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ABSTRACT

PREDICTION OF THE TRANSIENT FORCE SUBSEQUENT
TO A LIQUID MASS IMPACT ON AN ELBOW
OF AN INITIALLY VOIDED LINE

Kayhan, Biilent Abbas
Ph. D., Department of Civil Engineering

Supervisor: Assoc. Prof. Dr. Zafer Bozkus

February 2009, 263 pages

The aim of the thesis, is to find the transient force applied by an individual
transient liquid slug on an elbow at the end of a horizontal line due to an impact. The
liquid slug is driven by pressurized air in a tank located upstream of the pipeline.

The time dependent pressure distribution along the elbow and a vertical
extension segment after the elbow was solved, with a 1-D numerical approach along
a curved line mesh. For this purpose; firstly, a 3-D axial turbulent velocity profile
function was assumed for the slug, with its shape allowed to sway towards the
convex side of the elbow along the curved mesh with the aid of a calibration tool.

Then, the pressure values were calculated by using 1-D application of
Reynolds Equations in cylindrical polar and cartesian coordinates for the elbow and

the vertical extension segment, respectively. The transient force acting on the elbow

v



and the following vertical extension segment was found by using these calculated
pressure values and applying conservation of momentum principle over the volume
elements selected along the elbow and the vertical extension segment.

For the analysis of the slug motion from the pressurizer tank to the elbow, a
previously written computer code BOZKUS-2 was utilized. Then, the elbow and the
vertical extension segment calculations in this study were made with a new code
KAYHAN, which is an improved version of BOZKUS-2.

The calculated transient force and impact pressures at the elbow were also

compared with those from previous studies.

Keywords: Liquid Slug, Elbow, Turbulent Velocity Profile, BOZKUS-2,
KAYHAN, Transient Force
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BASLANGICTA BOS OLAN BiR BORU HATTININ DIRSEGINE
BIR SIVI KUTLESININ CARPMASI SONUCU OLUSAN
TRANSIT KUVVETIN TAHMINI

Kayhan, Biilent Abbas
Doktora, Insaat Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Zafer Bozkus

February 2009, 263 sayfa

Bu tez ¢alismasimin amaci yatay bir boru hattiin sonundaki dirsege ¢arpan
tekil bir su kiitlesinin uyguladig1 transit kuvvetin belirlenmesidir. Su kiitlesi
membada bulunan bir tanktaki basin¢li hava tarafindan itilmektedir.

Dirsekte ve ona bagli, borunun bir diisey uzant1 kismindaki basing dagilimin
zamana bagl degisimi, egrisel bir hat seklindeki ag iizerinde 1 boyutlu niimerik bir
yaklagim ile ¢oztimlenmistir. Bu amacla, ilk olarak 3 boyutlu bir eksenel, tiirbiilansl
akim hiz profili fonksiyonu tahmin edilmistir ve bu fonksiyonun seklinin secilen hat
iizerideki egrisel ag boyunca, kalibrasyon parametresi olarak kullanilan diger bir
fonksiyon yardimi ile dirsegin konveks tarafina dogru deforme olabilmesi
saglanmigtir.

Basig degerleri silindirik kutupsal ve kartezyen koordinatlardaki Reynolds
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Denklemleri’nin, dirsek ve borunun diisey uzant1 kisimlarinda 1 boyutlu olarak
uygulanmasi ile hesaplanmistir. Dirsege ve ona bagli, diisey uzant1 kismina etkiyen
transit kuvvet; hesaplanan bu basing degerleri kullanilarak ve momentumun
korunumu prensibinin dirsek ve diisey uzanti kismi boyunca seg¢ilen hacimsel
elemanlar tizerinde uygulanmasi ile bulunmustur.

Su kiitlesinin basin¢ tankindan dirsege kadar olan hareketinin analizi i¢in
daha 6nce yazilmis bir bilgisayar kodu olan BOZKUS-2 kullanilmistir. Daha sonra
bu caligmadaki dirsek ve diisey uzanti kismi i¢in olan hesaplamalar, BOZKUS-2’nin
gelistirilmis bir versiyonu olan KAYHAN isimli yeni bir kod ile yapilmistir.

Tezde, dirsekte hesaplanan darbesel basinglar ve bulunan transit kuvvet
degerlerinin daha dnce yapilan ¢alismalarda bulunan sonuclarla karsilastirilmasi: da

yer almaktadir.

Anahtar Kelimeler: Su kiitlesi, Dirsek, Tirbiillansli Akim Hiz Profili,
BOZKUS-2, KAYHAN, Transit Kuvvet
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CHAPTER 1

INTRODUCTION

1.1 Rationale for the Present Study

Study of the impact pressures applied by high pressure air or steam driven
liquid pockets, called slugs, formed in voided lines is an important phenomenon as
far as the resulting potential damage on the pipelines is concerned. There are some
different mechanisms that cause formation of speed motion of liquid slugs in nuclear
power plants.

One of these mechanisms is the creation of a condensate in steam lines of a
power plant during its operation, and following motion of this condensate in the form
of a liquid slug along a voided line (Kim [17]; Merilo and et al. [18]; Bozkus and
Wiggert [20]). Inadequate draining is one of the factors that yields the formation of
condensate in a steam line which afterwards under the pushing effect of high
pressure steam may accelerate along the voided line, and turn into a slug as a whole
liquid pocket filling all the pipe cross-section during its motion. Then, the liquid slug
which attains very high speeds along the pipeline may hit elbows, partially or fully
open valves or junctions applying very high impact pressures on these parts of the
pipeline.

Another cause of slug creation in voided lines is the pushing effect of high
pressure steam on water, collected in loop seal parts of the pipelines in power plants
(Bozkus [2]; Wheeler and Siegel [19]; Bozkus and Wiggert [20]). A loop seal is that
part of a pressurized water reactor which is located upstream the pressurizer safety
and relief valves and it is used for preventing excessive gas leakage through these
valves. When the upstream pressure in the reactor coolant system exceeds a

previously defined limiting value, the safety or relief valves suddenly open to relieve



the excess pressure in the system. As soon as the valves open, the high pressure
steam starts to push the water in the loop seal causing the formation of a liquid slug
which attains very high velocities in the pipeline and applies high dynamic pressures
on such pipe components as elbows, tees and valves as a source of potential damage.
The parameters to describe the hydraulic properties of the slug motion and the
following impact event consist of initial mass and length of the slug, magnitude of
the driving pressure acting on the upstream face of the slug, pipe material and pipe
geometry. These hydraulic parameters are all effective in the value that the
magnitude of the dynamic pressures on the pipe components will reach. Since the
magnitude of the dynamic loads acting on the pipeline and its supports is a measure
of the possible damage that the pipeline system will experience, a hydrodynamic
analysis is essential to predict and mitigate any potential risk of damage to the
pipeline system. This field of hydrodynamics that analyses the forces applied by
propelled liquid slugs in voided lines is actually a subject on which a limited number
of studies were have been performed so far and this makes the subject an issue that
requires more attention. Also considering that pipeline systems and pipe supports and
restraints constitute quite a large amount of the total investments to be made for
nuclear power plants, prediction of the forces acting on these support and restraint
structures becomes an important subject of research (Bozkus [2]; Smith and Van

Laan [21]).

1.2 Specific Objectives of the Present Study

In previously performed numerical studies related with estimation of impact
pressures and dynamic loads applied by liquid slugs on elbows of initially voided
lines, different 1-D mathematical models were proposed for the simulation of slug
motion along straight pipelines and following impact events at elbows located at the
end of the pipelines. Although these 1-D mathematical models were adequate enough
to describe the actual flow conditions for the slug motion along straight pipelines,
they have not included a much detailed modeling of elbow part calculations up to
now. Actually, differing from case for the motion of a liquid slug along a straight
part of a pipeline, the asymmetric axial velocity profile of a slug in an elbow part

requires special attention to consider that distorted profile in a numerical model.



The aim of the present study is to predict numerically the transient force
acting on a 90° degree elbow with its axis extending in the vertical plane, and on a
following vertical extension segment, subsequent to a liquid mass impact on those
parts. In the study, both of the elbow and the following vertical extension segment
were taken to be located at the end of a straight and initially voided pipeline
extending in the horizontal plane. For the part of the calculations that accounts for
the motion of the liquid slug in the horizontal pipeline, a previous 1-D study
performed by Bozkus and Wiggert [2, 20] that contains gas and slug dynamics
equations were utilized. And for the elbow and the following vertical extension
segment calculations, a new 1-D analysis was performed with the intention of
making a more detailed consideration of the flow in those parts, and by taking into
account the variation of 3-D shape of the asymmetric axial velocity profile along the

elbow and the vertical extension segment.

1.3 Scope of the Present Study

In the present study, the transient force acting on a 90° elbow and the
following vertical extension segment was calculated by making a 1-D numerical
analysis. For the analysis, a calibration technique was adopted to determine the
unknown parameters for the change in the shape of an assumed 3-D axial velocity
profile along the elbow and the vertical extension segment. For the calibration
purposes, some experimental data of peak pressures obtained previously by Bozkus
[2] were utilized as reference values. By using the calibration function obtained from
correlated data, various computer runs were made with different initial slug lengths
and initial tank pressures to get a set of plots for the peak pressure time histories at
the elbow and the time histories for the transient forces acting on the elbow and the
vertical extension segment. The obtained results for the pressure peaks, and impact
pressure and transient force time history plots were also compared with those from

previously made studies.



CHAPTERII

LITERATURE REVIEW

There are various studies performed by different researchers, related with the
prediction of forces that arise due to impact of a liquid slug on an elbow of an
initially voided pipeline, but the number of these works is not quite high. Those of
them which are most relevant to the present study were carried out by Woo and
Papadakis [23], Fenton [22], Bozkus [2], Neumann and Griffith [24], Baran [27].

