is recognized that this repre-

the tw
sents a substantial effort, but if successful it would provide
useful comparisons with results from the present approach.

suggestion may also make more efficient use of computer

n cy]indrica] coordinate

Roache's
time because 1 s there are too many
points near the center and too few near the walls. This keeps

riterion below the Jevel available in cartesian coor-

the CFL ¢
arable numbers of grid points.

dinates with comp
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A. Program Listing for Cylindrical Engine Model

-107-
] iy &
a TV 2
x ~ N~ =
e =
P— i xw e u
woro X ° o 3° o

« ITZ w il <
wzx FHONZES A em 3
caw zw 3¥ B A e -

C o p T A & = e M
wwE>FED * 8 B Iw 2L W o
> = D o wa ex & N o &
U om30onaOx < nFat = £ & 5
ey ST - snouox 3 Z 2 7T
o< C A > 0O & ~Avow e & &6 o =1
SCLoNwwd-EZ na a5t 2 22RO
yram st O L ey A A~ TN

TR T 2 2
DMFNMTNAvl o ZToneav ¥~ = R
oo &ax T @  Raeesd Sl

b= *H z w oo 8 2 3

MMTWRI;MI w N e0 B 8 250"
T Pt oW ¥ Y Sae
Sz< 2z3 w A O cocar
VY ol - - a0
i B AP 2 O~ s eAnAnAns & X0
HAGRTAPNBE o - INAAXXELNNAA &
Zrzwa voO_ S S 1 senmasssnanii f9
UITN)OIYN (=] A DD S
woy mEIE< e N e A rriv iy
e San » a= - K dgfophet iy
EOOE supmm. bt X e e
Jodm0on o<IT X it ki ool
w oao S N ABATTTTTTaon -

= o sn— > XEO0 0NN 8

w o
SAw >o008e0 N
oON * Y-~ =T =T =N il

HI4,LZED/ THYy1HR, THP, 1HZ/

Jocowws

o= <= > < * ®
HT“DMvMWRK . eplESeum R C
Lzo0 & & e gt
W.MHRV MT;E w soc L(vvvvvtLLIm
LECDRvNESXT o PR T L Tala i Al et -=s=ai
mznxoIY> w v ZH)D(RRPFZZDDO
-r-Oowse » o oo T IS
DMEON merzx Z OR(,'UPUPUPv'WP
WO AES ——e ™ o AmOoaoBasAA O
e zzrozw__ 0O o wwm DS E R
w EZCTRON)C . LS'D(U))))))((ISIP
SBROCZSERL ¢ Eng S TITIISabeser
= ~ ~r W WO
SowezELhods © e R
: i ao
IHUHSEWSWHW . GvT(DQDDDDDC%WWH&M
LUDTIL.ENv o NSLR((((((((((1E2J
@ Z DZEw>™ i =~
<Fucz<o<LS I ™ Tead
OOTCOINREUR = YoYU muao
—o e cx~O x woo o 2 2 TLaP
%) NNTANPP - szzzZZ Z Z Z NSWoOkN
NLIOAVIEESC ! mmeuu Wy Y TERRs
L e B & - e FE - Bt
rz DTV n ow <nou<<g £ 3 3
IRTRPNNASSE g ozzz>>> > > >
L wEWe ™ WO mwwwess o 5D ot
Ry v * PEEEoSD D 2 =2 BEERE
<« 8EZZ5e3 @ ° o <L L
w w w w ooocoo
=y
(=4
a

4 t*t*tt**ttttttitititt*ii
.*aMhM7M90\23L567890123456789012%
111111111122222222223333



-108-
L]
=
pe=)
x L .
~ *
w x ¥
iy <
- = .
— - a wv
- z r©
o 1 < Z
o = =
uw " z ©
'y ~ (=] e
~ o =t
J % 2 ST
- -« <z>
> = £ )
o 0. - o <
= P LK - YA P
v N <
>z we X wuw v
W aa * Px<
¥ et A -
- we & < B
o ¥ - > VRE
A= <
< ok W & wo -
Q w e e L zx
4 e O™ [
- Wit t mly
FEWSD xx
. w NN W
o z - e~—~ =S
17 o ®3 TN weZz
< S & ow
— - W EOT Lo
w - el T
o e our o
”~ o * ID
a W :T._m = W
o o N z<
< - ~
& - = ewnd wax
g ZO™~* ol
w — oMM b > U
z e e
o =N, o
-~ Z x e & x o
- gzl by
v X ruwmM ok
- iy <<
z ¥ =z TNAw gw= T
w L4 MD
r = < Zzow e B
E < -
=) e K W o m=
D m & B wo T IEIEM
e = o s R - Vvvw A
w O< O T =W i e
F 00 = ox—ow (o) 4= "
— ey G nenan =l wunnn
3 i E w O w >
e @ nemnE OID ettt
> 2% 8 caav= _OZ z=z e
S oF & oxIokE Zx NNXXWA
3 S o <<x<E om0 IIAAMH
0 < s Suo - O TETE v
. WS o B e - e S b 2
< < - e
o & oy w o W
“ 2 5 o - wur
o o 9
ral n
wuu EYETS) CueOYe

**tﬁttt*ttt
45678901236567890
IIITIIN

MMM T T3 T

NOTE VREF IS REFERENCE SPEED OF SOUND.

