TRANSIENT RESPONSE OF PIPELINES CARRYING

HOMOGENEOUS COAL SLURRIES

By
VIJAY KUMAR /}‘IADDALI

Bachelor of Engineering
Andhra University
Waltair, India
1972

Master of Engineering
Indian Institute of Science
Bangalore, India
1974

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirements of
the Degree of
DOCTOR OF PHILOSOPHY
December, 1979






TRANSIENT RESPONSE OF PIPELINES CARRYING

HOMOGENEOUS COAL SLURRIES

ﬁesis Approved:

Dean of the Graduate College

10642432 11



ACKNOWLEDGMENTS

Many persons have cohtributed in some way either directly or indi-
rectly in this work. The author wishes to thank them all and would
like to mention some of them by name.

Dr. Karl N. Reid, my advisor and the chairman of the advisory
committee, has been instrumental in my choosing the problem. I am
indebted to him for his invaluable guidance and encouragement througout
this study and for his advice on the preparat;on of this thesis.

I am also thankful to my committee members, Dr. Lynn R. Ebbesen
and Dr. Jerald D; Parker, with whom I had many fruitful discussions.

I wish to thank Dr. Robert J. Mulholland of Electrical Engineering for
serving on my committee.

Experimental work could not have been completed without the help
df several individuals. My sincere thanks go to Dr. John A. Wiebelt,
Dr. Earnest C. Fitch of Fluid Power Research Center, Dr, James V.
Parcher of Civil Engineering, Mr. J. G. Montfort of Black Mesa Pipeline,
Inc., Flagstaff, Arizona, Mr. Grant Young of AMOCO Research Center,
Tulsa, Oklahoma, and Mr. George M. Cooper of Mechanical Engineering
‘Laboratory.

I wish to thank all my friends and colleagues who were helpful in
many ways in éompleting this work.

I acknowledge fhe financial support provided by the School of
Mechanical and Aerospace Engineering, Oklahoma State University, in the

form of teaching and research assistantships.

iii



Special thanks are extended to Mrs. Susie Fuller for doing an
excellent job in typing the manuscript, and to Mrs. Nita Brooks for
drafting the figures.

Finally, I acknowledge with deep gratitude and dedicate my thesis
to my father, Venkata Subbayya Maddali, who provided continuing

encouragement and support throughout my academic endeavors.

iv



TABLE OF CONTENTS

Chapter
I. INTRODUCTION. + &« & o o & o o o o o
Rheological Characteristics of
Objectives and Scope of Study.

Plan of Presentation . . . . .

II. LITERATURE SURVEY . . . . . . . . .

Behavior of Coal and Charcoal Slurries .

Bingham Plastic Fluids . . . .

Unsteady Flow of Newtonian Fluids

Column Separation. . . . . .

IIT. BASIC EQUATIONS OF WATER HAMMER FOR PSEUDO-BINGHAM

PLASTIC FLUIDS. . . . . . . « « . .

a

IV. WALL SHEAR STRESS EVALUATION FOR UNSTEADY FLOW.

Constant Friction Model. .
Time Dependent Friction Model.

Constant Friction in Turbulent Flow.

Implementation of the Method of Characteristics.

V. EFFECT OF COLUMN SEPARATION . . . .
VI. VALIDATION OF THE MODELS. . . . . .

Experimental Setup . . . . . .
Experimental Procedure .

Comparison with Dynamic Models

VII. CONCLUSIONS AND RECOMMENDATIONS .

SELECTED BIBLIOGRAPHY. . . . . . .

APPENDIX A - DERIVATIONS RELATED TO THE TIME-DEPENDENT

MODEL . . . . . . . . . . . .

APPENDIX B - PROGRAM LISTINGS. . . . . . .

Coal Slurry .

FRICTION

Page

oo 5

. 14
. 14

. 17

. 29
. 36
. 43
. 51

. 51
. 53



TABLE

Table : Page

I. Sieve Analysis of Coal Used in Experiments . . . . . . . . . 55

vi



LIST OF FIGURES

Figure
1. Comparison Between Two Models Using Newtonian and Non-
Newtonian Fluid Assumptions . . « + ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢« o o o &
2. Classification of Basic Fluid Types in Terms of Shear
Stress/Shear Rate Relations . . « « « v ¢ ¢ o o ¢ o o « & &
3. Rheological Difference Between Bingham Plastic and Pseudo-
Bingham Plastic Fluids. . . « « ¢ ¢ o ¢ ¢ o o ¢ o o o « o &
4. Rheogram for 200x0 Mesh Coal. . . ¢« &« ¢ ¢« ¢ o o o o o o « o &
5. Block Diagram Representation of Convolution Integral for
Wall Shear Stress Evaluation. . . ¢« + « ¢ ¢ ¢ ¢ ¢ o o o o &
6. Experimental Correlations with Bingham Plastiec Fluids in
Turbulent Flow Regime [Tomital. . . . « « « ¢« ¢« ¢« ¢ « « .
7. Fixed Grid for Method of Characteristics Solution . . . .
8. 1Illustration of Interpolation Between Grids in Method of
Characteristics Solution Technique. . . . . . . . . . . .
9. Schematic of the Experimental Setup . . . « « ¢ ¢« « ¢ ¢ & o &
10. Cross Sectional View of the Transducer Mount. . . . . . . . .
11. Rheological Characteristic of the Coal Slurry . . . . . . .
12. Experimental Response for Quick Valve Closure (No Column
Separation) . . . ¢ i 4 4t e 4 e e e e e e e e e e e e
13. Experimental Response for Quick Valve Closure (Column
Separation) . . .+ ¢ ¢ 4 e 4 e 4 e s e e e s e e e e
14. Experimental Response of Coal Slurry for Sudden Valve Opening
15. Comparison Between the Predicted and Experimental Responses

for Quick Closure with no Column Separation . . . . . . .

vii

Page

.11

. 41

50

. 52

. 60

. 62

. 64



16. Comparison of the Predicted Response Based on Newtonian

Fluid Assumption with the Experimental Response
for Quick Closure with no Column Separation . . . . ... . . . 66

17. Comparison Between the Predicted and Experimental
Response for Quick Closure with Column Separation . . . . . . 68

18. Comparison Between the Predicted and Experimental
Response for Sudden Valve Opening . . . « + + « o « « &+ . . . /10

viii
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" F - Value of function £(t) at a given time t (1bf/in3)
g - Gravitational constant (in/secz)
g - Gravitational acceleration vector (in/secz)

0Q

28928, ~ Acceleration due to gravity in component direction (r, 6 & z

respectively) (in/sec?)

K - Constant used in characteristic equations
k - Bulk viscosity (1bf sec/inz)
L - Length of the pipeline (in)
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CHAPTER I
INTRODUCTION

Coal has gained importance in recent years as an alternative
source of energy to oil and gas. The transportation of coal also has
become important. Railroads and waterways have been the most popular
means of transportation of coal. However, as the demand for coal
increases, faster and more economical ways of transportation are needed.
One such way is the transportation of a coal-water slurry through a
pipeline. There are already a few such pipelines in use; e.g. the Mesa
coal pipeline between a coal mine site in the Navajo-Hopi Indian reser-
vation in Arizona and the Mohave power plant in Nevada covers a dis-
tance of 273 miles. The growing interest in such pipelines can be
evidenced by the plan cf Energy Transportation Systems, Inc., of New
Jersey to have a 38 inch diameter underground coal slurry pipeline from
Campbell County, Wyoming, 1040 miles to the Middle South Utilities
System's power generating complex in south-central Arkansas. Also,
coal-water slurries themselves are involved as an in-plant process in
coal gasification and liquification.

To make the transportation of coal in the form of slurries
economical and safe, good design techniques are needed that také into
account the severe pressure transients that can occur during startup
and shutdown operations or due to unforeseen circumstances such as pump

power failure, pipeline rupture, or sudden valve closure. Dynamic



models exist for pipelines carrying Newtonian fluids and these models
are being used for better design of pipelines. Since coal-water slur-
ries are non-Newtonian fluids the models developed for Newtonian fluids
may not be applicable to coal slurry pipelines. For illustration, a
pipeline of length 2941 in. and internal diameter of 1 in. has been
simulated on a digital computer using two dynamic models. The first
model is based on the non-Newtonian nature of coal slurry and the other
model treats the coal slurry as a Newtonian fluid with an apparent vis-
cosity. The results of the simulation of these two models for a sudden
valve closure at the downstream end of the line are shown in Figure 1.
The computed results in Figure 1 indicate that the attenuation charac-
teristic of a coal slurry pipeline is predicted differently by the two
models. A comparison of these two models with experimental results iﬁ
Chapter VI shows that a model which accounts for the non-Newtonian
nature of a coal slurry is more appropriate for predicting the pressure
transients in a pipeline.

Dynamic models that consider the non-Newtonian behavior of coal
slurries can be very useful in the optimum design of the pipelines,
e.g. selection of wall thicknesses, pipe material, valve closure times,
etc.. Also, increasing use is being made of computers to monitor énd
éontrol slurry flows through pipelines. Appropriate dynamic models are
.needed in such cases for controller design and implementation.

An important consideration in pipeline design is whether or not
cavitation bubbles form (i.e., the '"column separates') at certain points
along the pipeline. Presence of cavitation creates very low pressures
inside the pipeline. When transient forces acting within a pipeline

cause a cavitation bubble to collapse, the local pressﬁre may rise
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suddenly to a very high value. Sudden pressure variations from below
atmospheric to several orders of magnitude above atmospheric pressure
subject the pipewall to severe transient stresses. Due to the presence
of solid particles in a coal slurry, severe erdsion may accompany cavi-
tation bubble formation and collapse. Research is underway to predict
the occurrence of cavitation and resulting column separation more
accurately in a pipeline. As yet, a generalized model has not been
obtained. However, even a simple model that can be used to predict
cavitation and the resulting column separation fairly accurately for a
particular fluid 1like a coal slurry would enhance‘pipeline design.

Such a dynamic model would aid the design of surge pressure suppression
devices and the selection of safe valve closure times. The research
described in this dissertation was motivated by the needs described

above for a dynamic model for pipelines carrying coal slurries.

Rheological Characteristics of a Coal Slurry

The coal slurries that are currently being used have different
compositions consisting of various sizes and concentrations of coal
particles. However, the slurries that are being used in long distance
transportation generally have relatively small sized particles in high
concentrations so as to h#ve very low settling velocities and high
packing density. The shear stress/shear rate relations for these
fluids are non-Newtonian in character. Non-Newtonian fluids are
broadly classified as pseudoplastic, dilatant or Bingham plastic (see
Figure 2). Fluids can also be classified according to the time-
dependent nature of the shear stress for a given shear rate. If shear

stress decreases with respect to time, then the fluid is called
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thixotropic., If it increases, the fluid is rheopectic. For high con-
centrations and small particle sizes of coal, a coal slurry behaves
approximately like a homogeneous thixotropic ﬁingham plastic fluid [1],
even though the behavior at small shear rates is Newtonian.

Based on the available literature, it is believed that the most
simple and appropriate rheological model for a coal slurry involving
high concentrations of fine coal particles is the pseudo—Bingham‘plas—
tic model illustrated in Figure 3. The pseudo-Bingham plastic model

can be characterized as follows:

ov
z _
Tz =gt N (- Ty for T 2>7TH+ 8 (1.1)
sz
Tz = Yo (- T for T, 5_T0 + 6 : (1.2)

where § is a small increment in shear stress. As § tends to zero, Trz

tends to To at sz/Br = 0., In other words, the rheological behavior of

a pseudo~Bingham plastic fluid approaches that of an ideal Bingham

plastic fluid as § tends to zero.
Objectives and Scope of Study

‘The primary objectives of the study were the following:

1. To extend the one-dimensional constant friction dynzmic
model for pipelines carrying Newtonian fluids [2] to
pipelines carrying coal slurries or pseudo-Bingham
-plastic fluids. Column separation effects and opera-
tion of the line in both laminar and turbulent flow
regimes should be considered. The constant friction
dynamic model for the turbulent flow regime would be
based on experimental results for slurry flow in the tur-
bulent flow regime [4].

2, To develop a one-dimensional time-dependent friction
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dynamic model for unsteady laminar flow in a coal slurry
pipeline. This model is similar to but not a simple
extension of the time-dependent friction model for Newto-
nian fluids [3].

3. To validate the constant friction and time~dependent
friction models through experiments with a coal slurry
that has a rheological characteristic that can be
approximated by the pseudo-Bingham plastic fluid
model. The constant friction model also should be
validated when there is column separation in the line.

Plan of Presentation

A summary of the literature reviewed for this study is presented
in Chapter II. Basic water hammer equations are developed in Chapter
II1. Chapter IV covers the modelling procedures for the constant fric-
tion and the time-dependent friction models in the laminar flow regime.
An algorithm that extends the constant friction model to the turbulent
flow regime is also presented in Chapter IV. Details of all deriva-
tions are given in Appendix A. A simple cavity growth model is devel-
oped in Chapter V along with an algorithm to include the cavitation
model in the constant friction line model to predict column separation
in a pipeline. Validation of the various models with experiments is
discussed in Chapter VI. The conclusions and recommendations appear in
Chapter VII. Program listings for all computer programs used are |

presented in Appendix B.



CHAPTER II

LITERATURE SURVEY

A summary of related literature is presented in this chapter.

Though the dissertation is primarily related to dynamic models for coal

slurry, the literature survey included other types of slurries and

liquids that behave like Bingham plastic fluids or pseudo-Bingham plas-

tic fluids. The survey indicated the following:

1.

No attempt has been made to study the general transient
behavior of Bingham plastic fluids in a pipeline sub-
jected to sudden changes in input or boundary conditions,
although unsteady flow behavior of Bingham plastic fluids
at a cross-section of a pipeline subjected to step input
pressure gradient has been studied using analytical or
numerical methods. In the case of pseudo-Bingham
plastic fluids, no literature is available regarding
unsteady flow.

Experimental data on the unsteady flow of Bingham plas-
tic fluids or pseudo-Bingham plastic fluids such as
coal slurry is not available.

Since the flow_behavior of coal slurries is of primary importance

to this dissertation a brief review of literature on coal slurries is

given. This review is followed by a survey of the literature on

Bingham plastic fluids, unsfeady flow of Newtonian fluids (as is rele~-

vant for the current study) and column separation effects in pipelines.

Behavior of Coal and Charcoal Slurries

There is considerable literature on the behavior of coal slurries.