Woo and Papadakis [23] developed a mathematical model for the
determination of hydrodynamic forces at pipe bends that arise while an initially
voided pipeline system was being filled. In that study, a combination of rigid column
theory and method of characteristics was utilized for the mathematical modeling. As
a result of the analysis, discharges, and forces at the pipes and pipe bends calculated
with that model were seemed to be smaller than those in a previous made model by
Papadakis and Hollingshead [37]. The reason for this reduction was attributed to the
fact that in the previously made model, minor head losses at pipe junctions and pipe
bends had been neglected; and therefore, it was indicated that the inclusion of minor
losses became important if the velocities in the system were high [2, 23].

Fenton [22] performed both an analytical and an experimental study with the
purpose of predicting the forces at a pipe bend, induced by the impact of a liquid slug
which was driven by air along a pipeline. The aim of the analytical study was to
develop a simple method for the prediction of loads acting on the pipe supports. And,
an experimental work was performed to check the validity of the analytical method
developed in the same study. For this purpose, he used an experimental apparatus as

shown in Figure 2.1.
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Figure 2.1 Fenton’s experimental setup [22].

The experimental apparatus was composed of an air pressurizer vessel to
supply high pressure air to the system and a 2-inch-diameter steel pipe was
connected to this vessel. There was ball valve at the entrance of the steel pipe to
control air flow to the system, and an orifice and a pressure transducer were also
attached to the steel pipe. At the downstream side, a 1-inch-diameter plexiglass pipe
which was inclined upwards was connected to the steel pipe. The connection here
was made by means of a Tee section which was also utilized for the purpose of
filling and draining water to the lower part of the plexiglass pipe. There was an
elbow located at the downstream end of the plexiglass pipe, which was open to the
atmosphere.

Fenton carried out his experiments with different initial slug lengths, initial
tank pressures, and also by varying the distance between the slug front face and the
elbow at the downstream side.

Fenton’s analytical model included some assumptions, the most restrictive of

which was that the slug as a coherent mass. Due to this coherent mass assumption,



amount of liquid that was left behind during the slug motion was neglected. As other
assumptions, the gas from the pressure vessel, driving the liquid slug was taken to be
compressed isothermally and as ideal, and the slug flow was considered as
incompressible. During the flow of gas and the liquid slug, the shear resistance acting
on the flow at the pipe wall was taken into consideration.

Fenton’s analytical study overestimated the impact loads at the elbow
especially when the normalized slug travel distance was equal to or greater than 7 [2,
22].

Bozkus [2] performed an experimental study together with an analytical
modeling to investigate the hydrodynamics of a transient liquid mass driven by high
pressure air in a voided line. For this purpose, he used an experimental setup which
consisted of a pressurizer and a horizontal pipeline connected to this pressurizer, and
at the downstream end of the pipeline there was a 90° elbow attached together with a

vertical extension segment, as shown in Figure 2.2. There was also a slug generator
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Figure 2.2 System setup used in Bozkus’s study [2].

pipe (SGP) located between the pressurizer and a PVC ball valve. By selecting a
SGP of any desired length and filling it with water, it was possible to generate slugs

with different initial lengths. With this system setup, liquid slugs with various initial



lengths and under the propelling effect of different initial tank pressures were driven
along the horizontal and initially empty pipeline and the pressure time histories that
form due to impact of the liquid slugs on the elbow were recorded by the transducers
mounted on the elbow as shown in Figure 2.2. As a result of the analysis it was
concluded that long slugs lost more amount of their initial masses than did the short
slugs during their motion along the horizontal pipeline. In addition, for long and
medium slugs, two different peak pressures were observed in the pressure recordings
with respect to time at the elbow. The reason for the occurrence of this double peak
phenomenon was attributed to the disintegration of the slug mass into two pieces
following the sudden opening of the ball valve upstream. Another conclusion drawn
in this study was that more air entrainment effect was observed in the cases of short
slugs than compared to long slugs and this difference between the two cases was
explained with the reason that short slugs had a longer normalized travel distance. It
was also indicated in that study that large amounts of air entrainment was a factor
that caused significant reduction in the densities of especially short liquid slugs.
Analytical study of Bozkus [2] consisted of two different mathematical
models. The first one of these models, called “Simple Model” [2], included two
different control volume analyses; one for the determination of peak pressures at the
elbow and another for obtaining pressure time history plots for the variation of
impact pressures at the elbow. The second mathematical model was called the
“Advanced Model” [2] and in this model, in addition to the slug dynamics equations
that was used in the Simple Model, another set of equations that also takes into
account the gas dynamics effects were included as a further improvement. The peak
pressures at the elbow were also calculated with this advanced model. Both of the
analytical models gave the peak pressures at the elbow induced by the short slugs as
being higher than the experimentally obtained ones. This overestimation of the
analytical models was indicated to be due to the fact that the air entrainment effect
was neglected in these models, which was a phenomenon that caused the density of
the liquid slug to reduce and thus, the experimentally obtained impact pressures to
become smaller as compared to those from the analytical models. The analytically
obtained peak pressures for long and medium slugs were stated to match closely with

the experimental results. A detailed explanation for the Advanced Model of Bozkus



[2] is given in Chapter III together with the analytical methods followed in writing
the computer codes with both the Simple Model and the Advanced Model.

Bozkus, et. al [20] published the findings of the study by comparing them to
those from Fenton and Griffith [26] and it was stated that the normalized forces in
Bozkus’s experimental study were nearly the same as those given by Fenton and
Griffith except that the results from Bozkus’s study showed a variation of data over a
relatively larger range of normalized force values. This discrepancy between the two
results was indicated to be probably due to the differences in the experimental setups
used. For example, it was pointed out that the pipe diameter in Bozkus’s study was
twice as large as the one in the case of Fenton and Griffith’s study. In addition, it
was expressed that the pipe in Bozkus’s study was horizontal rather than the pipe
inclined upwards pipe towards downstream that was used in the study of Fenton and
Griftith. Furthermore, it was stated that in Bozkus’s study, a ball valve was used to
control the motion of the slug; however, Fenton and Griffith utilized a ruptured disk
for the same purpose. In conclusion, Bozkus and Wiggert [20] suggested that these
differences between the experimental setups were likely to be the reason for higher
scatter of data in Bozkus’s study as compared to the values obtained by Fenton and
Griffith.

Neumann and Griffith [24] studied how the forces acting on a 90° bend are
affected if the bend is located downstream of a pipe expansion. As a result of an
analysis by conducting a set of experiments it was concluded that the peak forces at a
bend located after an expansion were very close to those that occurred in case of a
pipe with a constant diameter. Another conclusion reached in that study was that for
both types of the pipes considered, the slug traveling distances required for the force
at the pipe bend to reduce to very small values were nearly the same.

Baran also [27] carried out an experimental and numerical study to
investigate the hydrodynamics of an individual transient liquid mass in voided line.
Baran’s experimental setup consisted of an air tank and a pipeline which was
inclined upward towards downstream, and this pipeline was connected to an air tank

at its upstream end through a ball valve as shown in Figure 2.3. There was a
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Figure 2.3 Experimental setup used by Baran [27].

sharp turn elbow connected to the downstream end of the inclined pipeline, which
was extending downwards in the vertical plane. A transducer was located on the
elbow to be used with the purpose of measuring slug impact pressures at that point of
the elbow. It was possible with this system to create slugs with desired initial lengths
by filling water from the fill valve into the pipeline, and then drive these slugs under
the action of high pressure air from the air tank along the inclined pipeline upon
sudden opening of the ball valve. With this experimental setup, Baran conducted a
set of tests by propelling slugs with different initial lengths and tank pressures and by
measuring the impact pressures at the elbow. The experimental results from these test
cases were compared with those from Bozkus’s experimental study [2] and it was
concluded that the results from both studies were in accordance with each other
although there were some differences between the experimental setups used in these
two studies as far as the sizes of the pipe diameters and the pipe inclinations selected
were concerned.

Baran’s numerical analysis was composed of the solution of Euler Equations
with Godunov Method for the compressible gas part in the system shown in Figure
2.3 and of the calculation of impact pressures at the elbow by utilizing a method

proposed by Daugherty and et. al. [30]. In the mathematical modeling, the mass loss



from the slug body during the motion of the slug was neglected in Baran’s study. For
the impact pressure calculation as suggested by Daugherty and et. al., a fictitious
surge tank was assumed to exist at the elbow. Thus, the impact pressures were
allowed to take values somewhere between those of sudden value closure case, and
of a stagnation pressure estimates that would have computed with the use energy
equation for an elbow open to the atmospheric pressure at one end. The impact
pressures at the elbow computed with this method underestimated the peak pressures
at the elbow with respect to those from the experimental findings obtained in the
same study. As a result of this numerical analysis, it was concluded that the modeling
of the elbow so as to give results between the cases of existence of a surge tank and
of a sudden valve closure would have provided the improvement of the results for the
peak pressures obtained at the elbow.