SOME USEFUL CONSTANTS.

x
~
-~
d~
& -d
Z~ -
s~ w
X ac
~ R
grs ]
o« ~ (= 4
~o | e e e
o+ il Lo I «
<> > W <OF
WgNEL J X S
1 TLHE O 10X«
MiNWwe—E Q OE
- o O R W I wUx
= [«8 Ad O
je=NE AN < O
- - N~ E XN
al W 83X ™ LE b
> @ O <C«OQ L« o
<~ WE ™Y OOV
s xuwn ex &cx il w
< s nonun
NE el W "
nwZ Faee—O
- A X~NEXFOu

Ff OZVdJd-EX EOeWw
XTI WeUWWCSEIICOX x
EMNAQUHOOXTHOVLOVLD

ititi**i*iititﬁt**

R R
1234567890123&56789012365
55556666666666777777



-109-

~unwm
Zr—xD
- W

L =1
O T o
o VO -
-t Oy Qa o
2 *H X
< = = « W

- ® - X
22> =t & e
(&) o= X
- CE T X o
«Dxm <
LYOogQwy Fuw

U p=Z eor
on Ve x>
- Z - -
WOOoOxk XJ
- -0« xx
e O . =
BOC QO X<
OrF>wnw k-
O E X J
e b Gk MK e ~
>NWO LY~}
o Zr- - &
—uO  wumd
CEOLOOW OE
N | ZWV L1 -4
O AU
>200Q0CTH~ »
<z XX <@
T SZOxE
—ZOmMN3a

[ ]
w
x
w
-
(&)
(%)
w
xz
-
-
1=
w
-
-4
W
(%)
(-4
(=] L]
L] M N
w =
a w e Wirded o & ZQ
w w ZF xpk=\ =
- 4 wn - WD W
w — — LnNZ200 T W
7] = ZWOX >
- = - W OO Z k=t
(23 (%] (%) <~ L~OX =
« O~ - 4 e Z v\ (x o0
a Ou o o L= DD0X  wXx
-—uw =z ("9 0 s I
> [« 3 < © 0OC LI >C ™ =t 4t T T
w o Or Z X0V NWI - oF
T == v a ©C @ OXNJd= »oxXE
€ - « Q0 w xo - EOOVOUWVN D e
e o CEWV Z CdAas WiV NI XXZ=-> 0
W wa - Wl < XM M OZm -
o N~ W oww s P Y XOZUV = e
>% 2 ~uw Qa - oo - Z SN ZNY N Qe
(=] s () M VT O W AXN= _JAL<
i - o a o Zwv X Ony ZnacZnvcx
X oun ~O* HAamO safill D ONJIZZFWO » =
-t ey ¢ ol B w —nw Or O ONCSUWHH=EOF
- Ao OO o= oo J x| ~a O OPNMOUDCAEOCQ W
4 C N XHiHlwhihaa o s OO e
(TR w O nHEON o Ow =2 > New X OOV W~
~N Q. " _ e AAZAaAndE P WO OXIV W s
Ml e X< ONXMX-re=EF D WCZOoOOY XWN
wWE VNOVW O W ™ Wwpwwwe O FEmMZ Jdnk-XWw
- € XWX WE - -XTZTXIITT Y 2 WX
e e AQLEWAYXYA D Cwaaooaan W xXO>»> OoOunNXEQ
X = ND>DO™MNOV A O0CNLUVNLNUY = B s=WNTS
- x () EX AT =N
>4 o S =) o o o
b=t 2 O - = o
(e} o (=
™—- -— o
[(EYEYS) (TS TE] (SYSTS]

LB E EE R R R R R RN R R E R R E R R R R R R EREE R R R R R R
OANQOAO=NMINONOOAD=NMINONDO O=NMINONDORO =N

Lalada T de ol ele o oe ofc o Fo ol e e]- oo e e o Yo No Yo No Yo Ho Nl [ lo fu [ en [ Jom Jov kol ol o
Lot okl el ol ol ol ol ol ol ol



b

x 1 | 4 s iy
e aTNN J L5 4
VO =D L .
I N =z { e
Zru O e W =
OO 2 Ay
—ooxo ¢ e
e ~N < s WXEN
£ L e o FODu £
e < T ox ANk ¥
Wewao = - e~ =

W ™D W
- o
WrMXw W
et X ®

=ik A OV
—r— XKW
x Joowax

N e WA TN N O
\ X SWEA YA
e S T P Ll
O 3¢ PP o=t ! DR o
OO W e » eWLINONT
—~—— i EN 20V @Y oo .
O e e eDAINXED
N.ooS.ZZSEERéMC)
ond o s oW e
e 1 ozxw eun F\ EDS
GL.I9|:R9TE.NA2
VTN ONX *OXZEW “%
BrsN O ey gad B
e § e Il"’nﬂo -y BC) &
it ok PUZNGE S8 T
i X.lE.UbEL”'
Xz el e O
OTW' o st @Y ZC.IC'_
- | A ZwEoxeZOu
o DU Rl S

PTG
VA~ ey VE

> 6xE4M
jOn ) e~ x

NECZ TN N
2D o=
WO XHX2ZW

Wy IT=oouws &

E2< VO paDo 1Y & 5

< Ui v zzer eXX2XO

T CWENOW AXNN“SE
[ Jo 4 o

oo W Tl zy ww3

XZOJE &> *

NO~> b N wil P un
1N,C.—vA-+IEMﬂMX
oy \ N IO

LY, oyt XX > — 2 z O

E
N

FIRST CHECK TO SEE IFf TIME 70 GUIT, THEN
ITERION.