10

Though coal slurries are basically two-phase fluids, they have been
treated as homogeneous single-phase fluids under certain conditions.
These conditions are when the coal slurry has a very low settling
velocityl, and when the relative velocity between the particles and the
liquid is very small. Under these conditions the coal slurry behaves
like single-phase non~-Newtonian liquid. The coal slurry composition
that is being used currently to transport coal over long distances
through pipelines generally consists of small particle sizes of coal in
ﬁigh concentratiohs mixed with water. Faddick [1] showed that a éoal
slurry with such a composition behaves like a non-Newtonian fluid and
ét sufficiently high qoncentrations it behaves like a Bingham plastic
fluid. From the rheogram presented in Reféreﬂce [1] and which is repro-
duced in Figure 4, coal with a mean size of 2200 microns mixed with
water in high concentrations appears to behave approximately as a
pseudo-Bingham plastic fluid. In another study, Sacks, Romney, Jones
[5] presented data related to charcoal slurry flow through pipelines.
They correlated the pipeline data with the steady-state analytical
model developed by Buckingham and Reiner [6,7,8]. From their results,
charcoal slurries behave like Bingham plastic fluids at concentrations
greater than 407 by weight and for small partidie sizes?. Similar

results have been reported by Bain and Bonnington [9].

!small particles have a tendency to settle only at extremely low
liquid velocities.

?Less than 325 mesh.
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Bingham Plastic Fluids

Steady Flow of Bingham Plastic Fluids

Bingham and Green in 1919 suggested a two parameter model for the
shear stress/shear réte relationship for fluids like paints, pastes,
and suspensions. Later Buckingham and Reiner [6,7,8] obtained the
steady-state analytical relationship between flow rate and pressure
drop for the laminar flow of a Bingham plastic fluid in a circular
line. The Buckingham-Reiner equation has been found to describe ade-
quately the flow through a capillary tube for a wide range of shear
rates by researchers like Caldwell and Babbit [10], McMillen [11],
and Thomas [12]. Steady-state models have also been developed for
Bingham plastic fluids in the turbulent flow regime. These models are
empirical in nature, like the corresponding ones for turbulent flow of
Newtonian fluids in pipelines. A good description of the literature
on non-Newtonian fluids, including their behavior in the turbulent flow
regime under steady-state conditions, can be found in books by Wilkinson
[13], Skelland [14]. Among the steady-state friction models for the
turbulent flow regime, the most convenient one is the model developed
by Tomita [4] for Bingham plastic fluids like slurries, muds, etc.
Tomita's model is discussed in detail in a later chapter. Much work

has also been done in determining the two parameters T, and n for

0
various fluids like pastes, paints and slurries [15] which have been
treated as Bingham plastic fluids. However, very little mention is
made of coal slurries in the above references, viz. [13,14,15].

Based on the work of Faddickb[l], Sacks et al. [5], Bain and

Bonnington [9], it is believed that a pseudo-Bingham plastic model is
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appropriate for describing the rheological characteristics of coal
slurries with high concentrations of small particles. The rheograms
obtained for the coal slurry used in the experiment show that the fluid
rheological behavior resembles more that of a pseudo-Bingham plastic

fluid than an ideal Bingham plastic fluid.

Unsteady Flow of Bingham Plastic Fluids

" In contrast to the extensive studies conducted on the steady flow
of Bingham plastic fluids, limited work has been done on the unsteady
flow of Bingham plastié fluids in circular cross-section lines. Atabek
[16] derived expressions for the velocity profiles during the start-up
flow of a Bingham plastic fluid in a circular 'line. However this
analysis is based on the assumption that the line is long enough that
there are no pressure wave reflections. Duggins [17] solved the same
problem numerically using finite element methods and claimed that his
solution is more accurate than the analytical solution given by Atabek
[16]. Duggin's solution technique eliminated the discontinuity in the
acceleration and the stress gradient that appears across the boundary
of the core and sheared annulus in Atabek's solution. Beaman [18] also
obtained independently similar numerical solutions for the transient
velocity profiles of Bingham plastic fluids for a step pressure gradient
along the linef His treatment of the problem was similar to that of
Meyer [19] who obtained a numerical solution for a two~phase heat con-

duction problem using the well known "Method of Lines" technique?.

3Beaman did not reference the earlier work of Atabek and Duggins.
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Unsteady Flow of Newtonian Fluids

There is a vast amount of literature regarding the unsteady flow
of Newtonian fluids. Some of the related references are given in the
bibliography [2,3,20,21,22,23]. The most comprehensive time-domain
model for unsteady flow of a Newtonian fluid in the laminar flow regime
is the time~dependent friction model developed by Zielke [3] and
improved by Brown [23] using the Method of Characteristics. This model
is valid for small amplitude signals with negligible through flow.

In the current dissertation, a model that is similar to the one devel-
oped by Zielke for Newtonian fluids is formulated for pipelines carry-
ing coal slurries that behave like a pseudo-B;ngham plastic fluid.
Another model that is less comprehensive but 1s computationally faster
is the constant friction model [2]. The constant friction model also
uses the Method of Characteristics solution technidue. A similar model

has been developed by the author and is described in a later chapter.
Column Separation

Column separation is a phenomenon where a cavity is formed between
two columns of liquid. It has been assumed that whenever the pressure
at any point in the line falls below the vapor pressure of the liquid,
cavitation occurs. A review of models used for cavitation in pipelines
éan be found in the textbook by Wylie and Streeter [2]. A few referen-
ces relevant to present dissertation are discussed. Some investigators
have assumed that once the pressure at a point in a pipeline reaches
the fluid vapor pressure, the fluid vaporizes and fhe minimum pressure

is always the vapor pressure. Baltzer [24] and Streeter [25] used this
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vapor pressurevassumption in predicting the pressure transients in a
pipeline in which column separation occurred. Safwat and Van der Polder
[26] attempted to validate this Vvapor pressure assumption by studying
experimentally a pipeline terminated by a shut-off valve and carrying
pure water. In their experiments column separation was caused to occur
dowvnstream of the valve by suddenly closing the valve. Though the
first peak pressure immediately after cavitation matched in amplitude
with analytical predictions, the latter peaks did not match either in
amplitude or with the time of occurrence of the peéks. |
Scweitzer and Szebehely [27] found that cavitation often is asso-
ciated with the release of dissolved air rather than simply liquid
vaporization. Driels [28] used this concept of air release to model the
behavior of a cavity which often forms in a liquid line just downstream
of a closing valve. Driels also obtained good experimental correlation
for the first peak and a better correlation for the second peak than
others did with their models using the vapor only mechanism. Kerosene,
which contains a large amount of air, was used as fhe liquid medium in
Driels' experiments. Air was released only at the downstream end of
the valve. Scweitzer and Szebehely [27] also found that the percentage
of dissolved air is very small in certain liquids like pure water, and
“that thé cavity bubble is predominantly occupied by liquid vapor rather
than air (gas). In an analytical study, Brown [29] allowed air release
to occur at certain points along the pipeline and treated the released
air as discrete pockets. For slow transients such as the pump failure
cases reported by Brown, the results are satisfactory as far as the
peak amplitude predictions are concerned., For rapid transients such as

sudden valve closures, Brown's method of releasing air led to
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instability in the solution. The cavitation models discussed so far
are based on macroscopic analysis of the air bubble. Another type of
cavitation model takes into account the microscopic behavior of indi-
vidual bubbles [30]. Though by far this approach seems to result in
better correlations with experiments, it seems to have one serious
drawbaék. That is, it is difficult to estimate apriori the number of
bubbles in a given fluid volume and experiments have to be performed
to get an estimate. This estimate may or may not be close to the
actual number of bubbles that may exist for a given pipeline system.
For rapid transients and with low air content, the solutions using the
microscopic approach also are not stable numerically and various arti-

ficial means are necessary to stabilize the solutionms.



CHAPTER III

BASIC EQUATIONS OF WATER HAMMER FOR
PSEUDO BINGHAM PLASTIC

FLUIDS

Basic equations for a fluid transmission line with a Newtonian
fluid have been presented by several authors. The equations for a
transmission line with a pseudo-Bingham plastic fluid are essentially
the same except for the friction term. Though the following equations
have been obtained earlier by others, they are repeated here for the
sake of completeness.

In vectorial form, the following are the équations that describe

the flow of fluid [31]:

Continuity:

Equation of Motion:

-
3
p(%-;:u MY =-Vp-V 71+ ps (3.2)
Energy:
D A ~ 1 2 -> <> 3 -»>
D'I')'E'(U+¢+"2'V)=-(V'<I)-(V‘PV)-(V'[T'V]) (3.3)

17
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The above equations are based on thé assumption that the fluid is
homogeneous. No other additional assumptions are made.

The energy equation is not considered hereafter as it is assumed
that the temperature variations along the pipeline are negligible and
the rates of change of fluid properties are small compared to the‘rates
of change of the other variables.

Equation (3.2) when expanded into the r,8,z components of a cylin-
drical co~ordinate system will result in three scalar equations [31].
These equations can be simplified further by using the following
assumptions:

a) v, =0, Vg = 0.
b) Flow is axi-symmetric.
c) g, = 0, gg = 0.

The resulting equations are as follows:

Continuity:

9, 2 ) |
3c ¥ 3z (Pv,) =0 (3.4)

r-Momentum:

Tee oT

g% (r 1_) - =+ —5

- - 9P _
0 or ( rr T dz

=

(3.5)

6-Momentum:

o=-(—rl2-5;(rre)+ ) | | (3.6)
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z~Momentum:
v v 9T
2 2y __9o _ 13 zz
P (8t + V. oz i} (r or (r Trz) + 92z ) + Fg, (3.7

In the case of Newtonian fluids, the stress tensor components are

functions of Vs VG’ v, W k as given below:

ov '
Trr = fl(vr’ Ve’ _5'5" U k) (3.8)
8vz
Tep = E2(55s Vo W) ' : (3.9)
sz ‘
Tee = f3(ves Vr’ EZ——’ H, k) (3.10)
T = fA(VS’ Vo 1)) (3.11)
3vz
Tez = fs(ves _56—’ W) (3.12)
sz
TZZ = f6(_8_2-’ Vr’ Ves [L k) ] (3-13)

Exact functional relationships are presented in reference 31. The
above equations are based on the rheological relationship of Newtonian

fluids which is as follows:
T = pé, (3.14)

In the case of the pseudo-Bingham plastic fluids, the relationship

between shear stress and strain rate is as follows:
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T= Tyt né for T 3_T0 + 6 (3.15)

and

T=UuE€ for T j_To + 8. (3.16)

The functional relationships of the stress tensor components are
similar to those of Newtonian fluids except for the additional para-
meter T,.

Hence Equation (3.5) reduces to the following equation for Newto-

nian as well as pseudo-Bingham plastic fluids.
r-Momentum:

5 arrr STrz

o_8p_ler %lrz
0 or ~ or 5z (3.17)

The right—hand‘side of Equation (3.6) reduces to zero.

Assuming that axial gradients of velocity and temperature can be
neglected with respect to the radial gradients, and that the variation
of the axial velocity gradient in the radial direction can be consid-
ered to be small, it can be deduced from Equation (3.17) that pressure
is constant along the radial direction. In addition, the z-momentum

equation reduces to the following:

z-Momentum:
v ov
_Z —Zy . _9 _ 139
P (Bt + Ve 9z 3z r or (r Trz) + pgz. (3.18)

Equations (3.4) and (3.18) describe the flow of Newtonian or pseudo-
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Bingham plastic fluids in a circular pipeline under isothermal
conditions.
Since there are four unknowns i.e. v, Ps P, Trz’ two more equa-

tions are needed. They are the following:

Equation of State:

dp = B —9- (3.19)
Po

Rheological Relationship:

ov
= _ 2z
Trz = 1:0 + n( 5e for L > T (3.20)
sz
Ty = uo - 37 for Trz < T4 (3.21)

where tl =T <+ 8.

Rewriting Equation (3.4) after substituting Equation (3.19) for p
in (3.4) and assuming small variations in density, gives

Bv

+ 2+ —Bigl’— 0. | | (3.22)

™|+
Q>
7S

Equations (3.22), (3.18), (3.20), and (3.21) are used in later
chapters to describe the flow of a pseudo-Bingham plastic fluid in a

circular pipeline under constant temperature conditions.



CHAPTER IV

WALL SHEAR STRESS EVALUATION FOR

UNSTEADY FLOW

The basic equations to be solved for unsteady pseudo-Bingham plas-
tic fluid flow through a constant diameter pipeline have been given in
the previous chapter. Similar equations already exist for Newtonian
fluids. 1In this chapter the basic equations derived in the previous
chapter will be averaged to make the equationS‘one—dimensional. Then,
evaluation of the wall shear stress using steady-state friction and
time-dependent friction will be discussed. Calculation of steady-state
friction and time~dependent friction will be based on the fact that
- coal slurry behaves like a pseudo-Bingham plastic fluid.

Equationé (3.22) and (3.18) are the same for Newtonian fluids also.
The difference lies in the rheological'relationshipsvfor Newtonian and
pseudo-Bingham plastic flﬁids. If R is the radius of a pipeline, inte-
grating continuity and z-momentum equations with respect to r and

dividing by the area of cross-section A, gives:

Continuity:

' v
2m (R 3p 2m (R 3p. ar R %2 )
o o GD rar+5p [0 (v, S xar + 51 [0 (5D war =0 (4.1)

22
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z-Momentum:
27p Bv ov
0 z - _ 21 (R Op
IO ( Bt Bz) rdr A IO (32) rdr
2Tp
2m (R ,1 9 0 (R
-5 Jo G55 (rTrz)) rdr + IO g, rdr. (4.2)

ov,
The convective acceleration term v, 5z is small compared to the

ov, vy
local acceleration -52— So A IO (vg oy —=2) rdr can be approximated as
ov,
v, —=. Also pressure does not vary across the cross-section. Equa-
Z 3z

tions (4.1) and (4.2) will then reduce to the following in terms of q.

The gravitational force term is included in the pressure force term.

Continuity:

op v Bp v :

17t _z +L199, =z =

E e T R Tt B % " O (4.3)
z-Momentum:

DO op

0 99, = 98q . __t _2m

A et Ve T T A W (4.8)

where pt =p - pogzz.

Equations (4.3) and (4.4) coupled with the rheological relationship
and the initial and boundary conditions can be used for determining the
pressure and flow rate at any point along a pipeline. The method of
characteristics' solution technique [32] can be used to solve the
partial differengial equations given above. This solution technique

makes it possible to convert the hyperbolic partial differential
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equations into ordinary differential equations along the characteristic
lines.

Multiplying Equation (4.3) by a constant K and adding it to Equa-
tion (4.4), gives:

op op p
K 't ~— B "t .70 3 K =, 9g
g 5 * V,+R 520t Get Gt

£n _ 2z
- AR, B PoB; (4.5)

Constant K should be so chosen that partial derivatives become
total derivatives.

Since

then

v + B K - _dz '
v, tx g +v, = 4.7

where K = tJBpo. The velocity of sound in a liquid is given by

Equation (4.5) then becomes after rearranging,

dpt

Po%, dq
dt

- 21R — :
+( A at - " A % W T Vz Pos; (4.8)

dz —
when dt vz +.a0

and



dp Pna .
v, [Po%, dq _ _ 2m
& T & A 20 Tw T VP08,
when dz =57 -a
dt z 0

Normalizing equations (4.8) and (4.9), yields

' Pna . v v g
QET.+ (.Q.Q).!;.QST - . ZmRL A T §
dt A N_ dt A w a 0Op
, 0 f
, v
when %ET =—2 41
t a
0
and
_dp' (poao) 14dq" 2L, Yz B
dt' A N _dt' A w a, Po Pe
: dz' _ Ve
when FrUi e 1.
0
p~a
070, 1
r
then
dp' | da' _ sy 1 - Po8,L
‘dt' K dt' D Pf
hen dz_ _ 5 + 1
hd de! AP
and
Pn8 L
_ dp’' dq' _ _, /L v . — ¢ 0%z
ac” TN ar T YR T Y,

25

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)
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dz' _ =,
when ac’ v, 1.