Baran’s results [27] for the variation of normalized peak force with respect to
normalized dispersion distance was compared with the values in Bozkus’s [2] and
Fenton’s [22] studies in Bozkus, et. al [28]. From this comparison, it was concluded
that Baran’s results complied with those of Bozkus and Fenton although the
normalized force values from Baran’s study had some tendency to remain on the
conservative side as Fenton’s data. Making a comment on the obtained results from
the three studies performed by Fenton [22], Bozkus [2] and Baran [27], it was stated
that there was a sharp drop in the normalized forces when the normalized slug travel
distance with respect to initial slug length was greater than 6. Another conclusion
drawn in this study was that the slanted configuration of the slug front shape with
respect to the inclined pipeline had an increased effect in the occurrence of Taylor-
Instability and thereby resulting in more air entrainment into the slug body to take

place especially for short slugs during their motion.
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CHAPTER III

MATHEMATICAL DEVELOPMENT FOR THE
HORIZONTAL PART

3.1 Introduction

In the present study, the formulations for the calculation of impact pressures
at the elbow of an initially voided horizontal pipeline applied by an air driven liquid
slug are made in two stages. At first stage, the calculations required for the analysis
of the motion of the liquid slug along the horizontal part of the pipeline is made by
using a previously developed formulation by Bozkus [2]. Then, in the second stage,
final values for the hydrodynamics parameters obtained from the first part are used as
initial conditions for the analysis of the motion of the slug in the elbow and the
following vertical extension segment of the pipeline as the main purpose of the thesis

In this chapter, a numerical analysis for the hydrodynamics of the motion of
an air driven liquid slug along an initially voided horizontal pipeline, performed
previously by Bozkus [2], is presented. The system setup used by Bozkus for this
purpose is as shown in Figure 2.2 and the description of this system was given in
Chapter II. The mathematical formulation given in this chapter which was named as
“Advanced Method” [2] in Bozkus’s study covers the description of the accelerated
motion of an individual liquid slug from zero initial velocity upon a sudden valve
opening, under the action of the driving effect of high pressure air acting at the
upstream side of the slug. The mass loss from the liquid slug due to its interaction
with the pipe wall during the slug motion along the horizontal pipeline is also
considered with the use of a calibration parameter. The flow of the high pressure gas
upstream the liquid slug is analyzed by using 1-D gas dynamics equations and thus,

the waterhammer effects within the region of slug driving gas volume is taken into
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account. The solution of gas dynamics equations are made with method of
characteristics and the mathematical expressions obtained from this part are coupled
with a set of slug dynamics equations obtained from a control volume analysis, to
close the system. During the solution, the upstream pressure boundary condition for
the system is taken as the tank pressure at the pipe inlet and the downstream
boundary condition is the zero atmospheric pressure at the slug front face. The
calculations are performed until the computational procedure results in the case that
the slug front face of the liquid slug reaches the elbow at the downstream end of the
horizontal pipeline. The values for the slug driving pressure and the slug velocity
corresponding to the arrival time of the slug front face at the entrance section of the
elbow were then, taken to be utilized as initial conditions for a second stage of
calculations that were made for the analysis of the slug motion within the elbow and
the vertical extension segment of the same system shown in Figure 2.2.

In the following subsections, the derivation of slug dynamics equations with a
control volume analysis, and the formulation for the flow of the gas driving the liquid
slug by using 1-D gas dynamics equations and method of characteristics are
presented. An algorithm that explains the use of the resulting equations from the
above procedure is also given. In Section 3.5 of this chapter, a new formulation for
the calculation of a functional hold up coefficient that was developed in the present

study as an improvement of Bozkus’s [2] Advanced Method is also presented.

3.2 Slug Dynamics Equations

To analyze the motion of a liquid slug propelled by upstream high pressure
air along a horizontal pipeline, Bozkus [2] made a control volume analysis by
selecting a control volume as shown in Figure 3.1. Then, he applied the conservation
of mass and conservation of momentum principles over this control volume.

For the analysis of the slug motion, a set of simplifying assumptions were
made. These assumptions are that:

a) The slug flow is accepted as one-dimensional, incompressible and planar.

b) Liquid density is constant.

c) Pipe material is rigid and the pipe does not vibrate or move in any

direction during the slug motion.

12



Cv

—
&, )/ — N Patm: 0
X Al > 1
PA > U3
= U=Ug i Uz, =Up
A

P Uy P

A2 U2 =0

Figure 3.1 Control volume for the liquid slug selected by Bozkus [2] along the

horizontal pipeline.

d) Gas (air) does not entrain into the liquid slug (water), in other words, one

phase assumption is valid during the entire motion of the slug.

e) A quasi-steady flow assumption is made to find the shear resistance to the

slug flow.

f) Some of the slug mass is lost during the motion.

The mass loss from the liquid slug during its motion due to interaction of the
slug with the pipe wall by means of shearing effects was taken into account by using
a hold up coefficient, o . An a value for the hold up coefficient means that the slug
loses its mass through a percentage of 1-a of pipe cross-sectional area, during its
motion. For example, if a value is equal to 0.99, it means that slug losses its mass at
a rate of 1% of the total pipe cross-sectional area. Thus, during the motion of the
liquid slug by a distance of Ax along the horizontal pipeline, an amount of mass loss

from the slug equal to the value of p(l —oc)AAx occurs. Here, the meanings of the
symbols are as,

p : density of water
and

A : pipe cross-sectional area.

The hold up coefficient value, o, can only take values between 0 and 1. The
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a value being equal to 1 indicates that there is no hold up or mass loss from the
slug, while decreasing values of o indicates that more amount of mass loss from the
slug is taking place.

In Bozkus’s study [2], during the motion of a liquid slug along the horizontal
pipeline only single, selected fixed values of hold up coefficients were used in the
calculations. However, in the present study, a function was developed which
accounts for the variation of the value of the hold up coefficient, a, along the
horizontal pipeline during the slug motion, in terms of the normalized travel distance
of the liquid slug with respect to instantaneous slug length. The mathematical
procedure for the development of this function is given in Section 3.5 of this chapter.

With the above indicated simplifying assumptions, the application of
conservation of mass and conservation of momentum equations are given in the

following subsections.

3.2.1 Conservation of Mass Equation
For the analysis of the slug motion, firstly the conservation of mass equation
was written in its integral form for a control volume which is moving together with

the liquid slug along the horizontal pipeline, as shown in Figure 3.1:

j(%—’t’] dV+jp(Uboﬁ)dS+ jp(U,-ﬁ)dszo 3.1)

Ccr. C.S C.S.

In this equation U , and U, stand for the velocity of the boundary of the

control surface, and the liquid velocity relative to the control surface boundary,
respectively. Also, S is the surface area and V is the volume of the control volume
selected.

Canceling first and second terms of Equation (3.1) and then, applying

remaining part of Equation (3.1) and the relations

A =a4 (3.2)
A4, =(1-a)4 (3.3)

14



A, =4 (3.4)

Uu,=U0,-U, (3.5)
U,=U, (3.6)

and
U,=0 (3.7)

to the control volume in Figure 3.1; Equation (3.8) below is obtained (Bozkus [2]).
U,=aU, (3.8)

In above equations,

A : cross-sectional area of the pipe,

A,, A,, A, : areas of the parts of the pipe cross-section as shown in Figure
3.1,

U, : fluid velocity relative to the control surface 7,

U, : velocity of the back face of the slug,

U, : velocity of the front face of the slug,

n : outer unit normal vector.

Now, apart from the above conservation of mass principle, a differential
equation which relates the hold up coefficient, « , to the slug length, L, is utilized as

given below.
—=U, -U, (3.9)

Solving for U, from (3.9) and substituting into (3.8), the following

expression is obtained:

dL 1
E:—(;—I)UF (310)
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The resulting equation given in (3.10) is actually a form of continuity

equation and given a value of hold up coefficient a, this equation can be used as a

relation between the slug length L and the slug front velocity Ur.

form

where,

and

3.2.2 Conservation of Momentum Equation

The general form of the conservation of momentum equation utilized is of the

ZFﬁ%ijx dV+ijx (@, on)as (3.11)
Ccr.

C.S.

Here,
U, :liquid velocity relative to the fixed reference frame,
U, : liquid velocity relative to the control surface boundary,

F_ : net force acting on the selected control volume, in x -direction.

The left side of (3.11) can be written as:

ZFx:PA—TO(ﬂDL) (3.12)

1
t=gpfi U (3.13)

D : pipe diameter,

P : air gage pressure driving the liquid slug acting at the slug upstream face,

7 : pinumber,

S, :the Moody’s friction factor,
7, : wall shear stress.

In this formulation, the change in the direction of friction force with that of
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fluid velocity was discarded with the assumption of no reverse flow.
In Bozkus’s study [2], a fixed average value of Moody’s friction factor, f,
was used in the calculations but in the present study, the friction factor value was

calculated from Swamee-Jain formula (Walski [11]; Swamee and Jain [12]) given in

(3.14) to improve the method.

1.325
fr= 5 (3.14)
( e 574 ]
In + o
37D Re”
In this expression,
¢ :roughness height of the pipe wall,
Re : Reynods number.
The Reynolds number can be calculated from
U,D
Re=P7r (3.15)
u
where p is the dynamic viscosity of water.
Next, substituting,
dV = AdL (3.16)
Uu,=U, (3.17)
U, =0 (3.18)
U, =U, (3.19)
Uu,=U0,-U, (3.20)
U,=U, (3.21)
U,=0 (3.22)

in Equation (3.11) according to the control volume selected in Figure 3.1, and also
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using Equation (3.8) together with the final form of the conservation of mass

expression given by (3.10), the following equation is obtained (Bozkus [2]):

vy , Sy _g(l—a] UFzzi (3.23)
dt 2D L\ «

In above derivation, U, stands for the fluid velocity relative to the global

1.

coordinate axis, on the surface i for the control volume, and in the x -direction

3.2.3 Slug Kinematics Equation

To complete the slug dynamics equations, in addition to above conservation
equations, which are Equations (3.10) and (3.23), one more equation independent of
these can be obtained from the slug kinematics. This last equation is simply an
expression for the rate of change of the position of the front face of the slug with

time, and can be given as:

% =U, (3.24)

In all of the expressions (3.10), (3.23) and (3.24), the slug front velocity U,

can be replaced with the mean slug velocity U and then, the final system of

differential slug dynamics equations becomes

av | Iy _3(1‘0‘] vt (3.25)
dt 2D L\ « pL
. 1
“C__“-nhu 3.26
% (a ) (3.26)
dx
“_y 3.27
% (3.27)
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The average pressure value, P, in (3.25), is calculated from the analysis of
the flow of the high pressure gas at the upstream side of the slug, and the
formulations for this part of the calculation are given in the following section which

includes the solution of gas dynamics equations.