P.
STEP BY COMPUTING DELTAT FROM CFL (R

LOO
X7

mE
IF NOT BEGIN NE

BEGIN THE T1I

oY

17
ARTING O = c
J:1 N ITERATION #7,17,”« DO YOU WISH TO STOP?7)

;L,1)**2 + U(3,J4Kslo1)222)

3~
L T
=
LY
N
-
o5 (5] = L
~N T -
s 20 +*= =
= o [ Y oad
NI a
o g = % o
= = il ® I
e wl W (g
-0 = o ol
= W oor o
e H M T -
- o ~N
i N SN W
o > o WX X ed O
g 4 —_— O oo LIL™
4 = e EXY e~
ol v Yo = < P~
o -t D ed & & O F
. e e WWyy=r—DTk=
W N~ SOs00 S
v WD s enune W
—eOOX T X G
- OO dd I AT °
ol N Z W o ol bl
Ot O~ S OENIOD WD
ORE(TSTRT AN IS o Z
BHTEAI\APA:EEOOO  anllanl
..INITHDHIT. core—e—UH ok
O e e v ® V&
OFHROEOFEEFFOOOMTFO
i BuEemaomooaceny
w o wn O o
9 = N -t
o o © =
T A .
i*ttiﬁ*titii*i*tit

00 O v (NP SN OR- 00 0 Oe~
33314141*41*1414414‘55
—e Tt T

sapunes Rt
252 st 5l st AnL bR e TNnans
1111111222222 11.1.11.111.1.1111



-111-

* 0
wwn
4 4

»
~ O w
-d L] o X o
w - -
o — b -
av wnz
(' =z o
o ow O
(8- oc.a
w [
= > ot
-l o> >
- - w L el
> [=%4 b4 -]
Z0 (=] <>
L4 - =2 o X
e~ = ow - W e
~ w D= Wvy X <
(- 4 ©C X wo uw
" o wZ OoOZxox =
- - bt R o ™ —d
€. ] (%] A @V O
(] < [Ze X% 0 o ool od
a >2Z Ve oW
@ =z o - W U
o L. 4 (= 4 - oxoeed o
Q. o Lo o
= > (7] D ~EIRXI ZO
- [ W ZOO>X « |
1] — < | o Tx mmWAWw ~N
(=) sl o~ > >
(Y7} (=] [T V] ww oW
bt < wE Z2 L4 [ I | (=
~ w O W o 111} o ~N
> - ox (X7, NN A B B [ =) «
Q. + w o ~ [ I I | ZZ O ®
o (=) * ar LI I I | we C> xv
&) F u i < PX S A —— FFs
-l « < x -~ <=z = > Q. ()
(o] - XV =t 2 OCX *« O
(-3 Z - —-E 2 wo < —X < (L}
- O o Wt Ly o wor bt et = -F &
< - - O -% o< O aaa ve-— o b o
- e NWrWw€ X O mExd 2= O ee T~
- W - -~ Z OZOU aNME OV S>>~
w o x N v © WAWNW < - WO A IOEODA
o @ o v EN OXEFx w - e ZZm «
o - o —_E X WONWD W> VYVVY VW It & =) ) NI
* (S ~ -Q. T 1> CEE~ N
~ 2z . WL KE P XXX | =X SN AAAA
- 1} o O L 1% > ZXZIZTZ L L] X DD OY
w o O - e ~Auwaoda - o« <L << =N = P p b Pt
WO o= O 0 = ONOXEE> WW XXXX WI OV = o
L = WOWN # 1 CCaEUx NIT VOLLL Xi=- o™ & -
[ I a e Oow | =T - o p¥4 MOD & s ol
a o e wx N o VVVY Xk ZOOWXEMXXXD
- w oM w a ong | " o= 2 00D AL & & & o2
< @ M~ Z XxXOUrFrX M~ X L9 N OO =A™= ™™
- a e  WZ e NWZ JNNZ WX O < e - o & o
- E wd wwar>mHIS x 00 WX W NN
W = OV @ WXOwwLxulwx <« O &« ¥ wOOX= ~ o O
O & aZ W =LUmMHMFHMOWIDOoOV aw M WV =oAL DDOO00W
< e - -z
- w o xo ZO0 O o
w o ~ (- -4 0N Lo
o o o
- L o
(SIS E) Vo LLULLULLLLWLOL

AR R L EE R R R R R R R R R R R R R R E R
NMINOMNOVORO=NMITNORNDC O™ NMTNONDOCNIMINONOOO~NM
NININNIN NN O OO O OO0 OO O0ONR RN P I 00 2020 0000 2000 00 QOO O Or
e e e P e e T T T e e T e T e e T e e e



-112-

ar o

xoO>

* (T/UCS5,34K1,1G6)) 42GOGM1
T
R

1
6
* (UC4,J,Ky1,IG)/P)**GNM 106

Gl yKy1516) * (T/UCS,J 4Ky 1,16)) 22GOGM1
LedeKy1,16)

V, JMAXEV
GAMMI % W) x 2?2

EWANOIT

Waeo 1 M-

Kuc e o & o

o 'KTIII
Or =" e

e W euthgiigie

sLE.54Cs) GO TO 1070
M
E
T
A
X
AMB

1|4|=U - e oo HE™

-— L-SN(

00H:=G(MWN WTM (Y=Y N e
o o=

DDUTT

o
o
o
-

SET THE CLOSED-VALVE CONDITIONS AT THE INTAKE PORT.
M
A

SET THE CLOSED-VALVE CONDITIONS ON EXHAUST V/LVE.
1100
E
1
1
1110

C
C
€

*tt.wt*it.'«it

PER SN SLON 00 O
enxd O~nNM
**it*titm123k56ﬂmwzzzzzzzzzz33
MR EEREER 234567801111111222222222222222
55678WWm00000NN22222222
OO NN