Equations (4.12) and (4.13) can be solved on a digital computer
using finite differences. To solve these equations, wall shear stress
needs to be specified along with initial and boundary conditions. In
the case of Newtonian fluids, the wall shear stress has been evaluated
using either steady-state or time-dependent friction [2,3]. When using
steady-state friction, the wall shear stress is a function of flow rate
at a given instant of time. When time-dependent friction is used, it
is not only a function of flow rate at a given instant of time but also
a function of the past history of the velocity gradients. A similar
approach can be used for evaluating the wall shear stress for a pseudo-
Bingham ﬁlastic fluid such as coal slurry. Faddick [1] has obtained
rheograms for coal slurries having different concentrations for a nomi-
nal particle size of 2200 microns (Figure 4). At high concentrations
and with small particle sizes of coal, the rheological property of coal
slurry is similar to that of a pseudo-Bingham plastic fluid (Figure 3).

If Be, pe are the effective bulk modulus and density respectively
of a pseudo-Bingham plastic fluid, then the characteristic Equations
(4.12) and (4.13) will still hold and the only difference will be in
the evaluation of wall shear stress T If it is assumed that the max~
imum’average velocity in the pipeline is considerably smaller than the
Qelocity of sound and the elevation angle of the pipeline is small,

then Equations (4.12) and (4.13) will simplify to the following

equations:
dp’ 49 o _aky 10
T + NKe ac’ 4(D) Ty (4.14)
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when %%; = +1
and

- N G T (419
when %%%'= -1.

Constant Friction Model

For a Bingham plastic fluid the rheological relationship at the

wall is given by the following:

ov
= J—1
T, = T+ N( ar)|r=R for T >1, (4.16)
sz ’ 4
37 lp=R = 0 for Ty LTy (4.17)

The rheological behavior of a pseudo-Bingham plastic fluid can be

modelled as follows:

ov
= I 4 v
T, = To *+ n( Br)|r=R for T > T +8 (4.18)
| sz
T, = TO(— 7§F°'r=R for T < Tyt S. (4.19)

The steady-state relationship between the wall shear stress and the
flow rate of a pseudo-Bingham plastic fluid viz. coal slurry can be
approximated by steady-state relationships for wall shear stress [31]

of Newtonian and Bingham plastic fluids.
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Treating the fluid as a Newtonian fluid for T < T, + g,
then
4u.q
= (-3 R_ 0
T, = (-3 3 3 | (4.20)

in steady-state. Treating the fluid as a Bingham plastic fluid for

Tw_>_To+6,

3 3 3.4
TR TR TR™ 0 .
4= 75 Ty - ETS 1'0 7 3 for T, > 1'0 + 8. (4.21)
w
Let Tl = TO + §. When Tw = Tl’ |
3
_ TR '

Knowing To and n from measured rheological characteristics, uo is

given by

My = (4.23)

-—I|-—l
= O

Ty 4
1
+-§(_).

1 -
T

wls |3

An explicit solution for Tw in terms of q is quite involved in the

case of Bingham plastic fluids. But Equation (4.21) can be recursively
used to obtain the ﬁall shear stress Tw for avgiven q. This approach
gives only an approximate wall shear stress of a pseudo-Bingham piastic
fluid flowing in a pipeline. Normalizing Equations (4.20) and (4.21),

yields
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3
T'
= 4L N T S T RN
R T L S i d T Tw.) ) for q'>gq,' (4.24)
A L R . .
T, ‘Z(-ﬁ-)fq for q' <q,'. (4.25)

These equations along with Equations (4.14) and (4.15) are implemented
in a finite difference form on a digital computer to compare with

experimental results in a later chapter.
Time Dependent Friction Model

For Newtonian fluids, Zielke [3] obtained an expression for the
wall shear stress as a function of the past history of velocity gra-
dients. Before Zielke, Szymanski [33] obtained an expression for the
wall shear stress in terms of thevpast history of pressure gradients.
It has been found that both expressions lead to the same result as far
as predicting the pressﬁre transients in a pipeline. However the
gpproach based on velocity gradients is more convenient to implement
than the one based on pressure gradients. For Bingham plastic fluids,
as shown in the previous section, the wall shear stress unfortunately
can not be represented as an explicit function of the.average velocity.
Hence, wall shear stress is evaluated based on the past history of
pressure gradients instead of velocity gradients.

Atabek [16] developed an expression for the shear stress distri-
bution across the cross section of a pipeline carrying a Bingham plas-
tic fluid. He extended Szymanski's analysis technique to evaluate the

shear stress for Bingham plastic fluid flow in a circular pipeline.
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Atabek's approach is taken here to evaluate the wall shear stress for
unsteady flow of pseudo-Bingham plastic fluid in a pipeline.

As before, the flow conditions at a cross section of the pipe is
considered. All the assumptions made for deriving Equations (3.22)
and (3.18) still hold. In addition, since pressure and flow at a cross
section is considéred, density variations are completely neglected
along with the gravitational force term. Hence the continuity equation

is identically equal to zero. The other equations become

z-Momentum:

EXE e _ 9P -1 0 (rt ) ' (4.26)
o Bt 9z r Jr rz ‘ *
8vz
.= To + n(- 7;;) for T, 27 (4.27)
and
8V7
Ty = uo (- —3—;—) for L < T (4.28)
The boundary condition is
vz(R,t) =0 for all t.
Integrating Equations (4.27) and (4.28) and considering Trz(R,t)
v (r,t) =1 fR T _ dr - Ig-(R - 1) for T (R,t) > T (4.29)
z nJ‘’r rz n rz >/ — "1 :

and
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1 (R
vz(r,t) = i Ir T ,dr  for Trz(R,t) < 7. (4.30)

Substituting Equations (4.29) and (4.30) for vz(r,t) in Equation (4.26)

gives
E)'QfRader=---a-P--*l-—a-(rT ) for T_ (R,t) > T (4.31)
n ‘r 2t 9z r or rz rz' 2 — 1 :
and
_p_Q_J'RaTrzdr,:_éE_l_a_(rT ) for T (Rt)<T (432)
Mo T ot 9z r or ‘rz rz- >/ — 1° '

Let f(t) = - %%

Differentiating Equations (4.31) and (4.32) with respect to r and

rearranging gives:

9 Tre + l.aTrz - “rz - EQ aTrz =0 for T (R,t) > T (4.33)
2 r or 2 n ot © rz- 07 =1 )

or r

2 .

"Tra 1% Tea P00 L o cr. 3

3r2 r or r2 o ot rz> /- "1° ‘

The above two equations are alike except for the coefficient of the
BTrZ/at term. If the pressure gradient is assumed to be a monotoni-
cally increasing function of time, then Equation (4.34) is valid at

the wall until
T

Trz|r=R = 1

and Equation (4.33) is valid for later times.
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1f Trz(r,O) = 0 then the solution to Equation (4.34) is exactly
the same as for Newtonian fluids [3]. This solution for the above ini-

tial condition is given by

2
U, z
® 2P R %W ¢ B%I;(t—)\)' -
T (r,t) = I -i—-——}——(z—)“l— ;e £(A)d\. (4.35)
m=} = "0 V1
At the wall of the pipeline,
Ha 2
.0 m (t-1)
® o2¥y & Po g2
T, (Ret) =T (t) = E R fo e | £(\)d). (4.36)

Let t = t1 be the time at which Tw = T_,

1

The differential equation that is valid at the wall is Equation
(4.33) for TW z_Tl. The solution of this equation is same as the one
for Equation (4.34) except that Ho is replaced by n. The initial con-

dition is Trz(r,tl). Then

2
n an (t-1)
- — ——— t_
Po 2

e R FO)AN + T
1 1

T(t) = L
w =1

e

Ly

(4.37)
)

for Ty 2T
The above solution was obtained for an arbitrary but monotonically

increasing input pressure gradient. The solution can be extended to a

completely arbitrary input. The solution is represented in a slightly
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different form for an efficient implementation on a digital computer.

Let
[+ . .
T, = z Tem (4.38)
m=1

where

- 2@ 0
- [t R £(0)d)
Tom 0 R © ‘

(4.39)

P

If t < Ty» then v = ig'

o
Otherwise Vv = 7;.
This is represented schematically in Figure 5. Equation (4.39) is

the solution of the following first order differential equation with a

zero initial condition.

dTwm vzmz 2V
at "2 T TR PO | (4.40)

If At is the time step and input is constant for the duration of the
step, then

vz zAt
m

R2

Twm(t + At) = Twm(t) e +



2v -z%n
R eRE

f(1)

Figure 5.

%ze-zng
!

> K

- -

Tw(t)

NOTE: lREPREéENTS CONVOLUTION

+ REPRESENTS ADDITION

Block Diagram Representation of Convolution
Integral for Wall Shear Stress Evaluation.

%€
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2
vzm

t+ At 2v R
+ft< ‘—R—e

(t+At=-2) '
Fu(A)dA (4.41)

which reduces to

2 2

vz “At vz At
_ _ m . m
2 2
R 2 R ‘
Twm(t + At) = 'l‘wm(t) e + : 5 FR{(1 - e ) (4.42)
m
and also
00

-rw(t + At) = I 'rwm(t + At) | (4.43)

m=1

The R.H.S. of the Equation (4.43) reduces to the following after

rearranging
2
vzm At
> PR, R FR
R.H.S. = I (1 _(t) - =) e + = (4.44)
wm 2 2
m=]1 Z
m
e o w 1 1
. 2 ‘———ﬂ—'.
m=1 2z 2 4
m

To implement Equation (4.44) on a digital computer the following

approximate expression is used to evaluate Tw(t + At):

vz 2At
m
N 3
T (e A = I (T (6) - —21?-(-92—‘-*-) e R +f——(2£la (4.45)

m=1 z
m
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where N is a finite number and F=£f(t).

The error involved in the evaluation of Tw(t + At) using a finite
number of terms is given in Appendix A. Due to slow convergence of
the series, a fairly large number of terms is. required for the evalua-
tion of the wall shear stress Tw(t + At). Normalizing Equation (4.45)

‘with respeét to Pes and time with respect to the characteristic time

tc, gives

vz At
N , - 2
T AT = § (r ') - 2E(D . R
w wm 2
m=1 z
m
+ £'(t") R (4.46)
2L ¢
Po
where v =— for T ' < T, (4.47)
uo w — 1
Po
and v = 7T-otherwise. (4.48)

These equations are implemented on a digital computer in finite differ-
ence form to evaluate the time-dependent friction. The evaluation of
the convolution integral could not be simplified any further (as Trikha

[34] did for Newtonian fluids) due to the time varying nature of the

parameter V.
Constant Friction in Turbulent Flow

To predict the transient pressure response for the turbulent flow

éése, Equations (4.14) and (4.15) can still be used as long as the mean
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velocity is considerably small compared to the velocity of sound and
all other assumptions are the same as before. For the laminar flow
case the wall shear stress can be calculated at any given flow rate or
pressure gradient. However, in turbulent flow case an empirical rela-
tionship must be used to evaluate the wall shear stress. An algorithm
is developed later in this section to evaluate wall shear stress baszad
Mbn steady-state friction factor vs Reynolds number charts obtained
experimentally and correlated by Tomita [4]. Since the evaluation is
based on the steady-state friction factor the method is similar in
principle to the evaluation of wall shear stress based on steady-state
friction in laminar flow; Using Tomita's approach to the evaluation of
friction factor for tufbulent flow case, the constant friction model
developed earlier for the laminar flow case can be easily extended to
the turbulent flow case.

| The frictional losses in a pipeline due to the turbulent flow of a
Newtonian fluid are indicated by the Fanning friction factor vs
Reynolds number chart for different pipe wall roughness factors.
Similar charts have been developed for certain classes of non-Newtonian
fluids in the turbulent flow regime. For these classes, the effect of
roughness of the pipe wall has not been considered as extensively as in

the case of Newtonian fluids [14].

Development of Algorithm for Turbulent Flow Case

Tomita used the following definitions for friction factor and

Reynolds number.

2.5
ful D™ Ap 1 - ¢) ‘ ' . (4.49)

32pLq?2
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4 .
- 4pq _ (¢’ = 4c + 3)
NR D (1-2¢) 3 | (4.50)
Similarity considerations were used to deduce these expressibns.

After rearranging Equation (4.21) using c, steady-state flow rate

q through a pipeline is given by

31 4
= EQ.._Q.(l - i'c + 59

32m e 3 3 (4.51)

Tomita used Equations (4.49) and (4.50) successfully to correlate
the data for Bingham plastic fluids like slurries and muds on a single
curve as shown in Figure 6. Tomita then applied Prandtl's mixing length
theory to the turbulent flow of Bingham plastic fluids to obtain an

 empirica1 relationship between F and N Due to the manner in which #f

R’
and NR have been defined, the relationship obtained is the same as in

the case of Newtonian fluids. It is given by

1172
() =4 1o (N /P - 0.40 (4.52)

Using Equations (4.49) and (4.52) the following algorithm is
developed to find the wall shear stress Tw for a given flow rate q.

Pipe wall roughness is not considered in the following algorithm.

1. For given values of q,D, and n the constant c is to be
determined using Equation (4.51). This equation is
solved iteratively by back substitution.

2. The Reynolds number NR is evaluated using Equation
(4.50). 1If the value of Np so determined is less than
2000, then the flow is assumed to be laminar and the
wall shear stress is evaluated on that basis. If NR is
greater than 2000, then step 3 is executed.
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3. The friction factor f that corresponds to the Reynolds
number N, is then obtained by solving Equation (4.52)
numerically. Knowing f, Equation (4.49) is used to
evaluate the wall shear stress T, as follows:

2
T = Spf% Z c)q (4.53)
w D .
Normalizing
q2 2
- 1
w TT2D4 P

Thus the algorithm makes it possible to evaluate equivalent wall
shear stress for turbulent flow case. The constant friction model

developed earlier for laminar flow case can easily be extended to tur-

bulent flow case using this algorithm,

Implementation of the Method of

Characteristics

Equations (4.14) and (4.15) can be implemented on a digital com-
puter By rewriting them in a finite difference form. This form is
valid along the characteristic grid lines as shown in Figure 7. It is
assumed that the initial conditions and boundary conditions are speci-
fied. Considering the grid points I,J and K, Equations (4.14) and

(4.15) become as follows:

Py - Pi Ny L ‘
At? + At! (Qj - Qi) = "4('1')') TW' (4.55)
L B
) ]
when ﬁ—i—.— +1
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and ,

1] ] ) - I_"_ ] :

1 ]
when %%T = -]

These two equations can be solved for the unknowns P& and Q&
knowing all other parameters. The wall shear stress is evaluated know-
ing Qi and Q& respectively if the constant friction model is used. For
the evaluation of wall shear stress based on time-dependent friction,
past history of pressure gradients corresponding to grid point J is

used as indicated by Equation (4.46). A computer program listing for

the implementation of the line models is shown in Appendix B.