3.3 Gas Dynamics Equations
For the analysis of the flow of the high pressure gas upstream the liquid slug,
the conservation of mass, momentum and energy equations in differential form given

by Equations (3.28), (3.29), (3.30) below were utilized by Bozkus [2];
_t+V_+p C*~—=0 (3.28)

a—V+V6—V+ ! 6P =F, (3.29)
ot ox p, o

Py OPu 1 (6P+V6P] 0 (3.30)
ot ox C*\ ot ox
where
fj wet
F, = 3.31
) 2 4 (3.31)
and

=JR, (3.32)

Here, the meanings of the symbols are as follows:

p, : density of air,

V' : velocity within the air volume, in the x -direction,

P :average pressure at a cross-section of the pipeline,

¢t : time,

x : space coordinate along the axes of the horizontal pipe,

F : friction force per unit length of the pipe assuming no reverse flow,
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P : wetted perimeter of the cross-section,

wet
C : wave speed,

R, : gas constant,

T : temperature.

As the assumptions in using the above gas dynamics equations given by
(3.28), (3.29), (3.30); one-dimensional, unsteady, nonuniform and a compressible gas
flow was considered. In addition to these, the flow was also accepted as adiabatic,
isothermal and turbulent.

The system of hyperbolic partial differential equations given by (3.28),
(3.29), (3.30) were transformed to a set of total ordinary differential equations by
using method characteristics. The transformation procedure followed for this purpose
can be found in references from Moody [31], Chaudhry [32] or Streeter [33]. The

resulting ordinary differential equations are given by expressions (3.33) and (3.34).

dP+pCV =F dt for %:mc (3.33)
dP—pCdV =—Fdt  for %:V—C (3.34)
with
CP._V?*
F :—pffg—AW’ (3.35)

Equations (3.33) and (3.34) are valid over the computational domain starting
from the upstream pressurizer up to the back face of the liquid slug shown in Figure
3.2. As the slug i1s moving downstream continuously in an accelerating pattern, the
computational domain gets larger and larger by time as shown in this figure.
Equation (3.33) here is a right travelling characteristic equation and is valid along the

C" line in the computational domain, and Equation (3.34) is a left travelling

characteristics equation which is valid along the C~ line.
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Figure 3.2 Computational domain used by Bozkus [2] for the solution of gas

dynamics equations.

3.4 Coupling of Gas and Slug Dynamics Equations
To solve the gas dynamics and slug dynamics equations in a closed form

pattern, the fist slug dynamics equation given by (3.25) can be rewritten as in the
following form:

v, &_2(1‘“) u? =B P (3.36)
a |20 1\« I

The meanings of the symbols here are as:

S s friction factor for water,
P, : driving air absolute pressure acting at the upstream face of the slug,
P, :atmospheric absolute pressure,

p,, : density of water.

Then, by integrating the slug dynamics equations given in (3.26), (3.27) and
(3.36) between the grid points along the slug path curve shown in Figure 3.2; and
integrating the gas dynamics equations given by (3.33) and (3.34) along the

21



corresponding characteristic lines in the computational domain, a set of formulas for
the upstream and the downstream boundary computations of the pressurized gas
region in the horizontal pipeline is obtained. While making these calculations, the
known boundary conditions of the system together with Equation (3.32) and the ideal
gas equation given in (3.37) are also used (Bozkus [2]).

p=— (3.37)

The formulas for the calculation of upstream boundary conditions are as

follows as obtained by Bozkus [2]:

P, =P, (3.38)
PL

= 3.39

oL R.T (3.39)

C,=C=R,T (3.40)
X X

=t L =S 3.41

' N (V_C)S ( )

At=t, —t, (3.42)

VL — PL _PS +(pa)S CVS (343)

el ]

The subscripts L and S of the variables in above equations indicate the
location of left rights boundaries where the variables are being evaluated as shown in
Figure 3.2.

The algorithm for the calculation of the values at the upstream boundary of
the pressurized gas region in the system is presented below.

1) Calculate P, from Equation (3.38) by using the boundary value for the
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gas pressure P, at the pressurizer tank.

2) Calculate gas density p, by using (3.39).

3) Compute the wave speed C, at the upstream boundary of the pressurized
gas region from (3.40).

4) Calculate ¢, from Equation (3.41) by taking x, =0, and using the

known values of variables with the subscript S that were calculated at the
previous time step (Figure 3.2).

5) Compute Ar from (3.42).
6) Calculate the gas velocity at the left boundary, V, , using (3.43).

The set of equations obtained by Bozkus [2] for the calculation of
downstream boundary values of the computational domain of the pressurized gas

volume are given below.

:US (V+C), (t,—t;)—x,Us+x5 (V+C),

3.44
: V+C), -U, (349
(e —x,)
Ar = Fr X 3.45
o), (3.43)
to=t, + Al (3.46)
At, = ("%"S) (3.47)
S
L, =L —[1_7“] U At (3.48)
C,=C=R,T (3.49)
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C = |:fa % V, At +(pa )L C} (3.50)

1—a\U
2fzw) U At, 2 (—“] L—SAQ} (3.51)

o s
c|1(P-P
P.=P +(p,), CV, ——[—(T] At, +US} (3.52)
S

1 Pw B Patm
e Tam A+ U
pw L S

1+l ;a2 122 Us
2D L

a s

Up =

(3.53)

The downstream boundary conditions indicated with the subscript R, for the
domain of gas volume are calculated with the following algorithm:
1) Calculate the position of the upstream face of the slug from (3.44).
2) Compute the time increment, Az, and At,, values from Equations (3.45)
and (3.47).
3) Calculate ¢, value by using (3.46).

4) Compute slug length, L, , by using the expression given by (3.48).
5) Calculate the wave speed, C,, from (3.49).

6) Compute the pressure acting at the upstream face of the slug, P,, by
using Equation (3.52).
7) Calculate the velocity of the upstream face of the slug, U,, from
Equation (3.53).
During the above calculations, the time dependent decrease of the tank
pressure, P, is also taken into account according to the data given in Figure 3.3. In
this figure;

F, : initial tank pressure at the pressurizer tank.
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Figure 3.3 Variation of pressure at the upstream pressure tank (Bozkus [2]).

The calculation procedure given above is continued until the front face of the
slug reaches the entrance section of the elbow with a computer program BOZKUS-2
coded by Bozkus [2]. Then, the final values for the slug velocity, slug length and the
driving air pressure acting at the upstream face of the liquid slug obtained from these
horizontal pipe calculations are used as initial conditions for the analysis of the slug
motion in the elbow and the following vertical extension segment of the pipeline,

given in the later chapters of the thesis.

3.5 Functional Hold Up Coefficient

To be able to better represent the actual hold up amount that occurs during the
motion of the slug along the horizontal part of the pipeline, a new approach of using
a functional hold up coefficient was made in the present study. The new hold up
coefficient that was developed in this study is in the form a function of normalized
slug travel distance with respect to the instantaneous slug length as given in Equation

(3.54). The details for the development of this function are presented in Appendix

25



A.l.

a(L,/L,)=0.0385(L, /L, )+0.7439 if 54940<L, /L, <6.6519

L (3.54)

and

alL,/L)=1. if  66519<L, /L

This method of calculating the hold up coefficient, «, is actually a more
developed form of the previous one used in Bozkus’s [2] study in which the hold up
coefficient was kept at a constant value during the whole motion of the slug along the
horizontal part of the pipeline.

The expression in (3.54) is the functional hold up coefficient in terms of the
travel distance normalized with respect to the instantaneous slug length. Thus, with
the use of this formula, the hold up coefficient was allowed to change as a function

of instantaneous slug length, L_, during the motion of the slug along the pipeline,
given a certain value for the length of the horizontal part of the pipeline, L, .

With this new development of the functional hold up coefficient, the hold up
value, «a, is calculated by using the formula given by (3.54) at the beginning of each
time step of the calculations made by executing the algorithm given in Section 3.4

for the motion of the liquid slug along the horizontal part of the pipeline

3.6 Closure

In this chapter, an analytical method for the analysis of an air driven liquid
slug motion along a horizontal pipeline was given as proposed by Bozkus [2]. For the
improvement of the method, a mathematical development to obtain a functional hold
up coefficient as a part of the present study was also presented in Section 3.5 of this
chapter.

The same system setup given in Figure 2.2, which was used by Bozkus [2] for
the analysis of the slug motion along the horizontal part of the pipeline, was also
utilized as the system in the present study for the modeling of the slug motion in the

elbow and the following vertical extension segment of the pipeline. In the present
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study, for the calculation of impact pressures applied by the slug at the elbow of the
system; firstly, that motion of the slug along the horizontal pipeline was analyzed
with Bozkus’s [2] method given in this chapter, and the final values of the
hydrodynamic parameters for the case that the slug front face reached the elbow were
calculated. Then, by using those final set of values as the initial values in the new
mathematical model that was made in the present study, the analysis of the slug
motion in the elbow and the following vertical extension segment was made. To
perform these calculations, a computer program KAYHAN was coded in this study
with the purpose of computing the impact pressure at the elbow by simulating the
slug motion in the system. This code was written in FORTRAN, and it used a
previously written code BOZKUS-2 by Bozkus [2] for the simulation of the slug
motion along the horizontal pipe in the system.

The formulation for the analysis of the slug motion in the elbow and the
vertical extension segment as the aim of the present study, after the slug reaches the
entrance section of the elbow, is given in the next chapter of the thesis, together with
the discussion of the results and the comparison of them with those from the previous

studies.
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CHAPTER 1V

MATHEMATICAL DEVELOPMENT FOR THE
ELBOW PART

4.1 Introduction

In this chapter, a mathematical development for the analysis of the slug
motion in the elbow and the following vertical extension segment of the pipeline
system shown in Figure 2.2 is given. The elbow and the vertical extension segment
calculations here are a continuation of the analysis of the slug motion along the
horizontal pipeline presented in Chapter III. Therefore, the final values for the
hydrodynamic parameters obtained from horizontal pipe calculations are used as the
initial conditions for the elbow and the vertical extension segment calculations given
in this chapter.

The aim for making the numerical analysis of the slug motion in the elbow
and the vertical extension segment given in this chapter is to predict the time
dependent impact pressures at the elbow and to find the transient hydrodynamic
forces acting on the elbow and the vertical extension segment.