NN

NN



-113-

- L g =z
X l & W
(U] D X .~
o o -
w 3-] =
L] L] Q
« * Z -
~ ~ L %]
~ ~ 4
. w (-] O
[} x [ —t =
- (-] 3 - (70 Nl
a. o - - —
w - - aw
@ « Q. » >0
(=) - F 3 - -d
~ < - 3 n
[ =y ~ x > w
D - < 2>
n — - . x X o
L - [« 4 - «C
- -l W w w o>
p 2 - ~ o o °
™S L - < - Y o
- -~ -t ~ ° T
=z - - - - b
Cc - ~ >= e P
v (%] IV %
o L « « > W
- 'S < W
" -~ ~ o ~ X x
- (L] (L} ~Nw
> ~ (] - - ~
> - - . n
L ] -l < -d w
- (o] N [ = o~ - ~
< *« o~ « a w x X 1]
X « <9 L > (=} « - -
- ~ L) ~ < - ~ (= 4 LN
> - > K [%¢] - X
= > > & - = Zr
[=] « - « = -4 « X o«
— - - . e o o L - -
- ¥ L E 2 ¥ =0 e
(] b = - .~ ¥ ow > ~ ¥ ow — o~
[=} L 4 e OALODF- (] OAALSTOD - anlw
<z &N O & OO - ANMHMOUO z >
O XX~ & e [k = 23 ok I N (el o]
“ CC<OAINID-d N - L N W am
EEmD o o) S/ o ETE o_) ernrmnmm -4
> St NN * DWW Zz X & WOW > &
o o e_) & MO ¢ rdb bt o LR A B L] o Ow
- e el A~~~ CX LY W T e L' < - O
[ -~ O VUVICAIL QA d o ar
E HH =it 00X p= & & & > HHCX= & oo Z-w
x b B e B W= x E X W X oox
> ®ma edddd XXX << M) oXP & o o oZ<
(7] N eox o 0 of\| bCSCTWL O - eoxxow moOw
COVNIr-r~r—wNgIIETID Z 00wWNIXXXD (%
W MMIOWwU eeedwy) e o IVIDODvNCagsZ w Z
I e Dwm=m=m Dwm=m=Im O v DWIFEE™~ I>Ww
S L] e o m e e o X
il N HNNSTANZ Nlle—wnZ < <
> OO> = St St 3p wwwg »> OCD O O
- QASKFFDODIODI>FF-DIDVY 4 QeDrFrFDoO2V JZ
o o a>Dw
a D e & © ao«x
< N M < ~ <M<
- - -
- L -
COow (SIS XS] LVUWUW

AR R R E R R R R E R R R
NMITNONDO O NMITINONOOO=NMTNONDO O=NM N0
MMM NTI I T T T NN NN NANNNN O OO0 000
N O AN OO A N OO NN NN A N O N NN NN NN N NN Y



- [
e e
x w
= v
b =
«
o v
~ . A
~ O e
o wn = r -
(] - = = =
- o el & a
=t = = Z
x © A s
. < P s o -
ww r - U :
e« O = =
22 <8 5§ ;
- 1 - : :
= ~3 2 & :
e D - s <
n < o P :
nou - ‘. 4 A
- bt * ~a -
GV ~ 2> & Lw ]
MA - & 4 YTy, o~
o s (=] - o 3
“w b 4 o -y 7
i y z - o -~
~n = \I i uE & Gp=t=t ~
oA - > il " 220 2
> « > w e o lad Y
i k. = « =W oo ee b =4
= Ln= % —T xxoo O
EXr +~ «# < X ® - e TEec =
-— »n * E X & 9 TRIE G
2 v e X = x o s oEE N ))
&d A E e = wo — e e O~ KW
ww = = < u - - P - o= D - I
e * =" ° * - z L b R eIt 7
S | ~=wn e X - X Y. NP e e ten s
= - e e = DD o )= (%]
% % W 2 ¥ = z -y M %" - ™
N 2 0 Ehe o & 4 oV I+ o3 od ) «
x zza~ow s v ¥ E b AR =25
x JAXlI*:::. S T Loden g XM A/ OO
L s W AOANOIF N museie B8 T e il
L. X, LM - g = MIIGGH(I.I!.I EEXAA~AL oW
wonon T S DT e LrrE e
oial ® & SwDINn EEX K o b

* %0 O
s <ri3viis AAEEITERESS
§ e e NNE S SCE FWRRRES
s ® ~N Y ""'l“

—e o &
PN OSSN dd

N2 oE - o s &7
em VOO
W
(L] o
- 1T i

e X A NNNRNEX
IKT-.AII

HCEEN o= 2XXX

JtuiNJ - oA L L O
ELKLJTMMME-JT111 X i =
= o o & ° o & o oW =
ﬂ:GGU(SQKKK&GSQKKKU W 0((450UH+§UUHIIOMM“M:E
1G..SU(S'v-KU(S-va gl e zo>= moese ez
4!-HIJ\J1. e L Lo T w2 ar- < S Q= C S e .
L(l\-...: o o ol PO o w 1::::1:::.7-:: 1"!'1'”
s _— i W 3[45N zwV nx 1]
MWFFOH G“(FU._(((O z2C g 922 e 'oTSIElS
IIDHT?UUUIHTTUUUC <z S23ara53arw232ra333 53
z= Do
o @®F S
wn OoF = 2
- - =
- N k
IEIST=L 4 )

* ux P R i

~ *i**ti**i*tt*tti** I EEEEBES
68901234567890123656789012345678901234567&%at
266777777777788888888889999999999000000000001
222222222222222222222222222222223333333333“”



DO YOU WART TO PRINT EVERYTHING?”)

o Q
~ ¢ O
M \ o~
L [ o
o
o - O
- . -
\
o o
o T O
~
M o~ Z -~
—w O =D
- —Zo
O+ m -0

[ o]
XN~ W

PRINT ALL GRID VALUES AT THIS TIME STEP.