CHAPTER V
EFFECT OF COLUMN SEPARATION

Column separation is a phenomena that occurs whenever the tension
in a flowing liquid in a pipeline is large enougﬁ to break the liquid
column into two columns. Under such tensions, the pressures at separa-
tion sections are very low and equal to the vapor pressure. Before
column separation can occur, small cavities form as the pressure
reduces. Earlier investigators assumed that these cavities are com-
pletely filled with vapor but later Schwéitzer and Szebehely [27]
showed that this is not necessarily true for all liquids. Their exper-
imental investigations for several liquids including water showed that
the cavities are occupied both by vapor and air. At any given pres-
sure, liquid is saturated with a certain amount of dissolved air. When
the pressure is reduced sﬁddenly from the saturation pressure, air is
feleased from the liquid. This explains the presence of air in the
cavities. The percentage of dissolved air in water generally is very
small whereas it may be much larger in other liquids such as Kerosene.
Dissolved air appears to be.the cause of formation of small cavity
bubbles that appear whenever the pressure in water flowing in a pipe-
line falls Below the saturation pressure. These bubbles grow in size
as the pressure 1s reduced to vapor pressure, and the growth of these
cavity bubbles is spontaneous near vapor pressure. Most of the cavity

volume isAthen occupled by the water vapor. This appears to be the

43



b4

reason why in earlier line models only vapor is considered to exist in
the cavity and the effect of air in the cavity is neglected.

In previous chapters, equations were derived to predict the pres-
sure tranéients in a pipeline carrying a pseudo-Bingham plastic fluid,
in particular a coal slurry. The effect of column separation was not
considered. Due to the presence of high pressure transients generated
during water hammer, column separation will occur during the ensuing
low pressure waves. Due to the presence of coal particles in water,
it is assumed that water in a coal slurry is saturated with the air at
ambient pressure. Whenever air pressure reaches a point near vapor
pressure, a mixture of air and water vapor occupy the cavity volume.
In this chapter, the Schweitzer and Szebehely' model for release of
dissolved air from water is used to include the effect of column sepa-
ration in the earlier derived pipeline dynamic model. Several elabo-
rate techniques already exist in literature which treat the effect of
dissolved air in water, but the one presented here is simple and compu-
tationally fast and appears to be quite satisfactory when predictions
were compared witﬁ experimental results.

The amount of the air released in water at a given equilibrium
pressure is given by thé well-known Henry's law. It says that if no
change in molecular structure occurs during the solution or evolution
process, then the free volume of dissolved gas in the liquid is

directly proportional to the absolute pressure.

= P
Vo=58_eVy (5.1)
Po )

Whenever the pressure of the air above the surface of the liquid
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is reduced below the equilibrium pressure, and there is sufficient
agitation, then the liquid is saturated at the new equilibrium pressure.
Since the new equilibrium pressure is less than the previous equili-
brium pressure, the mass of the air dissolved in the liquid is also
less. If the volume of gas dissolved initially is Vl at standard

atmospheric conditions, and V2 is the final volume of dissolved air,

‘then the amount of evolved free air is given by

(5.2)

Sczweitzer and Szebehely associated a rate process with the evolu-

tion of air from the liquid whenever the gas pressure falls below the

initial equilibrium pressure. By simple mathematical manipulations it
can be shown that the amount of air evolved from t=0 to any time t,
when the gas pressure above liquid surface is reduced from P, top ,

g
is

sn (Pe ~ Pg

av = s +n

o ) Vy (1 - exp(-0.693 —,Et;)) (5.3)

So far only the evolution of gas from liquid is considered. When
the gas pressure above the liquid surface goes above the initial equi-
librium pressure then resolution of gas into the liquid takes place.
This process is found to be considerably slower than the evolution pro-
cess [27]. In the current work, resolution of gas into the liquid is
not considered during the transients.

To obtain the volume of released air over one time step, Equation /

(5.3) is manipulated to yield the following
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YT T m e ;OPE) ) | | (5.4)
V(t + At) = V() + (vM - v(t))(1 - exp(—At/Tc)) - (5.5)
where
T
T, 57693 (5.6)

As there is spontaneous growth in the cavity bubbles at or near
vapor pressure, it is assumed that air release occurs only near the
vapor pressure level. Also, the total pressure inside a cavity is the
sum of the partial pressures due to water vapor and air. Once the
alr i1s released, it is assumed that it does not go back into solution
with the water. With these assumptions, an algofithm can be implemen-
ted to consider the effect of column separation in the constant fric-
tion model using the method of characteristics soluﬁion technique. 1In
Figure 7, grid points I, J, K are considered for illustration of the
algorithm. The algorithm is applicable at all other grid points except
the end grid points. The algorithm is as follows:

1. The pressure Py and Q; are evaluated using Equations

(4.55) and (4.56). After making a correction for the
gravitational force term, if the pressure Pj is less
than the vapor pressure then the next step is executed.
Otherwise, the same characteristic equations (4.55) and
(4.56) are used to evalutate pressure and flow rate at
grid point J.

2. Since Pj is less than the vapor pressure, Py is set

to the vapor pressure, and the cavity is allowed to
form.

P& = P&P (5.7)
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Since the cavity exists at J, the flow rate is calculated
assuming the volume as a boundary condition.

v L

J+ NK

(BL - B} + QN - -2’% T ) (5.8)

' _]_-_ T _ Pt ' - _2__]-1 '
(P Py + QN - T (5.9)

J- NK J K WK)

The increment in volume of the cavity can be found by the
following integral:

| . t \J '
AV o= [ e Q) -Q)dt. (5.10)

This integral may be approximated to give

Vé(t) = Vé(t - At) +'0.5At(Q3_(t) - Q3+§t)'
+Q)_(t - At) - Q) (t - 48)).  (5.11)

When the cavity volume is positive and increasing,
air release is considered. Otherwise there may not be .
any alr release and the cavity is allowed to reduce
in size.

For air release the following equations are
implemented.

V, = Abz : (5.12)
]
Vc VQ
= | By
n Vi where VQ Vf (5.13)
Vo= 2B (& _ ) v (5.14)
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V;(t) = V;(t - At) + (Vﬁ - V;(t -A))(1 -e ) - (5.15)

Equations (5.12) through (5.15) are assumed to be
valid until the volume of air released is a certain
fraction « of the total volume of cavity. It is
assumed that the partial pressure due to air is negli-
gible under those circumstances. Once the volume of
air released exceeds « times the total volume of the
cavity, air release is inhibited and a different set
of equations is used.

3. When there is no more air release, an isothermal pro-
cess 1s assumed and the volume of air follows the state
equation

1yl = oty
pcaVC pVPVa , (5.16)

‘A more appropriate process would be the polytropic
process, but since the equations considered using
method of characteristics solution technique assume
very small changes in temperature along the pipeline,
the assumption of an isothermal process is justified.
This assumption also has an incidental advantage of mak-
ing the computations faster due to the simplicity.

The other equations that have to be solved along
with Equation (5.16) are as follows:

1 = p? '
P! = B! + Bl (5.17)
S W 2L !
TN (Bp = PL+ QN =37 Top) (5.18)
R S w 2L _,
G, P BT WD Tw (5.19)

In addition, Equation (5.11) is used to update
the volume of the cavity. While using these equa-
tions if the pressure in the cavity becomes less than
(1 + ) pyp, then step 2 of the algorithm is implemented.

From the algorithm above, it can be observed that air is released

very sparingly since no more air release occurs once the partial
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pressure of the air is greater than « times the vapor pressure. For
this study with coal slurry, an average « of 0.08 was chosen.

"In actual implementation on the digital computer, the solution be-
came unstable when the ratio equals to 1. This instability is attri-
buted to the fact that the approximate integral used for integration of
the flow rate difference to obtain the volume of the cavity is not
accurate at the given time step, especially when large changes in vol-
ume occur. This has also béen observed by others when the amount of
air release is small [2,28]. One or both of the approaches below are

to be taken in such a case.

1. The time step is reduced further and the simulation is
carried out again. However, as the time step is reduced
by some factor, the number of grids is increased by the
same factor and greater number of calculations needs to
be performed.

2. The time step is reduced but the number of grids is not
changed. This means that Az/At' can be greater than one.
It suggests interpolation between grids to obtain the
values of the pressure and flow rate variables. This
procedure is shown diagramatically in Figure 8. By using
interpolation technique, the grid size is made indepen-
dent of time step At, as long as the ratio Az'/At' > 1!,
However this interpolation technique introduces numerical
damping in the solution. To minimize the numerical damp-:
ing the ratio AzY/At' should be very close to unity. So
the ratio that is greater than unity, closer to unity,
and that makes the solution to converge is chosen.

lcourant's criterion.
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CHAPTER VI
VALIDATION OF THE MODELS

An experimental study was conducted to validate the use of the
pseudo-Bingham plastic model for predicting pressure transients in a
coal slurry pipeline. In particular, the objective was to validate the
-constant friction models developed for the laminar and turbulent flow
regimes with and without column separation, and the time-dependent
friction model for the laminar flow regime. A schematic of the experi-
mental setup is given in Figure 9. The following factors were consid-
ered in the selection of the test line length and diameter.

1. The L/D ratio should be much greater than unity. One

dimensional analysis is justified only when this condi-
tion is satisfied.

2. The valve closure time should be less than the wave pro-

~ pagation time 2L/a. This ensures that the pressure peak
amplitude obtained at the upstream end of the valve is
the maximum for a given initial steady flow. This
ensures high frequency content in the response and also
makes it possible to assume quick closure as the bound-
ary condition in the line model. The quick closure

assumption eliminates the need to consider time of clo-
sure and valve characteristics in the model.

Experimental Setup

A schematic of the experimental test section is shown in Figure 9.
The setup consists of a 1/2 in. I.D. galvanized steel tube having a

length of 496.6 inches. The pressure‘source for the line is a pressure
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tank having an inside diameter of 14 in. and a height of 28 in.. The
1id on the tank supports a stirrer rod that can be turnéd by an air
motor mounted on the top of the 1lid. The speed of the motor can be
varied. Stirring action is provided by a two blade stirrer that is
attached to the other end of the rod. Fluid is introduced into the
tank from the top. The tank is pressurized with air. By maintaining
constant alr pressure using a regulator, steady flow can be established
through the test line at low flow rates. The downstream end of the
line is connected to a receiving tank using a flexible hose.

Two pilezoelectric transducers are mounted on the test line to
obtain the pressure response at two different locations. These trans-
ducers are flushmounted on the line. A cross 'sectional view of the
transducer mount is shown in Figure 10. The outputs from the trans-
ducers are connected to a waveform recorder. The digital output of the
recorder is sént to a microprocessor (INTEL 8080) which in turn trans-~
mits data by phone line to a digital computer (IBM 370/158). Data pro-

cessing is then done on the digital computer.
Experimental Procedure

The pressure transducers were calibrated using the step pressure
change obtained by pressurizing the linevand‘suddenly opening the down-
stream valve. A calibration error of +11 percent was detected using
this method of calibration.

Coal which is ground to a nominal size of.100 microns was used to
prepare the coal slurry. The actual size distribution of the particles
is shown in Table I. Pulverized coal was then mixed with water approx--

imately in 50:50 proportion (by weight). The exact proportion is
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TABLE I

SIEVE ANALYSIS OF COAL USED IN

EXPERIMENTS
Retained on Passed thru Percent
#50 —— 1.13
#60 #50 2.57
#100 #60 24.90
#200 #100 ©32.30
—— #200 39.10

TOTAL  100.00
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reported along with the experimentél response. The rheological charac-
teristic of the coal slurry was obtained using a Fann viscometer
(rotary viscometer). The results are shown in Figure 11. The choice
of the particle size and concentration was dictated by the earlier
repdrts of the rheolbgical characteristics of coal slurries prepared
with different particle sizes and concentrations of coal in water by
Faddick [1]. Existing commercial long distant coal slurry piﬁelines
use approximately the same concentration as Faddick with a slightly
higher percentage of particles of coal above the 100 microns size.

From the rheogram shown in Figure 11, it can be seen that the test coal
slurry behaved approximately like a pseudo-Bingham plastic fluid.

After the rheological characteristics were measured the slurry was
then poured into the tank to conduct theiexpérimencs. Before taking
the measurements, the slurry was run through the pipeline to purge the
line of air bubbles trapped in the line. A measurement of the velocity
of sound in the slurry indicated the extent of air trapped in the pipe-
line. The slurry collected at the downstream was then recycled prior
to the beginning of the basic tests. |

Experimental data was obtained for different operating conditions.

Sudden Valve Closure With no Column Separation

Initially, steady flow was established. The flow rate was chosen
such that the pressure in the line did not reach the vapor pressure at
any instant of time following sudden closure of‘the ball valve at the
downstream end of the test line. Experiments were performed with flow
rates between 0.2 to 0.8 cubic inches per second which was always

greater than the settling velocity. After establishing the required
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steady flow, the valve was suddenly closed and at the same time the
waveform recorder was triggered to record the output voltage response
of the two pressure transducers. Using the microprocessor the data was
then transmitted from the waveform recorder to the digital computer
over phone lines. Typical output responses are shown in Figure 12.

An evaluation of the first peak amplitude based on initial steady-
state flow rate showed that the valve closure was indeed a sudden clo-
sure 1i.e. valve closure time is leés than 2L/a seconds. The apparent
large difference between the first peak amplitudes at the transducers 'l
and 2 is attributed to the calibration errors in transducers 1'aﬁd 2.

- The vibrations caused by valve closure can be seen to be negligible.

Sudden Valve Closure With Column Separation

As in the experiment described above, steady flow was established
initially. Cavitation followed sudden valve closure whenever the flow
rate was higher than about 1.5 cubic inches per second. Flow rates
between 1.5 to 2.5 cubic inches per second were chosen so that the flow
remained laminar and the maximum pressure peak was within the measur-
able range of the pressure transducers. Pressure responses of the
transducers were recorded immediately after quick closure of the ball
valve., Typical responses are shown in Figure 13. Again‘the initial
peak amplitude evaluation based on the initial steady-state flow rate
confirmed that the valve was closed suddenly. The negative pressure
peak reached the vapor pressure level of water indicating cavitation in
the line. It can also be observed that the duration of the negative
pressure peaks is longer than the duration of the positive peaks indi-

cating possible column separation.
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Sudden Valve Opening

This particular boundary condition for the downstream end of the
line was selected to validate the constant friction model in turbulent
flow regime. Sudden valve closure cannot be used because of the occur-
rence of cavitation and the accompanying column separation at high flow
rates. Initially steady flow was established at a supply pressure of
about 50 psi. Then the valve was closéd slowly until there was no flow
in the pipeline. The supply pressure was then raised to a higher value
and the valve was opened suddenly. The pressure transients were
recorded and processed as before. Typical'responses appear in
Figure 14.