For this purpose, an axial velocity profile function with a 3-D shape was
assumed in Section 4.2. Then, by utilizing this velocity profile function, the time
dependent impact pressures at the elbow, and the transient forces applied by the
liquid slug on the elbow and the vertical extension segment of the pipeline were
formulated in Sections 4.3 and 4.4, respectively. In Section 4.5, some numerical
integration methods are presented to be used for the evaluation of some integral
terms of the equations given in Sections 4.3 and 4.4. A calibration function was
proposed in Section 4.6 for the variation of the skewed shape of the axial velocity

profile function in the elbow and the vertical extension segment. The non-
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dimensionalization and the discretization of the equations are given in Sections 4.7
and 4.8, respectively. In section 4.9, the mesh sizes and the input data used are

presented.

4.2 Assumed Axial Velocity Profile Function

In this section, an axial velocity profile function with a 3-D shape is assumed
in the elbow and the vertical extension segment of the system shown in Figure 2.2,
which can change in shape along these parts of the pipeline with the help of a
calibration function. This assumed velocity profile function was used later on, in
reducing the number of unknown dependent variables in momentum equations given
in Section 4.3. The transient force calculations in Section 4.4 were also made by

using this velocity profile function.

Figure 4.1 Velocity distribution in a curved pipe given by
Prandtl [13], [14] (Schlichting [10]).

The general pattern of the cross-sectional view of the axial velocity profile
and the velocity distribution over the pipe cross-section, for steady uniform turbulent
pipe flow in curved pipes is given in Figure 4.1 as investigated firstly by Prandtl
[13], [14] (Schlichting [10]). The flow of the liquid slug in the elbow and vertical
extension segment of the pipeline in the present study is actually of type unsteady
and non-uniform; however, as a simplification, the shape of the axial velocity profile

in the current study was selected in such a way that the cross-section of the assumed
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profile is of the form depicted in Figure 4.1 as suggested by Prandtl.

For this purpose two cone equations were utilized one being an oblique cone
and the other having a symmetric and truncated shape and the plot of these two cones
were mounted on each other to get an assumed turbulent velocity profile with its

point of maximum shifted towards the convex side of the elbow by some amount.

Zl
Zy|
e PU(Xp 5% 520 )
R

o' % y'

-R' x'O 77777777 Jl/ R’
RY
Xl

Figure 4.2 Parameters for the general oblique cone equation.

The most general equation for an oblique cone is given in cartesian

coordinates in Equation 4.1. (Young [9])

(xiz' = xz, Y +(viz' = y'z,)) =R (2 —z) (4.1)

The parameters for this general oblique cone equation in (4.1) are as given in
Figure 4.2.
According to this figure,

x', ¥, z' : coordinate axes,

!

Xy Vo» Zo : coordinates of the apex of the cone,
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R’ : radius of the bottom circle of the cone,

O' : origin of the cartesian coordinate system.

By using the general cone equation given in (4.1), an equation in the form of
a non-differentiable function for the assumed turbulent axial velocity profile with 3-
D shape was obtained, the cross-sectional view of the plot of which is shown in
Figure 4.3. In this figure, the cross-sectional shape of the assumed velocity profile
function is given over the vertical mid-plane of the elbow and the vertical extension
segment.

While selecting the velocity profile equation, it was accepted that the
maximum velocity occurs in the vertical mid-plane of the elbow and at a distance R,
away from the origin of the local coordinate system as measured in the positive y’-
direction as shown in Figure 4.3. This general pattern for the shape of the velocity

profile was suggested by making an analogy with that of a steady uniform turbulent

pipe flow in curved pipes as investigated firstly by Prandtl [13], [14]. (Schlichting
[10])

For the symmetrical bottom cone part of the axial velocity profile equation,

with 3-D shape, the following function was used.
u, =(R-&)tan6, (4.2)

Equation given in (4.2) is valid for the domain of the bottom cone which is

defined by
y<&<R (4.3)

according to the polar coordinate system given for the cross-sectional view of the
elbow in Figure 4.5, and considering the placement pattern of the bottom cone in the
cartesian coordinate system shown in Figure 4.4.

And, for the upper oblique cone part of the axial velocity profile function, the

expression given by (4.4) was utilized.
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Figure 4.3 Cross-sectional shape of the assumed turbulent

velocity profile function.
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Figure 4.4 Parameters used for the assumed velocity profile in a single

coordinate system.
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Figure 4.5 (a) Complete physical setup for the system (Bozkus [2]);
Computational domain for (b) the elbow and the vertical extension segment,
(c) the cross-section of the elbow,

(d) the cross-section of vertical extension segment of the pipe.
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The expression in (4.4) for the upper oblique cone part of the velocity profile
function shown in Figure 4.4 is valid over that region of the pipe cross-section

defined by
0<&E<y, (4.5)

according to the polar coordinate system for the cross-section of the elbow given in
Figure 4.5.

The procedure for the mathematical development of the expressions given by
(4.2) and (4.4) above are given in Appendices A.2.1 and A.2.2, respectively.

The meanings of the symbols in equations (4.2) to (4.5) are as:

& :radial coordinate axis over the pipe cross-section,

n : circumferential coordinate axis over the pipe cross-section,

R : pipe radius,

R, : distance of the point of maximum velocity from the origin of the local
coordinate system, measured along the y’ axis, according to Figure 4.4,

0, : angle for the gradient of the velocity profile at the pipe wall,

with other parameters being as shown in Figure 4.4.

By combining two cone equations, the assumed velocity profile was intended
to be given a shape similar to the actual turbulent velocity profile. The shape of this
assumed profile was also allowed to change along the elbow and the extension

segment with the aid of a calibration function for the angle 6. shown in Figure 4.4.

With this calibration function in the form of

0, =0.(s), (4.6)

35



0. value was changed along the s -curve in the elbow and the extension segment of

the pipe at the desired rate for the calibration purposes.

The values for the parameters R, y;, h,, h, can be calculated by using

geometry, from Figure 4.4 as

=R- U, 4.7)
tan9f

m

(Um —Rtan@)(tan@c + taan)

| = 4.8
4 tan @, (tan 0. —tan0 f) (48)
U, —Rtan6,
h =2tanf,| ————— (4.9
tan6, —tan0,
2Rtan0, tan6, -U, (tan@c + tan9f)
h, = (4.10)

tan6, —tan0,

where

U  : maximum velocity on the assumed velocity profile function.

m

The parameters U, and 6, in expressions (4.7) to (4.10) are calculated as

given in Appendix A.2.3.

By knowing the values of the parameters given in (4.7), (4.8), (4.9) and
(4.10), the piece-wise smooth velocity profile function given by Equations (4.2) and
(4.4) can be defined.

4.3 Calculation of the Impact Pressures at the Elbow

In the present study, the time dependent impact pressure distribution on an
elbow of an initially voided pipeline, applied a by a propelled liquid slug under the
driving effect of high pressure air from upstream, were obtained by solving 1-D
Reynolds Equations numerically. The reason for choosing the Reynolds Equations

was the highly turbulent character of the slug flow due to very high velocities
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attained in the system. The solution was made over a computational domain selected
within the elbow and the following vertical extension segment of Bozkus’s [2]
system setup shown in Figure 2.2. The elbow and the vertical extension segment
calculations given here are a continuation of those made for the analysis of the slug
motion along the horizontal part of the pipeline, performed previously by Bozkus [2]
as presented in Chapter III. In the analysis, the final values for the hydraulic
parameters obtained from the horizontal pipe calculations that corresponds to the
arrival time of the slug front face at the entrance section of the elbow, were utilized
as the initial values of the elbow and the vertical extension segment calculations
given in this chapter.

As the domain over which the Reynolds Equations were solved, that portion
of the elbow and the vertical extension segment of the system occupied by the liquid
slug at any instant during its motion was selected. With this selection of the solution
domain, the downstream boundary condition for the pressure value was taken as the
atmospheric pressure that occurs at the slug front face. By using this downstream
boundary condition, the average pressure values were calculated starting from the
exit of the vertical extension segment towards upstream up to the entrance section of
the elbow. While calculating the average pressure distribution along the elbow, the
local impact pressures that occur at the top point of each cross-section of the elbow
were also calculated with another application of 1-D Reynolds Equations applied in
the direction of radius of curvature of the elbow this time, starting from the center
point up to the top point of the same cross-section. During these radial calculations,
the local pressure boundary condition at center point of the each cross-section was
accepted to be equal to the average pressure that occurs at the same cross-section as
an assumption. While calculating the pressure values, 1-D Reynolds Equations in
cartesian coordinates were used in the calculations that were made for the vertical
extension segment, whereas 1-D cylindrical polar Reynolds Equations were utilized
for the elbow part calculations. The pressure values were solved from these Reynolds
Equations by using an assumed axial velocity profile function having a skewed 3-D
shape, and the shape of this velocity profile was allowed to change along the elbow
and the vertical extension segment by means of a calibration process.

The actual pressure distribution along the elbow and the vertical extension
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segment has a time dependent pattern due to the transient nature of the liquid slug
motion in the system and; therefore, the above mentioned pressure distribution
calculations were repeated for each time step of the slug motion along the elbow and
the following vertical extension segment. During these calculations, the time
dependent average velocity of the liquid slug was found from a set of slug dynamics
equations applied on that part of the slug remaining in the horizontal part of the
pipeline as proposed by Bozkus [2]. The value for the average velocity calculated
from the slug dynamics equations were then, taken to be same along that length of
the slug remaining horizontal pipeline, elbow and the vertical extension segment due

to incompressibility assumption made for the flow of the liquid slug.