C AXTOWLNN NZ-
[ o Nt 8 6CIX e ¢ o
z ¢ W OG-
=~ Q=N a2l
X W e \Ow e
[+ 8 S O =N D
OF-r3Zwuacwad Z
© =eZoOoFOoOmO
— VX <
e TR e WO WM WY
W e e T TR O T
x
(] w
- ~N
o
o
W Vuw

-115-

-4

o

-y

[l
O -t

L X% ]
~NO
- Q.
0
L~ N
>x O\
N—-n
— Wi
-y L)

-\ A
iy o
-y > W
Qweo
> E

=t O\
B @ &
F SN VL V]
Zdv~ o
<< ON
XU o=
Loy O
\ -
o | x
-t N
>N e
LO XN
o |

L ~
[ > _4 (VO
W o JO
A<D o
— e Z XN
~y O
< req D
- Nk -
o 2w
¥ wwea O
XX o
=) NN
x axli
wil 2z

z)’.?x‘(U)’,Qx‘(v)’,Ox‘(w)‘,Ox‘(P)',?X‘(T)')

~E 2>
oo -
et 22 et - *
VAN W @ e e ey
A IO ey &
O JiNnw -
MNSNSmwes N e
Oy U0 X by
O e O™ X "™ raw
AN ONZ AN SWw ew
N ZeON~ODOOW DR
O OO 2 —2
WSW sNUCr~e=vv— LI ry
WX F e =

—HEWOQA X HZexz
xO ™M xO0000O0OwOxXOO
TRy BeOOOOCLUIERRW
LadaVl gl
o wn Q QOO
M - W N
o [ =) - O
o o - O

IS DESIRED.

“PLANE"

SEE IF DATA IN A FARTICULAR

C
C
C

~
\
[ o2
4
o
b4 -
o w
=] -t
% o
H >
~
@ il
- L e
- & -
= «< Z
[ x o«
P [
- [Z¢]
< - Z
< - O
(- > (&)
(=]
- x u
o =
z 2 s W
- M w
- x
4 - W
- O =i =
«< - <
o . Z
o W~
- v xr o
=& D (] o
€ e - O
B> @ Ok
Z0 WZ
=1 T=) - —
Cx—-O P+ T
> QI 0 (RS
- Wl ==t =

~O O DA~ IT

OCamnuUOxONIZ~
W WNWZ —Maunn N
O xXe= 8m s OO X ™
Or=-Or-0 OO0
eNNZZ I & o\
O S PO &
~ = NCE (D W =L
W™ 0 W 2 WU e~
—EOMIOF-YO
- Ak ST X 4
O WM WXEO W
B b O == 07X R b (X

oo on
ownm L alal
~NO NO
- -o

A AR EEREEEERERRREER R R SRR R R R R ERE R R R R R R R R R EREERERENRREIHMR;
NMITNOMNOOCO~NIMINONV0Or-IMINOMN0 DM NOA 00O ™ uMgn
T e e e ONN AN NN N NN O N M N N M I NS ST T T ST T8 N T NNy
el alal ol ol ol a¥ ol oV o T ol oV oY ol ol ol ol ol al ol sl ol oV Y ol al s Lol sl al ol oW ol oV o oV al ol ol ol oV ol o o]



-116-
-
L2
a
-
=»
" >
'rn [
w >
3 >
“ [ ]
E]
© =) o e
o~ M o = 5
~ ~N o o B
= - 12 .
7} ~ ~
o © ©o % = < *
= I = o " :
%) [ - *
. ol - g - > O
® 4 ] To aril X M
. - o%% o
T A 2 & ®9<Z.a S
. = = o= &0 ZHHSO =
M a o ~ ER " e
- b - =
- e . s ~Z )-111“ m
a w w w owz oA '8
Ff 2 z z o9 et D5
E _Z 5% oxnN D8 jumw O
W - e T 91m)ﬂ1L S e
> o~ , Sy =
— Iﬂ1WCﬁN16(v(7)000=WUN
T @ @ -4 (TST(YUN% i
> P=0P=0P=EA(AEE -t
e s mECEFXTT (Z2HZ
e NP I (YIR.ARI( OO(ORO
K. FEOFEOFEROEORFODDQCHC
v IKGIKGIKUFRFHID
o ©
b o o ©9 5 m :
= { =
NR e v "
Www
xx*
******tt*tﬁittttabuhm789
%W89O1234567Mwmﬂn7777777
5566666666333333333333

MY MY Y VY W PR P R T

- -
- -
a Q.
@ -
= =
> x
' -
> >
> >
- -
= =
5 =
- -
. (=1
[+ 4
e = ~ O
- o \ i (=]
e X s W
- © e =
s O o
- ax O -
= &~ x> © X
<< © << o
TENO - ETEWN >
b - . -
o T ~ e oy
- s A = e
- O - O
HHwn = N Hune N
- A =) -~ O O
S i~ O OX=im~ O O
~ Sw ewiNv Du euwiny

-3
ooo

omnn =
1111)TTTT111)TTTT
- e
OOOO(OROOOOOI\OROO
GDDDQCHCGDDDQCHCG
&5 o o © o o
s o O N MM
~ NN M M ®
- ‘sak.aiil E
tttﬁitttttt*attat
S - MINON DO TID 20 O
88888888889999999
_33333333333333333