The velocity of sound was obtained from the experimental response
itself by measuring the round trip travel time of the wavefront from a
transducer. Due to the presence of a varying number of small air bub-
bles, the velocity of sound differed in a small degree from one experi-
mental response to another. The velocity of sound for a given experi-
mental response is higher at the start of the transient and reduces
slightly as time elapses. This slight decrease in the velocity of
sound is a function of the amount of air released from the slurry. An
average velocity of sbund can be established for a given experimental
response.

Independent measurements were made on other parameters like den-
sity, length of the line, diameter of the line, etc. With the.mea-
sured parameter values, the line models developed earlier were used to
predict the theoretical pressure responses. The predicted pressure
responses are compared with the experimental pfessure responses in the

following subsections.
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Comparison with Dynamic Models

The dynamic models were used to simulate the experimental opera-

ting conditiomns.

Case 1 - Sudden Valve Closure with no Column

Separation

The pressure responses at transducers 1 and 2 were predicted using
the simple constant friction model discussed in Chapter IV for this
operating condition. A predicted response and an experimental response
are superimposed in Figure 15.

The boundary conditions for the model were assumed to be a con- .
stant pressure source at the upstream end of the line and a quick valve
clpsure at the downstream end. The time step and the number of grids
used in the wethod of characteristics solution technique are given in
the same Figure 15.

The model predicts the maximum values of both positive and nega-
tive pressure peaks fairly ﬁccurately using the measured values for

yvield stress T, and coefficient of plasticity n, each of which has a

0
measurement error of at least *10 percent. Since constant friction is
assumed, the attenuation of all the frequency components of the wave
front is constant. However, from the experimental response it is evi-
dent that this assumption is not wvalid. This error is the main draw-
back of the constant friction model. However, computationally the
constant friction model takes less time on a digital computer. In

applications such as in preliminary design of slurry pipelines where

only approximate values of the peak amplitudes are needed, the
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constant friction model can be useful and efficient. A comparison of
the predictions using the constant friction model based on Newtonian
fluid assumption with the same experimental response is shown in;Eigupe
16. The apparent viscosity U, was calculated from the measured rheolo-

gical characteristic using the following equation.

3
ﬂToD

203 (6.1)

Mg =N+

Initial steady flow rate was used in calculating L The discrepancy
in peak amplitude prediction can be observed.

A comparison of the response obtained using the time~dependent
friction model with the experimental data shoﬁs that dispersion of the
wave front is predicted reasonably well. The time-dependent friction
model for a pseudo~Bingham plastic fluid considers the past history of
pressure gradients for the wall shear stress evaluation. In contrast,
the past history of velocity gradients is used in the time-dependent
friction model for Newtonian fluids [3].

The predicted response matches very closely with the experimentai
response in spite of the approximations made in developing the model.
The model has to be validated with different fluids or coal slurries
that have higher yield stress and a different coefficient of plasticity.
The time-dependent friction model can be used in applications where the
attenuation characteristic of the pressure waves needs to be known very

accurately e.g. like in a critical pipeline design.
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Case 2 - Sudden Valve Closure with Column

Separation

In this case, the constant friction model with the éavitation
model included, was used fo predict the transient pressure response
when there is column éeparation in the pipeline. Predicted and éxperi-
mental responses are shown in Figure 17.

All the parameters were measured separately, except the two para-
meters that are needed for simulating the cavity growth model. These
two parameters viz. solubility constant s and air release time constant
Tc, are obtained from the published data by Schweitzer and Szebehely
[27] for water. The initial flow rate is high enough to cause cavita-
tion at the upstream end of the valve after 2L/a seconds upon valve
closure.

A comparison of predicted and experimental responses shows good
agreement between model and experiment. Convergence of the numerical
solution was obtained for At'/Az'equal to 0.75. Any reduction in the
ratio AtY/Az' results in more damped response. However the times of
occurrences of the peaks are predicted to the same accuracy, even if
the ratio AtVAz{is reduced to a smaller value. Experimental responses
matched with theoretical responses for different initial flow rates
once the ratio At'/Az' was propérly chosen for the numerical solution to
converge. Almost all the models presented in the literature related to
cavity growth in liquids with low solubility coefficients, are poor in
predicting the pressure peaks that occur after the first and second
peak. The cavity growth model developed here for liquids with low

soiubility coefficients appears to‘de3cribe the cavity growth process
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‘more realistically. It can be seen that not oﬁly the first two peaks
but also the latter peaks matched both in amplitude and time of occur-
tence. The liquid, in the present case a coal slurry, had very few air
bubbles at the start of the test. This result is evident from the ini-
tial high vélocity of sound. Also the velocity of sound is assumed to
be constant in the model. Since the amount of released air is small,

this assumption is justified as evidenced by the experimental results.

Case 3 - Sudden Valve Opening

The simple constant friction model was extended to turbulent flow
regime in Chapter IV. An experimental response for turbulent flow
regime was obtained as outlined in the experimental procedure under the
subsection for sudden valve openihg. The transient responses thus
obtained are compared with the theoretical predictions in Figure 18.

A sudden jump in attenuation can be observed in the theoretical res-
ponse. This is due to the change in the evaluation procedure for fric-
tion, when the Reynolds number for the slurry exceeds 2000. It is
assumed in the model that the laminar to turbulent transition occurs at
a Reynolds number of 2000. No such jump in attenuation occurs in the
experimental response. It is possible that the flow did not become
turbulent at a Reynolds number of 2000 as assumed by the model. Also,
the flow may have become turbulent gradually, but not as suddenly as
depicted by the predicted response. It is hard to determine when the
flow has become turbulent for a transient flow. Because of these dif-
ficulties, no model has been developed that can predict the transients
as accurately as the models that have been developed for laminar flow

regime,
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An objective of the current dissertation was to extend the steady-
state friction model developed for the laminar flow regimé to the tur-
bulent flow regime to take into account the increased attenuation at
higher flow rates. A similar extension was done for Newtonian fluid
pipeline models. The model developed in Chapter IV is intended to be
only an aid in predicting the approximate pressure peak amplitudes
during transient conditions when the flow becomes turbulent. Comparing
the experimental and pfedicted results for the condition when the
steady flow is at least twice as high as the flow rate corresponding to
the Reynolds number of 2000, it can be concluded that the constant
friction model indeed can serve as a design tool in approximatély pre-

dicting the pressure peaks that occur during transients.



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

A simple constant friction model and a time dependent friction
model have been developed for predicting the transient pressure and flow
responses in a pipeline carrying a pseudo-Bingham plastic fluid such as
coal slurry, mud etc. These models have been validated with experi-
mental data obtained from a prototype pipeline using coal slurry. Val-
idation of these models suggests that the assumptions made in develop-
ing the models are justified, especially the manner in which the rheo-
logical characteristic of the pseudo-Bingham plastic fluid is imple-
mented in the constant friction and the time dependent friction models.
Although it can be argued that treating a pseudo-Bingham plastic fluid
as a Newtonian fluid whose viscosity 1is equal to the apparent viscosity
may give rise to results that are adequate for some purposes, such a
treatment may not be justified for a critical pipeline design applica-
tion. Also, since the apparent viscosity is a function of the velocity
at the operating conditions, the Bingham plastic fluid rheological
model must be used to calculate the velocity. The implementation of
the non-Newtonian fluid constant friction model on a digital computer
is as easy as the implementation of the constént friction model based
on Newtonian fluid assumption.

A comparison of model predictions with experimental data shows

that the time dependent friction model is much better in predicting the
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transient pressure response than the constant friction model. However
the computation time for the former is much higher than that required
for simulating the constant friction model. Though these models have
been validated with a coal slurry having a known composition,.their
validity for different compositions of coal slurry and for different
pseudo-Bingham plastic fluids can only be confifmed by conducting more
‘experiments.

A cavitation model that allows release of dissolved air from the
water has been included in the constant friction model. This cavita-
tion model is only for liquids that have a low solubility coefficient.
The cavitation model is conservative in that air is released only when
the pressure at any point reaches the vapor pressure. Also, the cavi-
ties are assumed to be formed only at the gfid nodes. The velocity of
sound is held constant in the model. With these assﬁmptions, the the-
oretical predictions using the cavity growth model correlated surpris-
ingly well with the experimental data. This agreement suggests thaf
the macroscopic modelling of the cavifation mechanism is appropriate
for the coal slurry under consideration. No general conclusion about
the validity of the model can be.made unless more experiments are per-—
formed with different fluids having low solubility coefficients. Since
the objective was to develop a computationally fast, yet reasonably
accurate model to predict the column separation in a coal slurry pipe-
line, no attempt is made to validate the model with different fluids
having different solubility coefficients.

The constant friction model has been extended to the turbulent
flow regime using Tomita's experimental corrélations for Bingham plas~

tic fluids. A comparison of predictions with experimental results
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confirmed that a model that considers the steady-state turbulent fric-
tion is better than the one that considers only steady-state laminar
friction. |

Overall, the models are valid within the ekperimental error bounds
‘and within the constraints imposed in the model development. The

experimental results do provide some confidence in the line models

developed.

The following are a few recommendations to further the present

work.

1. Study the effect of concentration and particle size on
the parameters such as yield stress, and coefficient of
viscosity.

2. Study the effect of the solubility coefficient and undis-
solved air bubbles on the experimental response to estab-
lish the range of validity of the cavity growth model
developed. .

3. Develop a design procedure for synthesizing coal slurry
and for specifying the pipeline requirements making use
of the dynamic line models in addition to steady-state
models. This design should be optimum in terms of cost,
efficiency and resource management.
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APPENDIX A

DERIVATIONS RELATED TO THE TIME-DEPENDENT

FRICTION MODEL

The following two derivations are related to the time-dependent

friction model discussed in Chapter VI.

[+ ]

1. Derivation for T -—li =-%:

m=] z
m
r2
The Fourier-Bessel expansion for 1 - —E-is given as
R
r
r2 > 8 JO(E zm)
R m=1 z 1" m
m
Differentiating Equation (A.l) with respect to r, gives
T
2t > 8 ’n Jl(i.zm
- —7 = - 7 -——3 (—ﬁ—) TTZ—)—. (A.Z)
R m=1 z 1" m

After substituting R for r and rearranging, Equation (A.2)
becomes

1 1
X ——2=—4°. (A.3)

m=]1 z
m
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Derivation of error bound on approximating the sum of the
infinite series by the sum of a finite series:

2
o PZ
Let 8 = I -e—-—-2——-— (A.4)
m=1 zm
where p = l@E,
R
2
N P%y
and let 8 = I £ . (A.5)
m=1 zm

If 8§ ~ SN gives the error between the sums, then

—pz 2
8 -8 = I 5= ‘ (A.6)
me=N+1 zm

Since the zeros of the Bessel function J (x) form a mono-
tonically increasing sequence,

2
_p -]
m=N+1 2

2
-p N
S-8 <e gl (-};- b —15> (A.8)
n=l 2z

Equation (A.8) indicates the error bound in using a
~ finite number of zeros of the Bessel function Jq(x) in
the evaluation of Ty using Equation (4.44).
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APPENDIX B

PROGRAM LISTINGS

THE FOLLOWING FPROGRAMS ARE BAGED ON THE MODELS DEVELOFPED IN
CHAFTERS TV AND U, THE NAIN FROGRAM AUS INPUT PARANETER VALLIESY
CALLS SUEBRDUTINE LINFO FOR EVERY TI1 TEFs ANIt WRITUS THE OUTFUT
PRESSURES AT DIFFERENT GRID FOINTS (ARRAY FA) TO THE DISK FILE
WHICH 15 USED LATER TO QRTAIN THE FLOTS. THE MAIN PROGRAM CALLS
THE FOLLOWING SUBROUTINES?

1. SUBROUTINE LINEQ

2, SURROQUTINE FQDMF
SUBROUTINE PQDMF IS8 CALLED ONLY IF A DUMP OF ALl THE FRESSURE
AND FLOW VARIARLES IS NEEDED. THE LISTING OF SURROUTINE PQDMF IS
NOT PROVIDED,
THE LOGICAL UNITS ANDR THEIR USES ARE LISTEDR BELOW:
LU S < INPUT LOGICAL UNIT TO REAL THE PARAMETER VALULS.
LU 6 — OUTPUT LOGICAL UNIT TO PRINT THE OUTFUT.
LU 8 -~ OUTFUT LOGICAL UNIT TO STORE PLOT DATA.
LU 10 - OQUTFUT LOGICAL UNIT TO DUMF THE VARIABLE VALUES (USER RY

FQOME) »

A COMFLETE GLOSSARY OF THE VARTARLES IS NOT FROVIDEDR. ONLY THOSE
VARIARLES THAT NEED SOME EXFLANATION ARE GIVEN RELOW?
EVTC  ~ TIME CONSTANT FOR AIR RELEASE (TC)
MU = COEFFICIENT OF FLASTICITY
NORFC ~ FLAG TO CHOOSE LINFARIZED OR NON-LINEARIZED ORIFICE

~ 0 LINEAR ORIFICE MO TREAM AND DOWNSTREAM ENDS

- 1 LINEAR ORIFICE MO TREAM AND NON-L INEAR

ORIFICE AT THE DOWNSTREAM END

= 2 NON-LINEAR ORIFICE MODEL FOR BOTH ENDS
INFMOD - FLAG TO CONTROUL INFUT MODE

= 0 INITIAL STEADY-STATE INFUT IS PRESSURE

=~ 1 INITIAL STEADY-STATE INFUT IS FLOW RATE
RNTCL - VALVE CLOSURE TIME

Qs - INITIAL STEALY-STATE FLOW RATE

FINIT =~ INITIAL STEADY-STATE FRESSURE

RKS = SOLURILITY CONSTANT FOR THE LIQUID

TAFT - TIME AT WHICH DOWNSTREAM VALVE BEGINS TO CLOSE OR OFEN

INFLICIT REALX8(A-H>0-2)

COMMON/NALL /Y (1) » DY (1) »X(220) yP(S50) y TIME» KEGT IMy
ENDTIMyDELT

COMMON ZOUTFUT/FA(300)

COMMON /ORFCE/EDS»CIL

COMMON /AIRREL/ALFHAYALFHI
COMMON /FLAGS/TEOUT» IRUNs ISTART» ISTOFUy IDUMP
COMMON /MISC/FI s NSUEKyMODE

DIMENSION ICOM(ZO)yIXL(9)rIYL(?):RLEN(ﬁ)vH(S)
DIMENSION IYL1(9)

REAL¥4 PArTHE » SNGL
REALX8 MUsLyNSURK

EQUIVALENCE (XC10) s IN) (X{111),FOUT)

EQUIVALENCE (F(1)/RNTCS)» (P(2)yRNTCL) »
(FC3Y P NPGEG) » (FCA)rG) oy
(F(S)rVUF) (PC10) s NGRIDG )~
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oo 0 0

(6 MUY

%

b (P3P RETA) »