4.3.1 Simplifying Assumptions

A set of assumptions were made to simplify the numerical procedure for the
solution of Reynolds Equations in the domain of the elbow and the vertical extension
segment of the system. These assumptions are;

a) Slug front is planar but the shape of the axial velocity profile of the liquid

slug is three-dimensional:

Accepting that the slug front face is always a plane surface permitted the
application of 1-D Reynolds Equations to solve for the pressure distribution along
the elbow and the vertical extension segment. While making these 1-D solutions, the
3-D skewed shape of the axial velocity profile of the liquid slug was also considered
with the aid of an assumed and calibrated 3-D axial velocity profile function.

b) Flow is incompressible:

Although during the motion of the liquid slug along the horizontal pipeline
the compressibility effects of high pressure gas from the pressurizer was taken into
account; in the part of the calculations for the motion of the slug along the elbow and
the vertical extension segment, the gas which drives the slug was accepted as
incompressible by neglecting gas dynamics effects in the calculations. The flow of
the liquid slug was also accepted as incompressible during its whole motion in the
system. As a result of this incompressible flow assumption for the liquid slug, and
the continuity principle; the discharge of the slug flow was taken as constant in all

parts of the pipeline it occupies at given time step of the slug motion. However, the
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3-D skewed shape of an assumed and the calibrated axial velocity profile function

was allowed to change for the slug flow in the elbow and the vertical extension

segment with the aid of a calibration function.

©)

d)

2

h)

3

k)

The liquid slug was accepted as having a constant density during its
motion.

The pipe material was accepted to be rigid, and the pipe was taken to
fixed at its place so that it does not move in any direction and does not
vibrate.

One phase flow assumption was made for the liquid slug (water) and
therefore, gas (air) entrainment into the slug was neglected.

Shear resistance to the gas and liquid slug flow was considered by
assuming that the flow is steady, fully developed and incompressible.

No hold up was considered to occur during the motion of the slug in the
elbow and the vertical extension segment of the pipeline.

Reduction of the air pressure between the exit of the pressurizer tank and
the slug upstream face was taken to be a constant value and is equal to
that which occurs at instant of arrival time of the slug front face at the
entrance section of the elbow, during the elbow and the vertical extension
segment calculations.

Frictional resistance and dynamics of the air downstream the slug front
face was neglected.

The axial velocity profile function with a 3-D skewed shape was assumed
to be composed two cone equations as given previously in Chapter 1V.
Average pressure at any section of the elbow was assumed to be equal to

the local pressure value at the center point of the same cross-section.

The planar slug front face assumption given in item (a) above was made in

order to avoid the difficulties in the solution that would have arisen due to

consideration of the deformation of the slug front shape during its motion through the

elbow and the vertical extension segment of the pipeline. Neglecting the deformation

of the slug front face and accepting the front face as planar brought adopting of a 1-D

numerical solution technique for the elbow and the vertical extension segment

calculations as was the case also for the horizontal part calculations of the pipeline.
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Selection of a 1-D solution procedure for Reynolds Equations in the elbow
and the vertical extension segment of the present study can be considered as a
continuation of 1-D approach used for the horizontal pipe calculations performed by
Bozkus [2]. Also, adopting a 1-D solution technique can be thought to be a suitable
choice since the experimental data for the peak pressures at the elbow are available
only at single points for the locations of transducer #1 and #2 from Bozkus’s study.

As a part of the simplification process, some dependent variables in the
cartesian and cylindrical polar Reynolds Equations were eliminated while obtaining
the formulas given in this section. The incompressible Reynolds Equations in

cartesian coordinates are given below as presented by Bird and et. al. [8]:

In x -direction:

ey ey ey V)
ot ox 7 0Oy 0z ox

a ! ! a ! ! i r ! anx anx aZVX
_p(§<VxVx>+5<Vny>+ = <VZVX>]+/J( FcaRd 5 +— ]+pgx (4.11)

In y -direction:

ov, v, v, ov,
p| Loy oy oy P
Ot ox 7 Oy Oz oy

O /N DN D o'v, o, o,
_p(a<VxVy>+a_y<VyVy>+§<V2Vy>j+l{ax2 + 5 3 tPg, (1)

In z -direction:

LA A AN A N
ot ox 7 Oy 0z 0z

a ’ ’ a ’ ’ i ’ ’ aZVZ aZVZ aZVZ
_p(§<VxVZ>+5<VyVZ>+aZ <VZVZ>]+/J( P 5 t— ]+pgz (4.13)

The Reynolds Equations in cartesian coordinates given by (4.11), (4.12) and

(4.13) were used for the analysis of the flow of the slug in the vertical extension
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segment of the pipeline in Bozkus’s setup given in Figure 2.2, with the selection
pattern of the coordinate axes x, y and z shown in Figure 4.5. In these equations,
the meanings of the symbols are as;

V., V,, V. : ensemble average local velocities respectively in x,y and z

directions,

Vi, V., V! : turbulent fluctuations of the velocity components respectively

in x, y and z directions,

p :ensemble average local pressure,
< > : symbol indicating ensemble averaging,
g., &6, & :components of gravitational acceleration respectively in x,y

and z directions.
The calculation of the average pressure distribution along the vertical
extension segment was made by solving the Reynolds Equation which was written in

y -direction given in (4.12). For this purpose; firstly, the Reynolds Equation in (4.12)

was taken and three of the unknown velocity components V', V,, V_ in this equation

were reduced to one by eliminating V. and ¥, making use of Gauss’ Divergence

Theorem and continuity condition (Ger and Holley [5]; Quarteroni and Valli [6]).
Also replacing the term including the Reynolds Stresses and the term for the laminar
shear stresses, which are respectively the second and the third terms on the right-
hand side of Equation (4.12), with the Darcy-Weishbach friction force formula
(Munson [3]); an expression in terms of the dependent variables of the pressure and

the axial velocity, V,, was obtained. For the axial velocity component V , an

assumed and calibrated axial velocity profile function with a skewed 3-D shape was

utilized. Thus, by using this 1-D Reynolds Equation written in only y -direction, it

became possible to calculate the pressure values in that direction as the only
unknowns, by using the known values of the axial velocity profile function, the
necessary initial and boundary conditions and also the value of the average slug
velocity through the pipeline at any given time. The average velocity value was used
for the determination of some parameters of the assumed and calibrated axial

velocity profile function, for finding the value of the friction factor in the Darcy-
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Weishbach Equation and also for the calculation of the unsteady term in Reynolds
Equation. The average velocity value at any time step was calculated from slug
dynamics equations of Bozkus [2] applied on that length of the slug remaining in the
horizontal part of the pipeline, which were coupled with the Reynolds Equations.

In the present study, the incompressible Reynolds Equations in cylindrical
polar coordinates were used for those part of the calculations that account for the
motion of the slug flow in the elbow part of the Bozkus’s [2] system setup given by
Figure 2.2. The incompressible cylindrical polar Reynolds Equations are as given

below as stated by Bird and et. al. [8] and Davidson [15]:

In r -direction:

2
0Vr+Vr0Vr+&0Vr_V9 +V20Vr :_O_p
ot or r 00 7 Oz or

ror
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In O -direction:
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In z -direction:
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The cylindrical polar coordinate system used for the incompressible
cylindrical polar Reynolds Equations given by (4.14), (4.15) and (4.16) is shown in
Figure 4.5 together with the placement pattern of », 8 and z axes of this coordinate
system over the elbow. In Equations (4.14), (4.15) and (4.16); the symbols are as:

V., V, : ensemble average local velocities respectively in » and 6
directions,

V', V, :turbulent fluctuations of the velocity components respectively in 7
and @ directions,

g,, g, : components of gravitational acceleration respectively in » and 6
directions.

For the average pressure distribution along the axis of the elbow, the
Reynolds Equation in @ -direction given by (4.15) was taken and the terms including
the dependent variable J were eliminated from this equation by proper use of
Gauss’ Divergence Theorem and the continuity equation. During the elimination
process, an integral expression derived from continuity equation for the variation of

V' in terms of the dependent variable, V,, and the independent variable, », was also

utilized. In addition, the variable V. was removed from (4.15) by making use of the

¥4

symmetry of the domain for the elbow, with respect to a vertical plane of z=0 as
the plane of symmetry. By replacing the friction terms on the right-hand side of
(4.15) with the Darcy-Weishbach friction formula, an expression for the pressure in
terms of the axial velocity ¥, was obtained and the average pressure values along the
axis of the elbow were solved from a 1-D application of this equation as was done in
the case of the vertical extension segment given above.

The local pressure at the top point of each cross-section of the elbow was also
calculated with again a 1-D application of the Reynolds Equation but in the r-
direction this time as given in (4.14), by eliminating V and V_ respectively with the
use of continuity expression and using the symmetry of the domain of the elbow with

respect to the plane of z=0.
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4.3.2 Pressure Distribution Equations

As the physical domain over which the pressure distribution calculations were
made in the present study, the elbow and the following vertical extension segment of
the system developed by Bozkus [2] was taken as shown in Figure 2.2. Selection of
the computational domain over this elbow and the vertical extension segment is
given in Figure 4.5. In this computational domain, a cartesian coordinate system was
chosen for the analysis of the slug flow in the vertical extension segment and a
cylindrical polar coordinate system was taken for the analysis of that part of the flow
of the slug in the elbow. The computational solution domain at a given time
consisted of the volume occupied by the slug in the elbow and the vertical extension
segment, and the solution for the pressure distributions were made with the Reynolds
Equations starting from the front face of the slug towards upstream up to the entrance
section of the elbow. After the front face of the liquid slug exited past the end section
of the vertical extension segment to the atmosphere from the pipeline, the solution
domain for the Reynolds Equations was taken as the whole region inside the elbow
and the vertical extension segment. The calculations were stopped when the
upstream face of the liquid slug came to very close locations of the entrance section
of the elbow to avoid some unstable oscillations that would have appeared due to the
liquid slug being unstable. Here, the instability of the liquid slug was caused by the
driving and retarding forces acting of the slug having very close values to each other.

The formulas for the calculation of average pressure distributions along the
axes of the vertical extension segment and the elbow, and the expresion for finding
the local impact pressures at the top point of each cross-section of the elbow are

given in the following subsections.