-117-

-l
< (%]
- \
b= @ Jd Woe
< O e W0
o e D
w WE~ @O >
Weetn WE
b xrwn oo |
x x o0OxumN
= o ©
GOV ) Cad o -4
w ) owm - =d
b= xw xZdd w w
= O w O« ') o > '
Q. o o
=, (S VR WYTRTVRS - - ~ ~
(@] XX WX w (1.}
(=] [=1 %= §7V) - ~ ~ L] ]
w EI P = ~ - -
o L Ot (L] w ~ ~
I A T ) ==t I = - bt — e
-2 ko [ - 'S -
= . x =~-Z w Pt ~N a a
Vi (WP [V VEES ) — — — —
wo WX Zr~Xx o L - -
Py V\ WO OW o o a x ~N
< - V> waoz C ] =y &
ZCo wwoz - M (3 - - —
ok LVIcaEn O - - -t [
o ZFuWDe o F - i ~ =
@ w NOo wnx (=) - -4 = o
co xuw <www — — * .
o WX 22U ~ - . <
(Y7 WLHOOmZ o 2 ol n
z X WY ] ~ +
[~Y o] ~EO 2 ] = 1o
- 4 O ZVuue ~ * ~~
W p— ~ o Z O ~ o~ I -~ O
=< x OXEOZwX x o v -
w o ~ QX e - >x e ~ - -
'g ~ CL>» =D < & VO ew ~Na
xw - IE I E N - O ~NOo —
=) % W dDke2 * - T - -
- W bt WECSOT W~ OO L3 N oy o anN
- Q. C<ODUWko Ow a — a M e
- N >x a m e U T e e e O =~ < -
w X ONX X NrOZFRPOV ~x e a = e~ - -~
Tw € va o« 0o <= | D - - - - o
-> z Exx xil <« w oOw + - O ™ [~ RSN
-l *« ) < VO = N e onace - v =~ o~
TO o auwe FELZOO @ - — -~ ow
DY ™ e X O W OO0 & S e M am - T e
= U7 ] Q = Wk D v —— vy — D= o &
OO I =izl wk= OZZun ~ ~ X W M N
xz ~NQ I el ANHED N <« D n e ~IN ) =
I NeH>xAQL O XO> e ¢ w O w X W e O O = W
pes - e Z-X oW - LR Qo =~ ey ™ M et Q.
] ([} | O WA = W WM WO i wse W W
LW O OEQ VW VEeEMNMNC WL DL DWW XD 2DZO [
O Opube OO DU > sQNAZ MAZ OANZ e=AZ oNAMNZ
O= ~Nunnpewn. Mal OUr M e Ft OM bt et I bt B pi O T Pt AT T ot B0y
-l e = LTV R e e e e 0 N e e N e o e N e Bt € N e e
< aa n A kW W xXZw XwZ X~ X~z
> OD>D>OC © ao-e- CZA LLOoO0O0O0OLONIDOOONOWROQADO
- aONNOoOo WWrE-D ] eNOAWVOOWmRAOL WUoLW=LOL O
o W dowe - *
ww o WFODaIWZ o © oo 0O 0o © o
ma = VunZTxoxanN “w O M~ o O ~N
M M M MM M 3 3 -
- - - e - - - -
COUUo VLUV LLULULWW

TR E XX R R EEEE R E RN KRR RN N RN RN HEE R E NN TR N KN
NOOCO~AIMPNONDOCO =AM TN OO0 DM TN ON 00O e AIM TN O N0
OO OO0 LOO T e e o= v v v (N N NN NN N OV M) M) N W R PO D

MMM I I T I T I T I I I IT T IT I IIIIIIIIIIIITIILIIIIT oy



-118-

~
2 *
- ~N -«
a « o
he -t
x SN [*9) e
o -d o o
w w
o Q - Q -~ a
-d -t u
L w w ~ -~ o
o o ~ Y z
Py -~ [0
e ~ ~ ~ - ~ w
=N (L) - w &
~ ~ - N - s
- -~ -~ - - -
< w (1] ~ - ~N (%2}
[ ey — [+ (] w
z - L] - x - >
o ~ ~N Q. < o. bt
— oy p— —~ a ot ~—
pne) - 'S - - - <
oy o - (-4 - 4 o >
a e — ] - -t = —
Z2 [ a. - [ - o
oo (-3 — — — — w
D oy — - N hd -’ (=3
b= - o = = b |
> — oy -l « w
W ~ - ! t w . %)
- > — =) o o
(W ~ ~ Q -~ x
xra [ =] (L O~ (Y] ")
- = | — W (] o
>= =t -~ ] - O .~ -~ il
wxT ) ~ N O wa <
Q — ~ — .y - - — —
L] (8 ] - (4] - - & -y & )
o= o ~N —y - o~ - N ~NO w
- ~ = [ + (€] x L] - Q.
- O - ~ [ W o - o v
L N N e — o £ - -
ww o ¢+ - - N - X + ~ w
> v g a @ - x a A~ x
b by — -t — [y - ¥ -4 o
W= OO0Q - - - N - - oy P
< POk 7o)~ 3 v - - (" T Y - 4 N =
wo> — — ~ X ~ - -~ -~
- OGS & e . o e D s D - ~ ob—y o
ox VAV - ] - W e -~ N —— -
2wl > A ~ *® ~N * bt s "
S ~A"<Al o "n> fh e ¢ s~ » || o0 e DI
TEN w O w O OfN DOO ON 100 wa x
[ V=Y e 0 8y - = =y [al] MY = —t N
0CZ oo Nnwen WK Hilwillwy Thwililn ) ew
AN WWUD De=n D=0 2 -0 =2 -0 EZED -
« ® P OTAZ VANAZ VAAIZAA OAAZAA~A NAEZ
P QA OS OF t  OF = O QU = I O WA et St ]
WLt 0t P = o o o o o o o W= S N o o N e € N N o N N e g et o P
=0 www Q2 .= aozZzaa aa zaa Awz o
= "L 00a0ooaNOANOOANOANDONDO
0O HHmOoULUVWooVUOaAWOOVOODOLVODVLOA
UV « o
Cd O D O B 5 (== o o o o o
W M T N O M~ ) o o - N
nd b 2B SRS SR 4 ~r ~ v s} ("2
" - - e - - - - - B
[SYSTS IS [STSYS)