2 (ISR TINE

3 LY s RNLIO)D »

4 (PCLS)IRLDY

1] (PCL7) o RES)

) (FCL19)Y s TAFT) y

7 CPCRLY y THPMOND »
8 (r*("'%),\URNnI‘)v
9 St

1 g 7)7F'F')r

1 (FE29)»FINIT)y
2 FLB0Y yRLENCLY ) »
3 (FCA0) yREGTMDY) »
4 CF ALY s NGRINL )
5 (A4 » TEXACT )y

EQUIVALENCE (PP (A&) yRKE)Y »
(B CA8) P NZERO) »
(00 yNORFC)

23

81

(FC7YyRHDD
(FA2)TOL) ¥
(FCID) 21y
(P14 1)y
(P (16) y DISOURS)

(FCI8)y TAFTO) »
(P{20) P ERRORY »

(P C22) s TURNOND »
(F(24)yUELYAT) s
(F(26)y ITUMOLD) »
(FC28),QF ) »

(P3G HOL) )y

(FCAL) yENDTHLD »

CFCA3) P NGRD2) »

(PCAS) P R)

(FLA7) sEVTC)
(FA) 1 FSAT )y

NAMELIST ZDATA/Y»Xoe Py TINE» REGTIMy ENDTIMy DELT»

1 MU RHO»
2 TAFTOy Q8
3 Hy Gy NFSEG,

Ay TAUO Loy Ty RNTOy FF s NSRIFy DL o RL s TAF Ty PINs DSOURS y RLG »
REOFy TNPMODy TURNON » TURNOF s DELTAT » TWERR » TTWMOTN Y RLENY
INTT o UFy SEGTMIN ENIVTMI e NGIRIVL » NGRIZ2 y TOUMP » LUIMF s RNTCS »

A RNTCLy JEXACT s Ry ERE EVTCoNZEROy PSAT » NGRIDIGy IE Xl'vNDRFf‘v[‘Dovl’llL

S DLy D2y ALFHAY ALF'HI

NAMEL 67 /IITM)UT/HN[”HF(ﬂlelNlll’TanELerU;f\HOvlﬂ' TAYTAUO Dy

1 RNDOYFEQITY
2 INEMOLY T f\IJ()Nv TURNOF y DEL
3 TDUMFy BEGTMLy ENITMIy NGIRTIL » NGF

SRIF DLy RLy TAIT 9 ]Nvl.l!.n} RORy DSOURS yRLEy TAFTO
Ry TYWMOT NG
2y RNTCSyRNTCL y IEXACTyRyRKS1EVTCy

EGrGryUPyRLENPH FINITY

A FEATyNGRING s TEXF s NZEROy DIF Ly DFD2y NORFC» CUSy ChL y ALFHAY ALPHI

DATA LUINF/10/
ATAN (X)) =DIIATAN(X)

SET THE DEFAULT VALUES X¥x

ALFHA=0. 1
TE XI" ()

ERITHI=O0 .0
NFGEG1
G306, 0

Ura-1 4,224
RLENCE) #1200, 0
H(1)50,0
PINIT#0,0




REWIND 10

PIN=0,O
TWERR=1,0[-6
TTWMOL =1

FI=ATANCT 10%4.,.110
NR:=:=1)

REGTIM=0.0
ENDTIM-2.0
DELT=1,0D-4
NSKIP=10

DNELTAT=0, AXTAUO
RNDO®2 . 0
FF=10,0
Lw1200,0

n=1.0

L=, 25
HGOURS™ , 2%
RL#6.0

KLE™6.,0

TAFTR9 .0 ,
TAFTOR3.0
ERROR= o 5114

as= .5

INPMOD=0
TURNON=0 40
TURNDF 10,0
IF1144.0
UFR2=72,0

REATDI THE DATA XXX

oo0

&0  READNRsIIATASEND=100)
L=0.0
D0 110 I=1yNPSEG
110 L=l ARLENCTD
QF=PF¥PIXTRKAZ CL28 OXHUXL)
IF (INPHODJEQ.O)Y GO TO 45

FINTT =00
&% CONTINUE
¢ .
C PRINT THE PARAGMETER VUALUES USED FOR SIMULATION.
c
TIME=RFGTIM
WRITECHTTADUT)
120
11=]
A
C ESTARLLISH INITIAL STEADY-STATE CONDITIONS,




83

FGT M
INZ/241
QUi CLuUnng)

- THME=SNGL CrEMED

[y o X el

o000

2000

50

70
100

ESTARLISH THE GRID FOINTS TH

NGW=NGRINZ

TO THE FRESSURE TRANS-

DPUCER FOSTTIONS IN THE

IXPONEGLY GO TO 200

LOAT CNGRITEZ) +0. 5

XCSNGL CTEME LD LR (NGRIDZ-1) /1))
XCBNGL CTEMP Y ~DF2% (NGRIDZ-1) /L))
NBW =NGRTNZ4 4

WRITE C(4967) NGWeNPLyNED

FORNAT (/10 NGW * v 145 2X0 ‘NI L= 29149 2%y N2 /4 14)

STORE THE NOo OF GRTOSy THE TINITIAL STARTING TIME. AND THE
CORREGFONDING FREGBURE DLISTRIKUTION ON UNIT 8.

WRITE (8) NOW
WRITE(D) TME» (FACTW) y LTW=1 o NGRINZ 2y
1 FAINPR)Y e PACNFL)

PRINT THE STARTING TYME AND FLOW RATES AT THE UPSTREAM AND
DOWNSTREAM ENDS OF THE PIPELINE. [

TME=ENGL CTIME)
QNG=ENGL (X CLLLANGRITIZ) )X QF

Q1=SNGL X112 ) %0F

WRITE (4y2000) .

FORMAT (/86X TIHE 2 v 14X Q17 v 19Xy QNG /)
WRITE (6o%) TME»Q1yUNG

EVALUATE AND WRITE THE UALUES OF FRESSURE AND FLOW RATES TO
APPROPFRIATE LOGICAL UNITS AT EVERY TIME SYEF.

MO
TiM IMEDELT
CALL LINEO(NGRIDZ)
CALL PRIME CLUDME)
TME=GNGL (T
WRYTE (&) TMEy (FACIWYy 1W=1»NGRIDZy2) y
1 PANED) fPACNFL)
I=141
IF (HODCTPNGRIF) JNEL Q) GO TO 70
I¥=1141
Q1=6NGL (XC112) )% QF
13))
) s (NG

-1

Wi .
TECTIME LT CENDYIM-DELT)) GO TQ S0
GO 10 60




SURROUTINE TAUWLVCQPy TAUWF)

THIS SUBROUTTNL CUNLUATES THE WALL SHEAR ST
AND TURTULENY FLOW REGINES BASED ON STLADY-¢

S IN THE LAMINAR
'ATE FRICTION,

IMPLICLT REALAS (A-H 02

COMMON /NALL /Y CLY p DY (1) XCD20) v FCHO) » TIHE y BEGTIMy
1 ENDTIMy DELT

COMMON ZFLAGSZYROUT » IRUNs ISTART » YSTOFU ¢ TDUMI
COMMON /MTISC/FT » NSULKy MONE

REALXE MUyl v MUO » NGUEK » MUOO

EQUIVALENCE (XC10) v P IN)

EQUIVALENCE (P (3) yNFSEG) » (FCAYrG)y

X (F(5)2yUP)

X (P L)Yy MUy (PC7)yRHOY »

1 (PCBYYBETA) » (F(P?)2TAUO) »

@ (PCL1) 9l )y (FCI2) 91y

3 (FC13) yRNDO) » (FC14) D)y

L] CFOI) L)y (FC1A) »DISOURS) »

4 (P17 P RLE ) » CFCIB)Y v TAFTO) »

é (PO TAFT)Y (P (20) yERROR) »

7 21 ) INFMOUD » (P C22) »y TURNOND »

] (P23 y TURNOF ) » (F(24) yDELTAT) »
9 (FC20) s TWERR) » (F(26) » TTUMOD) »
b (27 9PF) (F(2B)9QF ) »

2 (FC44) y IEXACT)

DATA IST/70/

ARG (X)) = DALY
SIGN(XrY):
ALOGIOCX)=

(X))
S LGNEX YD)
0G10CX)

IF (IST.NE.O) G0 TO 200
167=1

FERFORM THE INITIAL CALCULATIONS TO EVALUATE THE CONSTANTS.

TAUL=TAVOHIIEL TAT
TAUOP=TAUO /P

RLNR0O o 2T /L,

IF (ITUMODGEQ. L) 6O TO 110
TAVORI=TAU0/ 5.0

MUO »MUXTALLZ CTAUL-TAUOAZETAVORIKR CTAUO/ TAUL ) XX3)
RLNRMO=0 o 205¥ (HUO/MU) XD/

QOF=TAULZ CGRENRMOKIT )

ABEIGH 220 TO 16GOTO

GO TO 900
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110

510

1

IF CTAUL LD, TAUDARY GO 10 120
MUO=MUXTAUL 2 CTAUT - TAUOA3Z)
RUNRMO=:0 0 205X MU /MU kDAL
QOP=TAULZ (RLNRNOXFF )

AGSIGN 230 T0 16010
WRITECAyX) MU

GO TO 1000

WRITE (49 130)

FORMAT (1Xy X% ERROR X% TAUL 186
STOF 10

EVALUATE THE WALL SHEAR STRESS
IN THE LAMINOR FLOW CASE.

85

LESS THAN TAUOX1.3333%)

BASED ON THE STEADY-STATE FRRICTION

IF (TIME.GE.REGTIM.ANDJIEXACT.EQ.L) GO TO 1010
IF (ARSCQP) . GE QO GO TO 210

TAUWP=RLNRMOXQF

GO TO 1000

SIGNA=HIGNCL 0TI QF)

GO TO JOOTOr (2209 230)
A=TAUOAS/FIRS TENQERLNRXQF
THOLD=A

TUNEW=A-TAUORIK CTANOR/ TWOLI XX 3/FF

IF (ARG CTUNEW-TWOLIND JLE  TWERR)
TWOLD=TUNEW

GO TO 240

TAUWF = TWNEW

60 TO 800
TAUWF=TAUQAZ/FF RS TENHERLNRFQF
CmARS (TALOR/ TAUWR)

RE=RECIXARGCOF)I¥ (1o~ COR(CRRA~4,

IF (RELLT.2000) 60 TO 1000

TF NR > 2000 CVALUATE THE WALL
CORRELATIONS

XOLIr=1 40

TEMP=4, OXALOGLO(RIE) -0, 4

GO TO 250

*C+3.0)

SHEAR STRESS USING TOMITA’S

IN THE TURBULENT FLOW CASE.

XNEW=1 o O/ CTEMF+4 . 0XALOGLO (XOLI) )

ITERSITERL
IF

IF (ITERJGE.100) 6O TO 2000
XOL I XNEW

FRICFXQFPXQPXSIGNQ

CONTINUY

RETURN

TAUWF=0,0
b

URITECSH»2010)
FORMAT C1Xy 2%k ERROR %% NO,

CARS CXNEW-XOLIN o LT .0, 01XXNEW) GO TO

OF ITERATIONS EXCEEDED

520

100 7

FOR FRICTION FACTOR EVALUATION’/)

STOF 2010

ENTRY FINDMO(MUOGY TAULE)
MUOO=MLIO

TAUIP=TAUL/ZFT

RETURN

END



G

C
c

[

25

20

30

GURRODTING  PTALWE (NGNOWS ITIME »NGRIDYCONSTZ» TAUNP)Y

FOLLOWING SUBRUUTINF 1%
EVALUATE THE WALL SHUAR $1

THE
1
FRICTION,

RBRY SURROUTINE LINEO
S RAGED ON THE TIME-DEFENDENT

IMPLICIT REALXE (A-He0-2)
COMMON/NALL/ZY L) v DY (1) ¢ X(220) o PP(50) r TIME Y REGTIM
1 ENUTIMyDELY

COMMON /FLAGS/IHUUT;IRUNvISTﬁRT:ISTOPU;IﬂUMP
COMMON /7MISC/ET o NSUERK MODE

REALXE MUrLy MU0 NSURK

DIMENGION PPCOLO1) » TUMCA1r101) » UM (405 4)

EQUIVALENCE
EQUIVALLENI

(XC10) e PIN)
(XC11) PP (1))

EQUIVALENCE (P(3) rNFBEG) » (F(4)96)y
* (PSP VP y
X (PO MUY Y (FC7)yRHO) »
1 (P(BY Y RETN) (P(9) 2 TAUO) »
2 (PCL1) by CFOIDY D)y
3 (FCL3) yRNDO) » (FC14) D)y
4 (POIS) PRED CFC16) P DBOURS) »
] (FCQ17)RLG) » (PCIB) P TAFTO) »
& CECLDPY v TAFT ) (F¢20) P EIRROR) »
7 (PC2L) » INFMOD) » P (22) p TURNOND v
] (F(23) » TURNOF ) ¢ CF(24) yDELTAT) »
9 (FC25) s TWERR D » (F(26) » ITWMOI) »
1 (F(27)9FF )y (FCRBIPQF )
1 (F(29)»PINKT)» (PCAB) yNZERD)

HART (X =DERRT (X)
ABBCX) =DARS(X)

IF (MODE.NE.O) 60 TO %0
PERFORM THE INITIAL CALCULATIONS FOR THE CONSTANTS.

DELTIM=DELT/RNDO

BELTR2=IMELTIM/2.0

CALL (MO (MUO Yy TAULF)

NGRYNZ=NGRID

C2M1=4, 0XMU/ (RHO®LX )

WRITE (4>2%) MUOyMU TAUTR

FORMATCIXy HUQ = ‘»C11.49¢ MU = 79B11:4v’ TAULF = “yG11,4)
LkHUO /MU

INGT2

WMCT 1)l CTHER 1)
WHCTy2)e

LCUMCT 03 e )
a QPP (L) ~FE 3D ZDELTZ2KD
DO A0 T=iyNZERD
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40

A5

50

“

[

230

240
220

1000

aononn

C

WL W CPBRANS » 1)

DO A DLy NG
TWMEL Iy WL

NZERDM NZEROT L

DO AR g1 NGRTI
TWH(NIEROLy J) =FERANIGRO 25
GO 10 1000

CONTINUL

EVALUNATE WALl SHEAR STRESS BAGED ON THE TIME-DEFENDOINT FRICTION
AT A GIVEN 6GRID POLNT.

SUM=0.0

M1

IF (ARSCTWHINZEROL v MGNOW) ) LYo TAULF) M=3
IF (NGNOW.EQ.1) 6O TO 230

IF (NONOWLEQWNGRIDZ) 60 T0 240

PORAD=IK (FF (NGNOW- 1) ~FF(NGNOWE1) ) /DELTZ2

1

N JOND TS W - X

GO TO 220

FORAD=IRCEF L) PR )RDO/DELTZE

GO TO 220

FORADIK PP (NGRINZ - 1) ~FF (NBRIDZ) ) %2, 0/DELTZ2

SUN®O. 0

CALL ERRSET(200y2546¢201)

O 250 I=1sN7EROQ

TWMCTNGNOW) e TWH CL o NGNOW ) WM (T y M) +W3 (FGRAD » I -FGRATKWM (T v M+1)
SUMESUMETWM (T f NGNOW)

CALL ERRSET(208s10910+2)

TUWM(NZEROL » NGNOW) =SUM

TAUWF=SUMACONST

RETURN

END

DOURLE PRECISION FUNCTION W(TMEF,I)

THIS FUNCTION SURFROGRAM I8 USED RY THE SURROUTINE PTAUWE

T0O EVALUATE THE EXPONENTIAL TERM IN EQUATION 4,46 OF THE TEXT.