4.3.2.1 Average Pressure Distribution along the Vertical Extension
Segment

The calculation of average pressures along the vertical extension segment was

made along that part of the s -curve extending in the vertical extension segment and

remaining inside the volume occupied by the liquid slug at any given time. The

solution for this purpose was made by using incompressible cartesian Reynolds

Equations written in the vertical direction along the y axis given in Equation (4.12)
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above (Bird and et. al. [8]).
By integrating the Reynolds Equation given by (4.12) over the volume
element shown in Figure 4.6 and simplifying some of the terms in the equation, the

following average pressure distribution equation was obtained:

Volume element AV

]
\
|
\
\
x .
\
\
v

S

Figure 4.6 Sample volumetric pipe element on the s-curve, in the

vertical extension segment.

aP 81/7 1 a f'Pwetl/Tsz

The procedure for obtaining (4.17) is presented in Appendix A.3.1.

In this equation;

u, : assumed and calibrated axial velocity profile function given in Section
4.2, at any cross-section of the vertical extension segment of the pipe,
u, : average value of the assumed and calibrated axial velocity profile

N
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function at any cross-section of the vertical extension segment of the pipe,
s : curvilinear coordinate shown in Figure 4.5,

g : gravitational acceleration.

According to Equation (4.17), it can be said that for a given constant value of

* at any given time ¢,, one can get a differential relation that is valid over that
¢

portion of the curve s remaining in the vertical extension segment, in the form of an
ordinary differential equation because in that case the only independent variable will
be the s.

The derivative expression in the first term in parenthesis on the right-hand
side of Equation (4.17) was discretized by using first order backward finite

differences as;

{6@1 _ ()" = (u,)"" (4.18)
or |_, At .

n s
where

At : time increment at any time step of the elbow and the vertical extension

segment calculations,
And, superscripts » and n—1 in indicates the time levels for the finite

difference approximation.
(i, ) and (&,)"" terms in (4.18) were taken from another part of the computer

program coded by Bozkus [2], which used slug dynamics equations, to be able to
utilize Equation (4.17) as a closed form expression. Bozkus’s formulations here are
related with the motion of the slug remaining within that part of the pipe at the
upstream side of the elbow, and the velocity values obtained from that part are also
valid for that continued length of the liquid slug in the elbow and the vertical
extension segment of the pipe. The set of slug dynamics equations for that upstream
part of the liquid slug from Bozkus’s study are given in Section 4.3.3.

In the second term in parenthesis on the right-hand side of Equation (4.17),

u, is the velocity profile function in the direction of s -curve, which is actually the
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assumed and then calibrated velocity profile given in Section 4.2. Since that velocity
profile function introduces difficulty in taking the integral in the expression given by
(4.17), that term was numerically integrated with a numerical integration process

over the pipe cross-section. Velocity profile function 3 in the integral expression

here, changes depending on location on curve s and on time ¢, according to where
and when the calculation is being made in the computational domain. Variation of
the velocity profile along the curve s at any time ¢, was allowed by the change in

value of the calibration function, 6(s), with s since the discharge of the slug was

taken to be constant along the pipe at any time ¢.

4.3.2.2 Average Pressure Distribution along the Elbow

To calculate the average pressure distribution along the axis of the elbow, the
incompressible Reynolds Equation in cylindrical polar coordinates written in 6 -
direction was utilized as given in Equation (4.15) (Bird and et. al. [8]; and Davidson
[15]). As the computational domain of average pressure calculations with Equation
(4.15) at the elbow, that part of the s-curve shown in Figure 4.5, extending in the
elbow and remaining within the volume occupied by the liquid slug at any time step
was taken.

The Reynolds Equation in 0 -direction given by (4.15) was integrated over
the volume element in the elbow shown in Figure 4.7, and after some simplifications,

the following average pressure distribution equation along the axis of the elbow was

obtained.
oP o 1 (1] (ou 11
—=—p|| L] ——|-= —Ldr uydd+———|u,’dd
Os ot | RyA)r op R,A 0p
4 Ry—VR*-2* 4
P u’ K.l
+f, wlly Kolly o sinp (4.19)

84 2L,

The details of obtaining (4.19) are given in Appendix A.3.2.
In Equation (4.19);
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u, : average value of the velocity profile function in the elbow, in S
direction,
u, : average value of the velocity profile function in the elbow, in S
direction,

R, : radius of curvature of the elbow,

AP : incremental angle of curvature over the infinitesimal element in the
elbow as shown in Figure 4.6,

K, : minor loss coefficient at the elbow,

L, :the central arc length of the elbow.
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Figure 4.7 Sample volumetric pipe element along the

s-curve, for the elbow part.
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The first term in parenthesis on the right-hand side of the equation above can
calculated as was done for Equation (4.17) for the vertical extension segment of the
pipe in Section 4.3.2.1. The equation to be used for this purpose for the current case

of elbow calculations is given below.

oit (u,)" —(u, ) 4.20)
o | At '

N
n

The cross-sectional-average velocity values (u,)" and (u ﬂ)”“ at time levels

n and n—1 for the elbow part here are to be determined in the same manner as was

done for the vertical extension segment of the pipeline in Section 4.3.2.1.

4.3.2.3 Calculation of Impact Pressures at the Convex Side of the Elbow

For the impact pressure calculations at the elbow, the r-component of
incompressible Reynolds Equations in cylindrical polar coordinates was used as
given in (4.14).

For the calculation of impact pressure distribution at the convex side of the
elbow, the computational domain was selected as the line mesh starting from the
center point O’ of each cross-section at the elbow up to the top point C’ on the
convex side of the cross-section as shown in Figure 4.8. Here, the location of
coordinate axes over the elbow is the same as shown in Figure 4.5. In Figure 4.8,

MLPRSS : number of nodes for the line mesh used for the impact pressure
calculation.

Making some simplifications on the »-component of the Reynolds Equation
given by (4.14), the following equation for the local pressure calculation at the

convex side of the elbow was obtained:
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Figure 4.8 1-D radial mesh at a cross-section of the elbow.
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The procedure for finding the expression in (4.21) is given in Appendix
A3.3.
In Equation (4.21),

g, : turbulent eddy viscosity of the fluid.
For the determination of the turbulent eddy viscosity, ¢,, in Equation (4.21);

the mixing length theory as a zero-equation turbulence model was utilized as
suggested in Chen and Jaw [36]. The resulting expressions from this theory are given
below from (4.22) to (4.24) and the mathematical procedure for reaching those form

of the equations is given in Appendix A.3.3.

5
_s 4.22
&n = p (4.22)
[ 2 4
—=0.14-0.08g," ~0.06g, (4.23)
ou
g =1 |28 (4.24)
W,

In above equations,
[ : mixing length,

g, | aparameter.

The turbulent eddy viscosity, ¢,, here can be calculated by using (4.22),
(4.23) and (4.24) at any point in the elbow, given the radial distance from the pipe
centerline, &, of that point, while the local pressure distribution is being solved from
the pressure distribution equation (4.21).

The impact pressures at the convex side of the elbow were calculated for each
cross-section of the elbow selected and for each time step of the calculations, by
solving the differential equation (4.21) along the radial line O'C’' shown in Figures
4.8 and 4.9, as an ordinary differential equation by using the assumed axial velocity

profile function for u, given in Section4.2. During these calculations, the only
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Figure 4.9 1-D radial mesh selection at elbow cross-sections, with the line meshes

located in the vertical, mid x — y plane of the elbow.
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independent variable was taken as r», with other variables ¢, f and z being

constants at that time step and along the line of integration at a cross-section shown
in Figure 4.8. The seventh term in parenthesis on the right-hand side of (4.21) was
calculated with the finite difference method, as was done for the other terms
including derivatives; with central differences along lines of constant z =0, with a
certain incremental length used for z in the finite difference formula. For the
boundary values needed for the solution of the differential equation in (4.21), the
local pressure at the center point of each cross-section was taken as an equal value to

the average pressure for that cross-section calculated in Section 4.3.2.2.

4.3.3 Calculations for that Part of the Slug in the Horizontal Pipe

To solve for the velocity of the slug during its motion along the elbow and the
vertical extension segment, a set of slug dynamics equations were used, which were
developed by Bozkus [2] previously for a writing a computer code BOZKUS-1.
These slug dynamics equations govern the motion of that part of the liquid slug
remaining in the horizontal part of the pipeline, and the average velocity value, U,
calculated from this part is also valid all along the whole length of the slug extending
into the elbow and the vertical extension segment due to the continuity principle and
the incompressible flow assumption. The slug dynamics equations utilized for this

part of the calculations are as follows:

dU _ LUerPD—PE

ayv __ (4.25)
dt 2D oL
dL
Z-v 4.26
% (4.26)

In above equations,
P, : driving air pressure acting on the slug upstream face,
P, : average liquid pressure retarding the motion of that part of the slug in

the horizontal part of the pipeline, and acting at the entrance section of the elbow,

L : slug length remaining within the horizontal part of the elbow.
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The difference between Bozkus’s equations and the ones given above is that,
in Bozkus’s study, the retarding pressure effect at the elbow was not considered by
taking the pressure as atmospheric there. However, in the current study the
retardation of the motion of the slug in the horizontal part of the pipe was also taken

into account by subtracting the P, value from the air pressure driving the liquid slug,

P

', as in Equation (4.25).

For the elbow and the vertical extension segment calculations, no hold up was
assumed to exist for the whole volume of the liquid slug during its motion in these
parts of the pipeline. As another assumption, the difference between the timely
decreasing instantaneous value of the tank pressure and the driving air pressure, P, ,
at the upstream face of the liquid slug was taken to be constant and equal to the value
that occurred when the slug front face reached at the entrance section of the elbow.

This constant value was calculated from the final pressure values obtained from the

horizontal pipe calculations given in Chapter 111, as

PA = PTﬁnal - PDﬁnal . (427)

Here,

P,

7 ma - fINAl tank pressure value from horizontal pipe calculations at the

instant that the slug front face reaches the entrance section of the elbow,

P,

D s - Tinal driving air pressure value at the upstream face of the slug from

horizontal pipe calculations at the instant that the slug front face reaches the entrance
section of the elbow.