EHREE R R E TR EA TN AT AR AEI RTINS N N
CO~VMITNON OONO ™ M TN OO0 O AN TN O OOD e (UMt
M T T T T T2 T TN NN NNININ OO0 0 OO0 00O ORI~
A A A A A £ LL FY JX FUPCITC TE FOPCPE PN BN ST S ICPX XIS £ £ £ L5 25 T TT FT I 4



””67890123
.4777788888888 =
44644&4&4&6&#&&6&44

-119-
~ ”~
[ o
- - o
w w >
o e <
x b ~
« " 9 "
PP o~ -
X e A =
-~ ~ : - z
>~ N 2 = "
~ e . " = s
g i< k. -2 (=] o +
- -t 3 b
e e B g -y Y ~
oo oo 5 © 2
~o ~o =2 3 = - -
22 )* 2 - ”~ ~~ [ ]
~% ~* ] p (2~} (L] ~
oM oM o e - : .
et [ - " : 3 3
" 3 .4 - ~N - o
™~ ™~ b ot - - -
L - w o - ~ &
() o) ot . o g2 - TR
~ a - ~ z e = TS
~ o e o - G Ld a L o] -
o T 12 s ~ - - o
ns o~ o - 4 L] L~
o Y o~ " s - . - - 3
o s o 4 S p- L
L ] - o UP E ; :
4 ~ . ~N o o o = - o ~N
o X me s s 9 - D
T~ e - - | =2 (MY
~ D e j * 3 pate A 5 :
~ X 1 4§ ~a ~ o~ | ~ ~«
2 £ A 2 o ~ O N O ON
2 w2 e : bt >x -~ o )
% S <o, P = “ - 2 < L J*)
< ey e P N E - - E O
: - N et —t @ e <+ - e +
mnwn T oy - o\ Dm ~ N OO NS
o b e -t -t i -
Quin wm wu Ou E™ O ° - - L] 92N
~0v e~ D p- a~ -~ e i ¢ G40
: ~ M - et
e .\Nm 3’\.1 02'\) H'ru s OV - - = 'm
- - 4 e SN nE 2R
ey o o oMo P Wi x o n
SO0 $o e & [ ~N N a oo * - ce O el -
e i - aw @ - O e o = = N -—
K & . " xu* b R o ~ - -’ ~ o
s o W no o< | & e & ~N N2 WD eI = " e
- ecy a o o O Fw JOvE < s ow @ = Bk S
CUQ v Be o il s wo DH. ~ n“ml_. E“I: ECQ._I - O
we [ $E- o
NhEU)ZMWU)LWNU)%WF*\)v M &LN)W1W>WLM RU1U=%
B Sy . —Z N ~Ne AZ O~
RIGS(IWO%UINO%(WP(ZO(v IIbIIObIIIéIvIObIM
I(I1P(TT1P(TT1PTIP(TP2 VR o g T.I.I(T(.I(ITT..I(T
e xDZ xDZ xZw & e ~NZ NEZv NES NS
FFFOZ(OOOZ(OOOZOFZIOZU 5 FFOMWWODNFOZUOOOZO
e s CGDDCID we W - O ao IDDtCGDDC
* w F ’
o w @ o 8 e S R
s W m w m W 8 seg=% ~N M T o N~ ©
n “ g wu R vy e ¢ © 9 2% 2 s
- - - - - - - - < e S L
W

tttt*t***t*MHM**at
SN Oor- o0
oM s Yol=

PO



-120-

L
~
@
b
a o
> 2 @
& > -
« o ~ o
o «C L] L]
Q - L >
Q. e ~N >
o + o
W oud ~ ° o 1
= = z ~N *
v - (= * x o
L ~N @ - x 2 oo
L o -~ — @ . >>
O = o x> o - ~ + ao
wx > wad w o %
- x ~N &= = P=Y ~ >>2
o * D © * ] )
& = * D st ~ -~ o
o = s > oo « o -3 a ¢ co
- w > 00 W ~ ~ a o~ oo
e - < - G ~ = ~ -~ 2
wx C s o W ey - x *
o ~ bt -~ ww > ~ (-3 ~ ww
®ipt (=) - xaNoo ™ e~ 1] o xaNoos
(=1 ~ < oo« an > oxox=x
wo o D acaar « ax -3 o aNnagar
- a N O oocoxe > + % - =YY=
> o o W ¥ Kxge =~ ~N + TN <
Q u. = aoxE¥yY o« — w acarE
o ¥ o0 U VOUEET Ww ~ w O N A~ VOUVUET
o Z OO0« o xo o = O0O0O«ww
L0 ~ e = 00 N W B~ 0w
z @ = w anm w o a
=0 ~ @® &= tI1Vva = ~ < @ [ I |
O = > N ow ot * ~ W o+ N
zr > a > D>3ar= XN o D>»3ar
< -~ o ©C dddda ary - A X Ddddddd
wa > WU W e 2 Q (N > Wwluduwd
wo + o - Y-Y-T-1-0 4 ox A A -Y-Y-Y-Y~
> w ~ E O0oco w <N v o ccagoa
4 L] O A~ + © o - o w & ¢
-9 sl M e 111t = a ™~ [ A |
< 2Z [ -~ s o (¥ - L= 17, ) a -~
> = ~N e @ = NNNNN W < — PNINNANN
. g * o D w ooooo - v O+ W~ Oooao
[ g} e ALO o O w D>3Ak O A~ O+ [ x Do
WO wva ~NIXF-In > Qaococa -~ xon - XN oaocoo
Qw -~ Oox ¢ M XA Aw Qo +ry O 0O 0o "ERE¥E
* e QO - — - v D> s & 2 Dedk k-
PO X QAVVED @ € VAN T COrAE € oD wVvnuuunw
< -~ Lan R D O D> M X W O TR D e bt
[ Hoe »nn Al D = Aanofd W Vil J (N aaaaoa
—-c = ONe || o X D>D33>> M ow O X N O >>>>>
<O MHw « ® W ONNNNN <SSP0 O O ) NINNNN
Q =~ SW O ~wil o v «wWh O AW
naE O DI WOD RN Z WNONAD~™ W OmDN NN
a Oz Wermwzg w - N2 © aIvZ
[=] N N BN~ O0 X AAAAsA O XOANAWEHHO ON Lt~
WUV sARQAimewWE-e = =NMJIIN E OormAk-- 2 Qruwk-T=NNMIn
o —ZBOw AZd P Wwwww o D> WD QO J 2w
O OwOoQuwLOalw Q000D o Ac0OOD0O = WoooOoscaoaoao
Ok QoOUIXk—~Aaowe E k- <L WO ~ OO UkFF-
[« I'S] @ o * (%)
ww © o o = = o w o o
x> oo O - [ < ~N ) -
O~ ~ ~ ~ ~
- - - - - =
GWWW (S S S W L& 3 =)