IMPLICIT REALXS (A-H,0-27)

COMMON/NALL/ZY (1) oY (1) o XC220) 9 P (50) » TIME» BEGT IMy
ENDTIMy DELT

COMMON ZOUTPUT/XX(300) 2 YY(300) » 22 (300) »FAC300) s PH(300)

COMMON /FLAGS/IHOUT v IRUNY ISTART » ISTOFU » TDUMIP

REAL MU
DIMENSION ZEROB2¢61)
EQUIVALENCE (F(X) fNIMGEG) » (F(A)+G)y
(PG V) Y
(I ChY MUy (PC7)sRHO) »
(F(BY RETA) » (F(P) s TAUO) »
(PO el (PC12)sD)y
(P LAY P RNKD) » ) (FPC14) 9Tk )
(F LN eRL) » (FC16) y DISOURS) »
(FCL7)oRLS) » (PO YTAFTO) »
(LYW TAFT )y (PL20) PERRORD »
(P21 s INFHODY » (P22 y TURNONY »
CPC23) » TURNOF ) » (P(24) y DELTAT) »
CFPER2E) » TWERK D) » : (F(24) » ITWMODD »
(PCR2YPF )y (FC28) Q) y
(P (299 INET )y (F(A8) yNZERD)

DATA HODEL/0/
ZERDS OF THE LESSEL FUNCTION JO(X)
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NATA ZUROGS/5. 70310030, 471500y 7
13260564700y A4 2T 2D0 PP E . 04300, 7
21140, 80000y 13562872005, 1404, 6T5ATI0r 1086 . 220105 2147 . 5048D0» 2448, 52800
Jr 27692261100 3107, 72400, 1370, 03500 » O QLAY 4249 . 7386110 46565, 1938D
A0 G10U . 3RFTN0OEHST  IDFINO 5y SOAD e PPEHN0» 544 AZ1EN0y 7082570300
B7400 . 4L 700, 0158, 09FHN0IB235 AS6BPD0» P332, S03F10, 9949, 424100
410086, 020T105 11242, 33900, 1191 SN0y L 3I29, 746AN10
3 Hi 300, 067N0 18G4 83900, 1 IO 17203, 57600y

ANOY 18891 . 22210, 197464, 7400 DOL57 . 93910y 21570 . 88500y
FRIABOILE710y N PRANO P 24420 12700y 20420, 02900y 26431, 6710,
1274863, 00200 20514, 13800 290584, 99200 30675 . HOBNI0» 31785, 93300
QILPL6, 0100y 40465 . 78900 v BURBG, 344001 366666610/

ARS (X)) =DARS (X)
EXP (X)) =NEXF(X)
SORT (X)) =DNEARY (X)

IF (MODELJNELO) GO TO 10
MONEL=1

8UMw0.0

DO 20 Je=lyNZERO
SUMsEUM+EY 0/
ERRORS=EN
WRITE (6930) URRORSy 2L R
FORMAT (1X» "ERROR IN SUM
W=EXP (~ZEROS2 (D) XTMEF)
RETURN

ENTRY WiC(WTEMF2I)
WImWTEMP/ZEROS2CT)
RETURN

END '

041 )% (0. 2U-8UM)
LERDED)
y20i124)

LR



O0DO0O00O000

cc

c

THE FOLEOUTNG SURROUTTHE LTINCO IMPLEMIENTS THE METHOD OF
CHARACTERISTICS SOLUTION TECHNIQUE ALONG WITH THE LINE MODELS

DEVELOPLD IN CHAFPTER IV ANV,

THE SUERQUTINES ORFC,ORFCOrQUANS»QUADL CALLED BY THIS ROUTINE ARE
NOT LISTED SINCE THEY IMPLEMENT ONLY THE ORIFICE MODELS AT

UPSTREAM AND DOWNSTREAM ENDS.

SURROUTINE ZXGSP IS AN IMSL ROUTINE.

A BETATLED DESCRIFTION OF IT CAN BE FOUND IN CHAFTER Z, VOL.3 OF

THE MG PROGRAM DOCUMENTATION.

SUBROUTINE L INEO(NGRIDZ)
IMFLICTT REAL48(A-Hy0-2)
EXTERNAL F

COHHOH/HALL/Y(I)-MY(I)-X("”O)-P(SO):TINE;BEGTIHr

ENDTIM/DELT
COMMUN /0UTFUT/FAC300)

COMMON ZFLAGS/ TBOUT» TRUN» ISTART » ISTOPU Yy IDUMP

COMMON ZHTSC/ZF Ty NSUEK e MODE
FEALXA A
Feial wt pon iyl el

BIMENSTON TEMPRCLGL) » TEMPRC101)

COMMUN 7S0LVER /7 ORLCLO1) vPARL(E) »

1 OMINUSCLOL) v GELTHF v CRETIOy TEFLy TFMLy H)HIvICAV(iOi)

C
c

COMMON ZOTRRELZOLEFHAY ALFHT

BIMENSTON DELHCS) yREENCS) »HCS) »VCAVCL0L1) »VOLACLOL) s RMT(101)

CRETERFN KN KA A AN KARIA K KTAIROKAR A AAAAORKOR KKK KK KKK KRN KKK K K K 3K K KK KK

c
(v}

FOR INITIAL STEADY-GTATE ANALYSIS)

DIMENSTON FARCIO)

CRRMAKABCRATKH K HKA IR RE KA KO KKK K HOKSKOK K AOKR KKK K KK K oK 3K 5K K 36 3 K oK 0K K KK K K oK

1

DW= XX

DN LCITND

EQUIVALENGE  ¢X011) # TEMPPCL) )

CACLOY oI NGy
EQUIVALENCE

EQUIVALENCE (P (3) yNFSEG)y
[ PRV )
CFCHY s MU »

(PR P 1A
CECLO) yNGRIDS) v
(P CLL) vl
CPOLE) pRNIIO ) »
(PCI) yRLD
(FCL7)Y RS »
(PL12) e TAFT) y
CF 1)y THFFMOIND »
CPE2N) o TURNOF ) »
CFO2%5) » TUERR) v
(P70 0 PF)y
(P29 9P INIT)
CECEG) s RLENCLY ) »
CHCAA) » TEXACT ) »
(FPCAS) s RRG) »
(FCAR) yNZERO) »

(XCLI2) » TEMPQCL) )y
(X(213)QOUT)
(X111 yPOUT)

(FC4)yG)oy

(F(7)yRHOD) »
(PP »TAUO) v

(FCL2) 00y
(FC14) Dl »
(FC16) yDBOURSE Y y

(PCLB) 2 TAFTO) »
(PC20) yERRORDY »
CPE22) y TURNON) »
CFC24) yDELTAT) »
(PCR6) » ITWMOD) »
(P(28)»QF ) v

CFC3GY vHOL) )y
(PCAGY YRy
(F(47)yEVTC)

(P(49)»PSAT) v
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SO0 0 [}

120
130

c

CHRKERNHIKA KA A K AR AACKORAKROKOK AR KKK R HOKK K K KK k3K 3K K oK HOR KKK KKK KK K K Kk Kok

[
c

- (P CA0) yBEGTMD) » (FP{41) yENDTMD)
EQUIVALENCE (F(%50) #yNORFC)

SORT OO =DSOART (X)
HSIGHCA» Y1 =D LGNy YY)
AR OO DARGIX)
FLOAT( DFLOATAN)
EXF ()= DEXF (XD
ASTHX ARGINX)
SIH(X =D LX)

IF (MOLE=-1) 100,200,300

INTTEALLZAT IO Xrx

AF=00RT LT/
P PRI (R AR (1Y
RU-HOG/ET
g e
DEE TP GELCTHEA /L
HGRINZ  PGR NS

IF CHGRITDG Q.00
1 UK INZ = TR FXCL O/ 6RO CDELTMF ) +0 « &) k241

IAHNE AT Y N BN/
ST RO KR TA) RAREAZ (8 OXF TRMUXL )

7h L ZEHURIDZ=~1)

GELSZ DR 2B L Z B2

CRATIO=0.0

TFE (NGNS JIE 0D .

1 CRATIOCT O=DELTIM¥O  S¥AF/DELZE2)%0.G
VLS L 2B RERE A

CORSTA 10 PXPC-DEL TIMXEVTC) )

DOLELT - Q208 .
YOL Al b SEVE A CPBATH14. 70 /7(VUP414,7)=1.0)
DO OHAVOL G/ VOLIRED

FHTWE 0.0

DELHCL) T RGAH L A DELZ A2 /RLENCL)

IF e ann ey GO TO 130

DG 00 TR0, NESED

PO BHGACHOT)Y (T3 ) RDELZB2/RLENCT)
KOG I TACSHGL (RRUNDY 10 %)

et 6

Lo OO CHUMMY ) /R

Calt Q67 CLUMMY » DUMMY)

LEL Tl ORFG

NOEEL 0

Lall ORFEOORGOREGY

FaLl URECORLOAD)

NORFC - TFL THP

IF CUUIELLEG VD) CaLL ORFCOLES)

IF (HORFC Ll 1) CaLL ORFULCL)

FIND THE STEADY~GTATE FLOW ANL INITIALIZE THE GRIDS
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104

107

i1

112

150
[

CREAAK AT RN HIOKF A AORAAAR AR IR AR KRR A KRR HOKOK K A KKK KK KK KK KKK KKK K KKK KKK

140

ACCOKRDIINGLY .

PEFRGHHOIPGER)
i otennf EGa1) GO TO 111

POTEPLOURC (DUNMY ) /PF

RELIHE~1.0

[ RN I N o

QOFFbi/ ¢ RGOURE A RLOATRLLINE)

IF (QaPFNEL0.0) GO TO 109

URITE (46»10320) QAFF

QING~0.,0

G070 110

FARCLY =D

FhHbA) L

ek s <D

TUL, LRROFYALGAQRAFF)

IFCHORFC.O.2) GO TO 106

FARCD) - REOURE

FARCEY =1t DA0

{F (NORECVEQ.L)) FAR(3) =(L,

GO Lo

BARC2) 08

dedd) 0L

CALL AL CF v FARYPIUMy TOUMy Lo 19O v 2 KQAFF» TOL
1 QTS L
IF (RORFCA.0) P

i*n

AINSKCRGOURCHRL.OAT

e SeEQe) P ARG CAING ) RQINSK (1/0SKk2+1 /CLEKX2)
Ir FQa1) FOL=PO=-RGOURCKAING ARG (GING ) XKQINS/CLXX2

60 TO 112

QOGP Lol

CALL. TAULEVIQSH» TWS)

QInGetenr

P4 .0k TUGHL /D

IF (NORFCEQ.0) PL=FDLEQINGK (RSOURCHRLOAID

IF L QL2 DLAARS CQINS )Y RQINGR (1 /CERR2+1/7CLKXK2)
IF (HORFCLEQ. 1) PD=PDLARSOURCRQINSHQINGKABS (QING ) 7CLXXKD
PSTE I . ;

PINLT :
DELF DL AL 212 /L

IF (NORTCWLE 1) PREG=PSTP-QINS¥REOURG

I CHORFC O 2) FLEG=PSTP-ABSE (RING ) KQINS/CSKRX2
DO 150 T 1y NGRIDZ

TR L) =P REG=-(I~1 ) XKDELF
TEAFQCI) - QT

L0 160 I+15101

VEAYCI) =G, 0

VELACL 0.0

ICAVCT) =6

(Y €0 0.0

DRI CL) =0 0

TTHE = KI'GT (M

LE LHE s (S 0UIRGC CRUMMY ) ~PINET ) /FF

IF (RORFCLLE D IFLAP=DPINP/ (NSUBK4AREOURE )
IF (NORFC . EW, 2 ANDABS(DPINE) BT 1.0E-9) 60 TO 1060
TEAFGCL) ELGPHTENMFQOL)

TEMPP (1) = OELOPXNSURICHTEMPP (1)
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CONST2=2, OXL/DXDELTMF
UPAF=ALFPHAX(VP+14.7) /FF
IF (IEXACT.NE.0) CALL FTAUWE (NGNOW»ITIME,NGRIDZyCONST2yFHTUWP)
WRITE (49113) NGRIDZ/NDOrNSURKyAFyQF »PFy TEMPQCL) » TEMFP (1) »CRATIO
115 FORMAT (5Xy’NO. OF GRIDS = ‘»I39/%Xy’NDO = ‘»I2,2X»/NSUEK = ‘»
1 Gl2.5:2Xy’AF = *yB12.592Xy’QF = /»G1l2.52X» ‘PF = /»G12.5/
2 SXeQFL = /yGLR.Ty2XePPL = /9y B12.5y2Xy CRATIO= /»G12.3)
WRITE (4¢118) R RCyRLOAT, CSy CL
118 FORMAT (1Xy ‘REOURCE= 79 G12.5y 7 RLOAD= ‘HGL2.59/ C8= “yG12.5»
1 7 CL= 7»B12.5/)
NG=NGRIDZ-1

SAVE THE INITIAL VALUES OF FRESSURES.

aoono0

no 190 I=2,NFSEG

190 RLEN(I)=RLENCI~1)+RLEN(I)
ACCL=0.0
HALIU=0 .0
ISTOR =
I=DELIR2

TEMFRQINGRIDZ ) XQF
FACLY = TEMPF (1) XI'F
DO 16U L=2NGRIDE
N0 170 IF=IREGNMSEG
I (ZLELRLENCIFY)Y GO TO 180
170 CONTINUE .
180 TEREG~TF
IF (IF.HFE.1) ACCL=RLENCIF-1)
IF (IF.NF.1) HADD=H(IF-1)
GTZ=(Z~ACCLYXNELH(IF) /DELZR2+HADDXRG
Z=Z+DELZR2
PACIY = CTEMPRCI) ~GTZ)%PF
IF (FACT)LELVFP) ISTOF=1
165 CONTINUE
IF (1STOF.EQ. L) GO TO 18%
GO TQ 1000
180 WRITE (60188) (FACIW)» IW=1yNGRIDZ)
189 FORMAT (/(B(2XrE12.5)))

STOF 100
C
c INCREMENT THE VARIABLES FOR ONE TIME STEP XXX
[
200 PINP=PSOURC(NUMMY) /PF
IREC=2

AGSIGN 202 TO JTUKIF
N0 250 IMAIN=LsNDO
L=DELZHD
TBCGR=1
‘260 [0 220 I=IREGsNG»2
QFLUS=TEMPQR(I~1)
TF (ICAV(TI-1).GT.0) QPLUS=QAMINUS(I-1)
TAF1=QPLUSX(1.0-CRATIO)+TEMPQR(I+1)XCRATIO
TAM1=QFLUSKXCRATIO+TEMFQ(I+1)X(1.0-CRATIO)

EVALUATE WaALL SHEAR STRESS RASED ON THE CONSTANT FRICTION MODEL.

s X Nel

CALL TAUWEV(TQR1,TWL)



o000

[N [a Ne Raliel
-
a

o]

ES S
21y

ta
1
-

ono

CAll. TARUWEVITAML» THR)

EVALUATE Wall SHEAR STRESS RASED ON THE TIME DEFENDENT FRICTION

HODEL .,

I# CIEXACTWNEL0) CALL PTAUWE (IyITIME,NGrCONST2sPHTWF)

U0 20% (F=I{REGP s NFSEG

I (2L WRLENCIF)) GO TO 2046

Cutel THUE

GHOTO 1010

THEGE 1T

HOLD 0.0

ACUL 0.0

JIECIF i ) ALCL S RLENCIF-1)

T TV L0k 3 dHaid HOLF-1)

GUZ €2 000 Y00 ETFDY /D0 Z0C MATTCRRG

CEE - ekt O -4, 0 CRAT IO HTEMPFCTH L) XCRATIO
Ul TEREE G- D XCRATIOYTEMFFCIH1) X (L. O-CRATIO)
RV RTIN T IV

P CICeR (T .6a0) 60 TO 215

TEAPE L) - O LA CTRELETIMLE CTQF 1 -TAML Y %

1 ener CONGT2Y CIUL-TWR)Y )

TEMEQED =0 LA CTRFL=TEMLS CTORFLETOML ) XNSUEBK
1 L oA CLUL TR ) =2 QEFHTWR) /NSURK

IF Tt CL=06T2) GTJUFF) GO TO 226

|
Y AT TON FLAG AND DO THE CALCULATIUNS ACCOUNTING FOR

CAaVTTIATION,

ICAV(T )1

TOT LCAUT)
Tahate-o

OO YO (LL7y218) 0 IGT

ooty L urHMaT N,
Flder a) QuACT)

TEMAEPCLY 2OFP LT
TEBEQCT s CIPPL - FEAPPCI) 4T

AL RNGUR

[P ANT TS

ATy PORT A G
GO FO TORT 200y
¥ {IABATHLITR.T) LD TO 214

07 vEAv T Ll e0.0) GO T0 214

AR RELY AGE CONSTIERED

WUAVL COLAV T AL C4 0 Y KO s S¥VOLREF /VL
YO AN UL AAEIRVAVL Z CERYAYL RIS )

(F (UOLGCLY O 0L aMT)Y GO TO 214

YOLAC TS DOLACL FCONSTA (VOLAMT~VOLACT))
QEATCLS YULACT ) ALUF LA 23 /IF

LF CULAN L) JGE JALFHDEVOLACLY )Y GO TO 2295
taunin o

TCe ey 2

GO TO 216

CONST2XKTUL~PHTWF) /NSUEK
BETHYS ) ~CTEMPR D) ~ TR ETAMLXNSURK-CONST2XTUR~PHTWF ) /

LEDELTHPR CAMINUS (DD -~ TEMPQRCID HRRLCT) )

(o
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HO HORE ATR RELEASE ANDVHUBBLE FOLLOWS GAS LAW.

el (42=VCaviI)
Féafeb{i)=1,4

FORLCD ORGT2¥TWL HFHTWP
FARLOE = RONSTO2ATURYFHTWP
FORLOS) kML) ’
PARLCS = GTZHVPE

FARLCZ 1FLOATCT)
FARL(B)=TOF L
YEAVCT - FPURCLCTER)

I LIVRGEQL A0 STOR 2160

IkieC

T OTLnrEd ) JOF JURFRGTZ4VFAR) GO TO 2295
IF (IAGAINGERG L)Y TER®140

(Caei)t

[rhin

L h Py

UAHPOR=ONLY MECHANTGM.

T EAYCT ) JGT.0.010 GO TO &
TEFMEF T 20 ETRPIHTEFMIHCTOR
Lo URI I A CFWE - T )
TERMPRODY O CTRR=T0M LA CTOPLETAM L) ANSUEK
1 COUGTIRCTWL 4 TUWR ) =2 OXPHTW ) /NSURK

LF CPrHPi Y ) - GTZ . LE VPP TP 222
VEAVCINI=0.0

M IS R

O CEY-0.0

GH T 24

Grb ¢y OBTHOSCEY ~TEMPRCT)

el il -6

POt f LT CL) LT 2 &PF

CONT NG

ThiGk .1

IF (TGLEQ.Y) GO TO 240

1t 2

ALGTOGN D02 7O T8RP

THIedF TV TMEG

FOUTS CIFAPE CRGREDZ) ~RGKHONEGER ) ) RFF

OOUT - A QOrnRE DL 401

GO 1O 2059

LEFT GOUNDARY CALCULATIONS

TOML (00 ORCEAT IO TRTEMPQ O 42 JORCRATIORTEMPA(L)
COALL TAUWLYOTOMLY TWR)
TE LUORFCO LY AL OR
PR 2101 4 N WY N V]
ALSIOH D 10 IG
L (RESWLEL0.0) ABSTEGN 222 TO LSKIP

LT EAE-STINESL

IF CIUZACT 1 Gy CALEL PTAUWE Ly ITIME NGy CONST2yFHTWP)
TEAL= (L OG- ORCRATTO) XTEMFP () +2 OXCRATIOXTEMPR (1)

IF (LeaVe1, 610G LD T0 244

IV CHUREC.GE Y GO TO 242

RO RGODURD)
Lo URFLOCS)

—
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TERFQUL) = (PIHP~TPMEHTOMIKNSUEBR-CONST2XTWR
1 ~FHIUE )/ (HSUBK+RB0URC)
[EMPICLy =i LF--TEMPQ (1) XRE0URC
GO TO 743
242 Cl==TEM1+ TOMTANSURK-CONST2XTWR~FHTWP
CAtl QUADSCTENPP L)Y » TEMFACLY oGy GBSy NGURK Y P INF)

Cc

f, CHECK FOK CAVITATINN AND DO THE NECESSARY CALCULATIONS USING
¥ UHFOR-ONLY MECHANISM, :

.

24%  IF (TEMPPCLYLOT.VUPTY GO TO 245
ooy ot s
246 ICAETCL SOPF
IV CanlPC oL by TEMPRCL) = (P INF-TEMPR (1) ) /RSOURC
COTF (NOEYE EQL) TEMPQOLY=CHRGIGN(L Oy PINF-TENFF (1) YXSQART (ARS(
IR I N IE G RN
GRS CL) - CTENPPCL )Y = TEFMLH TOM LR NSUBK-CONST2X TWR-PHTWP ) /
1 HGUEN
ULAVI DY VEAVEL 0 SEDEL THFX (QMINUS (L) ~TEMPR (1) +QRL (1))
ORE C1) QB THUS L) - TEMPQCL)
IF CULADC L GY 0,00 GO TD 245
ALY 0
VLAY 0.6
DL )00
I LG Gu TG 44
(AR = P TR TEMTA TOMDANSUBR ~CONST2X TWR
1 =FHTUWEDY Z CHSURK P REOURE)
FOMEE O TR CTEMAPGOL) #RBOURE
Gy TO 244t
344 G -TENTHEOMTENGUTIC-CONG TLK TWR-FHTW
CALL NNDS CHEACE L L) v TEMPQ L) p G 1y CS» NSURK » FINF) :
2441 IF (TLACPOLY JLEJVPPY STOF 4000

f FAGHT LGOULGEY Cal CULATIONS

4%, LW T RONGE T -1)
PO s (EMEFCLY R
I CLEANCT oiE o0 CALL FTAVWE (NGRINZy ITIME/NG»CONST2yFHTWF)
IF TRV GIBIRTOZ 1) L GT0) QFLL AMINUSINGRIDZ~-1)
(OO USF O O -2 RERATIEDD ATIOXTEMFQINGRIDZ)
Chb e TARMEG E T Ly TUWIL)
Trf UM R HGRTLS 1)K (1 020 KCRATIN) +2  XCRATIORTEMFF (NGRIDZ)
IE CNOKREGGED 0 CaLL ORFEC
07 CnORINCLGE L D) Coll ORFOCCCL)
L CEL A CGIGERING p LT G) GO TO 248
IF LG NE .0 GO 10
VE O CUGE TI02 0 - CTER L= 1 P F Ol
1 ANSUEE CONSTIRTUL - FITWE D) Z INSUBKFRL.OATH
TE b CUGR LOZL ) 5 TP NG LT Y R RLOADYFEF
nO T A
491 C1= 08P I TQr LG ER-CON 2 4
CoCaLt QUATL CFD M CNGRIDZ)D) » TEMPFQONGRIBZ) » C1 o CL y NSUEK y PER)

C .

L CHECK Fot CAVITATION NI RO THE NECESSARY CALCULATIONS USING
[ DAHPOR-OGLY MUGHATEM,

o

452 IF CCTRAPPOMOIELZ) =ROKHCNFSES) ) JBT VPR GO TO 247
ICAVINGRIDZ ) =1



243 [EMEF(HGRTDZ ) =VFF+RGXH (NFSEG)
TEAPQ UG DY - CRPRE L-TEMRF CNGRIDZ) +TRP LXNSUEKR
1 =CONST24TUL ~"HTWP ) ZNSURKR
IF (NOFFCEQ.G) UMINUS(NGRIDZ)=(TEMFP(NGRIDZ)~-PEF »/RLOAD
IF (MORFC.GE.1) QRMINUS(NGRIDZ)=CLXSIGN(1+y (TEMPP{NGRIDZ)~FEP))
1 #5300 TOATGCTEMP P CNGR TDZ ) ~FPEF) ) : .
VEAV (HCRTRZ ) =Y0AVINGRINZ) 40 SXDEL TMFX CAMINUS (NGRIDZ) -TEMPQ(NGRIDZ)
1 H0FLCNBERIDZ)Y)
(il (NGIRIDZ) =QMINUS(NGRIDZ) - TEMPQINGRIDZ)
IF (VCAVCNGRINDZ) JOT.0,000) GO TO 247
TCHAVLNNRYNT ) =0
VCHY L LILIZ 3=0.0
Gl Gz ) 6,0
IFE CUORFCLONELO) G0 TO 2401
TEMFQCHORTOZ7) =~ (TR FTORL
1 4R =CONS T2 TWL-FIRTWE) Z (NSURKHRLOALD )
FEMET CAGE T0Z) = TEMPGONGRINZ) ¥ RLOADERER
[ S F ST
2481 CLotle £ AHSUBR=-CONS TR TWL=FHTWF
Call QUALL CTEMFRONGRINZ) » TEMPQINGRINZ) »C1vCLyNSUBKFEP)
2432 I CCTEAPF(NGRILZ)~-RGXH(NFSEG) ) JLEVFP)Y STOP S000
247 IREG=3
Z-NELTE
FOb IR = CTEMPP (NGRIDZ ) -RGRH INPSER) ) XPF
BO- T 260
200 CONTTHUE
GO 1O 1660
RUTENCHE S YHETS
1060 11U
103G Vil LA 102001
L1020 PURNALS LY/ 44 LEROR k& Z IS GREATER THAN LINE LENGTH L-- I=/,I13/)
1030 FORMATCIAZ 44 WARNING -+ QAPF= 7yG11.47)
STOr 1016 :
1040 URITE (&4¢1070)

1070 FORMAT(LXy “Xx¥ ERROR %k CAN NOT HANDLE NORFC=1 AND PIN NE PINIT CAS

164
STOF 1060
rn

C BLOGK DATA smemmims
ELOCK InTo
SHRELTCIT REAL XA He0-2)
COMAUNZRALEZCCLY s Y CL) 9 XEDR0) »F (50D » TIMEy REGTIMY
1 FHUTIMy
DATA Yo LY u X el s TTME Y
1 140,0922040400
CH

r FUNGTION Funty - -
DUUBLEL PREOCIGSTON FUNCTION FUNCL (XERL)

FTIMyENDTIMy DELT/1%0, 00
RO 0r0.050.0,0.090.0/

[

C THIS FUNCTTON SUBPROGIGM IS USED BY THE SURROUTINE

[N LIHLG TO HLOLVE FOR FIESSL AND FLOW RATE AT A GIVEN

C GIRID FOTNT UHIEN AL NT IN THE CAVITATION BUBRLE
c AND FUOLLOWS TSOTHERMAL P

[»

ITMPLICTT REALAS (A-Hy0-Z)
COMMOMZNALLZY (1) 9 DY (1) yX(220) vF(50) » TIMEyBEGTIMy
1 ENDT Loy DELT

COMMON /8 LSC/PT y NGUBK Y MODE

96



30

129
110

100

e Ex Xyl

le]

COMMON /SULVER / QRL(101)sPARL(8)»
1 QHINUS(101) yDELTMP»CRATIOrTEPLy TFM1»TAM1»ICAV(101)

REAL SNGL
RUALAD NSUEK
COMPLEZ%14 Z1.GeZOMy DOMFPLX

DIMENGSTON TEMPF(L01)» TEMFQ(101)»FPAR(L)

EGUIVALENGE (FP(27)¢FF)
ENUIVALENCE (X(11) s TEMFF(1))» (X(112)yTEMPG(1))

IHIFTACONGL(FARLEC7) )4+0.5)

RRT -FAfL ()
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IF(NORFCVEQ.Q) FOR=QPX(CSOURC+CLOAL)

IF (NORFCJEQ.2) POR=QFXABS(QPIX{1 . /CSOURCKX241 . /CLOADKKZ)
IF (NORFC.EQ.1) FODR=QFXCSOURC+HQAFXABS (QP)/CLOALKX2
F=DARS(PD~PDL~PDR) :

RETURN

END



VITA"
Vijay Kumar Maddali
Candidate for the Degree of

Doctor of Philosophy

Thesis: TRANSIENT RESPONSE OF PIPELINES CARRYING HOMOGENEOUS COAL
SLURRIES

Major Field: Mechanical Engineering

Personal Data: Born in Madras, Tamilnadu, India, November 30,
1950, the son of Mr. and Mrs. Venkata Subbayya Maddali.

Education: Graduated from Pfeiffer Memorial High School,

- Renigunta, Andhra Pradesh, India, in 1966; receiwved Bachelor
of Engineering degree in Electronics and Communication Engi-
neering from Andhra University, Waltair, India, in 1972;
received the Master of Engineering degree from Indian Insti-
tute of Science, Bangalore, India, in 1974; completed the re-
quirements for the Doctor of Philosophy degree at Oklahoma
State University in December, 1979.

Professional Experience: Trainee Engineer, National Aeronautics
Laboratories, Summer, 1971; Graduate Teaching Assistant and
Graduate Research Assistant, 1974 to date.

Professional Organizations: Member of American Society of
Mechanical Engineers; Institute of Electrical and Electronic
Engineers.