tiit*ittitititti*tii**ittiit**t*it**i**t**ii
WO O™ NIM TN OM OO~ NMTINON OO OrNMTNONO OO~ NIMINOROOC e
=N N A N N NSO 0 MM MR MM F 3 P <P ST 258 F 2 T NA N DN N NN GO O
_SSSSSSSS55SSSS555555555555555555555555555555



-121-

~
~N
-«
-«
~N
i
w
a
= >
* ) [« 4
] z =
L 4 = =
= Pt E
n N H
~ - ~ Q.
- e x o
. e > W
a o 3 z e
2 . - z Q.
3 . we
< - * o X
- = ]
) - - [ P
P = X
B = = w )
) ~ = - W ><
« w - . =F
: w . e . —E
: . -~
w w “ = i
m w - o e PC
2 x . N o W<
~ - N w % & o=
[ ~ s = - & X
e - ~ = K w w e
- w 1 L . + o -0
s > . + —-x
a [ a z o [ 5 3%
: = o z o = o X
o > o ¢ z o
x < @ w & - e ¥
I=) bt (3} v T 2 = n<
> w - -4 e J -z <o
~N - O = « (gerg - m = - 3
_ N » s . bt < &
~ - W n 2 2 S0 W > e ! ESD
N x -~ 0 <% - aw = e e
- o o b= " - x w o R eie
a o 9 O =) N = ol NIIAAA i
. > 2 st Z ,EEEWN
o B , - VoA~ o * x v e 2o
E o o © e~ w  eZN - a il
X e TR L ad ) W e e * - il i el
B i 9 — il ~ w - =1l - O
- mHw ©n ~la & e wE w¥_ = X e el DA S S
<« o - - w e e P O = < O~ s 5
© —— o abana 0 PG E EN DEen X EFnnXodxmss =
z w o @ w el - pfiEl Py
— Ouw>s - wond % g et :UM=:1 =l =:99HGUCU zoz
a  awn ® o ox =zl = Lo mmen . W
£ Srean w i e O L P T B B i S5
& O & e = e wE R Il = b ataesma O
6 > wz x —w wz < —o ez X= & 3t e L
NMeoo © woaeo F o Bom—Or<ZO O «ZXXEQOQOOwWOXOFZ
¥ coro v =erY DUTCTRCIMIG < HIUH1DDDDQCUCSE
= w
o w o O v o o &2 e 0 n 3
v 2 e e =29 s o "o ® © @
~ ~ ~ r~ = o 22 e -
- - - - = = Sl -
W W W W it v

Y EEEE *t*ttt****tt*ﬁtttitftat*t*itiﬁa*t
234567N%mﬂU%“S678901234567890123&5678901236567
77778888888888999999999900000000

2000 A AN ININININ 00000000

O N0 000000
777777
.555555555555555555555555



B. Sample Input Data Set

1234557890123 456789C12345678901234567890123456785C1234656789012345¢7850 (column counter)

3000 Rem TEST RL%OE%R CYLINDRICAL ENGINE PROGRAM,

250 7000+ CO
.0(00000 .0000000 .000C000
9 9 10 S S .100 0+01 « 1000 +01
«400C-01 «S0C0-01 « 1000~ «1000-01 «3000+C4
-00C0000 QC00000 «000000C 1.0CCCNO+CO 1.0000C0+00
-.00C0000 gCc0o000o . 000000C 1.0C0G00+00 1.0000C0+00
810 identical lines
.00C0000 .0C00000 .000000C 1.0CC00C+CQ 1.0000C0+00
+00C000¢Q .0C00000 «000000€C 1.0C00u00+C0C 1.0C00C0+CO
0000000 +0C00000 . 000000C 1.0CCCO0O+CO 1.0000C0+00
iZ3E567890123456789C123456789012345678901234567890123456789012365 7890 (column

~gél~

counter)



Portion of Sample Output for Input Data of Section B

€.

3000 RPM TEST RUN FOK CYLINDRICAL ENG INE PROGFRAM,

CCMMENTS ON THIS RUN
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PARAMETERS FOR THIS RUN
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D. Running Time for Sample Case

The execution time for the sample case given above, with 810
grid points used to specify the geometry, is about 16.5 minutes per
thousand time steps. This figure is for the UNIVAC 1100/40, with a
printing interval of 250 time steps. Approximately 16000 time steps
(using a CFL multiplier of approximately .7) are required for a full

four-stroke solution. The UNIVAC 1100/40 is about twice as fast as

the UNIVAC 1708.
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