Then, the driving pressure, P, , at the upstream face of the slug at any time

step during the elbow and the vertical extension segment calculations was obtained

with the formula;

(4.28)

The U value computed from the system given by (4.25) and (4.26) was equated to
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u, (u,=u,=U,,=U) to be used in the pressure distribution calculations

in the elbow and the vertical extension segment performed in Section 4.3.2, due to
the continuity principle and the incompressible flow assumption all along the liquid

slug in the pipe. The calculated average velocity values, U, which were constant

along the slug in the horizontal part of the pipeline, and in the elbow and the vertical
extension segment of the pipe at any given time step, were also utilized in the
determination of the assumed and calibrated axial velocity profile function for
the slug flow at any cross-section of the elbow and vertical extension segment along
the s -curve given in Section 4.2.

Since U is always positive, in other words, slug is always moving towards
T L .
the downstream end of the pipeline, it can be deduced from (4.26) that % is always

negative. Therefore, the length of the slug remaining within the horizontal part of the
pipeline, L, continuously decreases from its initial value to 0, and the computation is
stopped when the back face of the slug reaches at very close locations of the entrance

section of the elbow which means that L becomes very close to 0.

4.3.4 The Initial and the Boundary Conditions

For the solution of average pressure distribution equations given by (4.17)
and (4.19), the computational domain for the elbow and the vertical extension
segment was taken as that length of the s-curve shown in Figure 4.10, which
remains within the volume occupied by the liquid slug at a given time step during the
numerical solution of the equations. In this figure,

NLFF : nodal number corresponding to the location of the slug front face
along the s -curve,

NELBW :number of nodes along the axis of the elbow,

NBOUND : point on the s-curve at the boundary of the elbow and the
vertical extension segment,

NSTOT : total number of nodal points along the s -curve.

The solution of the equations was made by using a FORTRAN subroutine
with the name DVERK written by Hull and et. al. [25], and Jackson and et. al. [35],
which was utilized as a part of the main program KAYHAN developed in the present
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Figure 4.10 Computational domain with the nodal numbering

along the s -curve given.
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study. The subroutine DVERK is an ordinary differential equation solver which
utilizes Runge-Kutta-Verner fifth and the sixth order method. Equations (4.17) and
(4.19) were solved with the subroutine DVERK by using the necessary initial and
boundary conditions for the elbow and the vertical extension segment calculations in
the present study. Since these equations are in the form of ordinary differential
equations of the first order at a given time step, only one boundary condition together
with the initial conditions were required for the solution of each equation. The initial
and the boundary conditions for Equations (4.17) and (4.19) are given in Table 4.1.
Here,

U ;. : final slug velocity obtained from horizontal pipe calculations,
P,, = : atmospheric pressure at the front face of the liquid slug,
Pypounp © average pressure at the connection boundary of the elbow and the

vertical extension segment.

In Table 4.1, the boundary conditions for the elbow and the vertical extension
segment calculations are given for two main cases. The first one is the case that the
slug front face is within the elbow which means that

0 < NLFF < NBOUND .

The other case is that the slug front face is in the vertical extension segment of the

pipeline or exited from the that part which means that
NBOUND < NLFF < NSTOT +1.
For both of these cases, the position of the front face of the liquid slug on the

s -curve at any time step was determined from the equations given by (4.29) and

(4.30) below:

-1 . -1
Sfroln = Sfroln +UaveAts lj‘ Sfroln + UaveAts < Ltot (429)

Sfroln = Ltot lj‘ Sfroln_] + UaveAts 2 Ltot (430)
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Table 4.1 Initial and the boundary conditions for the elbow and the vertical extension segment calculations.

Equation Equation Equation Equations
4.17) 4.19) 4.21) (4.25)
and
(4.26)
U= Uﬁnal
Initial Conditions u, =U ;0 up =U 4 ug =U 4,4 Py=Py
P.=0
L= Lﬁnal
P, =P —-P,
Boundary 0 < NLFF < NBOUND _ P=P,,=0 pP=py =P, P.=P,..
Conditions P =P _P
NBOUND < NLFF < NSTOT+1 | P=P,,,.=0 P =P oo P=py =P, P, =P,




In these equations;

S - slug front face location on the s -curve at ant time step 7,

L, :total axial length of the elbow and the vertical extension segment.

Then, the node number NLFF corresponding to the location of the front face
of the slug, s,,", on the s -curve was taken as the largest node number the location

of which remained just upstream the slug front face location at any given time step.

The average pressure equation in cartesian coordinates given by (4.17) was
solved along s -curve in the vertical extension segment if the slug front face was at a
stage of progressing in this part of the pipeline or the slug front exited to the
atmosphere from this part. If the first case was valid that the slug front face was
moving in the vertical extension segment, the boundary condition for (4.17) was used
as the atmospheric zero gage pressure at the node for the current slug front face
location, NLFF , according to Table 4.1 and the general slug front face location
pattern shown in Figure 4.10. Then, the average pressure values along the vertical
extension segment were calculated stating from this point towards upstream until
calculating the average pressure value at the boundary section of the elbow and the
vertical extension segment, NBOUND . If on the other hand the second case was
valid that the slug front has exited from the end section of the vertical extension
segment, the same calculations were made but starting from the section NSTOT +1
this time and by using the zero atmospheric pressure at this section as the boundary
condition.

Equation (4.19), which is the average pressure distribution equation in
cylindrical polar coordinates, was solved along that part of the s -curve remaining in
the elbow. In case the slug front face was moving in the elbow towards downstream,
the boundary condition was selected as the zero atmospheric pressure at the node for
the slug front face location, NLFF , as given in Table 4.1 and according to the
general form for the location of the slug front face depicted in Figure 4.10.
However, if the slug front passed the connection boundary of the elbow and the
vertical extension segment, NBOUND ; Equation (4.19) was solved starting from the
connection section, NBOUND , towards upstream up the entrance section of the

elbow. In this case, the boundary value for the average pressure at section,
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NBOUND , was taken from the final average pressure value obtained from the
vertical extension segment calculations.

The above procedure of finding the average pressures was repeated for every
time step of slug motion during the calculations.

For Equation (4.21), which was used for the impact pressure calculation at the
top point of each cross-section of the elbow, the computational domain is as given in
Figure 4.8. The initial and the boundary conditions for this equation is presented in
Table 4.1, where

P, : local pressure at the center point O' of the elbow cross-section,

P

ae - Calculated average pressure value at the elbow cross-section.
The boundary condition given here for Equation (4.21) was taken as the local

pressure, p,, at the center point of the each cross-section of the elbow, and the

local pressure at this point was taken as equal to the calculated average pressure
value for that cross-section as an assumption. The solution of (4.21) here was also
made with the subroutine DVERK by using the indicated boundary condition.

By using the boundary condition at point O’ and the initial conditions,
Equation (4.21) was solved at every time step of the calculations along the radius of
the each cross-section of the elbow upstream the liquid slug front face, starting from
point O" up to the top point of the cross-section at the convex side of the elbow, C’,
shown in Figure 4.8 with aim of calculating the local impact pressure value p at
point C'.

The solution for the system of slug dynamics equations given by (4.25) and
(4.26) were again made with the subroutine DVERK by utilizing the initial and the
boundary conditions stated in Table 4.1. In the table the meanings of the symbols are
as:

L, - final length of the slug remaining in the horizontal part of the pipeline

obtained from horizontal pipe calculations,

P,

e - Calculated average liquid pressure retarding the motion of that part of

the slug in the horizontal part of the pipeline, and acting at the entrance section of the
elbow.

The system of slug dynamics equations given by (4.25) and (4.26) were
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solved at each time step of the calculations to find U and L values at the current
time step. The calculated average slug velocity, U, values were then utilized in
determining the unsteady terms in (4.17) and (4.19), and also in finding the unknown
parameters of the assumed and calibrated axial velocity profile function used in
equations (4.17), (4.19) and (4.21). The length of the slug remaining in the horizontal
part of the pipeline, L, values were used in determining final stage at which the

calculations were stopped, when L approached 0.

4.4 Transient Force Calculations at the Elbow Part

In the present study, the transient forces acting on the elbow and the
following vertical extension segment of Bozkus’s [2] system setup given in Figure
2.2 were calculated with a set of control volume analyses by applying conservation
momentum principle over the elbow and the vertical extension segment. For this
purpose, two types of control volumes were selected as small elements in the elbow
and the vertical extension segment. The volume elements in the elbow had a shape in
the form of a segment of a torus while the elements in the vertical extension segment
were in the shape of a slice of a cylinder. Applying the conservation of momentum
principle over these volume elements, the horizontal and the vertical components of
the reaction forces acting on each of the elements were calculated. Then, by adding
up these force components, the total horizontal and the vertical forces acting on the
elbow and the vertical extension segment were calculated.

During the transient force calculations at the elbow and the vertical extension
segment of the system, the values for forces acting on the volume elements in the
direction of the pipe axis were found by using the calculated average pressure values
along the s -curve, given in Section 4.3.2.1 and 4.3.2.2. And, the momentum fluxes
over the surfaces of the volume elements perpendicular to the flow direction were
calculated with the aid of the assumed and calibrated axial velocity profile function
given in Section 4.2.

The formulas for the calculation of the transient forces acting on the elbow

and the vertical extension segment are given in the following sections.
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4.4.1 Calculations at the Elbow

The computational domain for the calculation of transient forces applied by
the liquid slug on the elbow while the slug is passing through the elbow and the
vertical extension segment is given in Figure 4.11. The control volumes at the elbow
were selected during the calculations within the volume occupied by the liquid slug
at the elbow at any instant while the slug front is at a stage of advancing in the
elbow. If the slug front passed into the vertical extension segment; then, the control
volumes were selected all along the axis of the elbow. By applying the conservation
of momentum principle in integral form over these control volumes, the horizontal
and the vertical transient force distributions along the axis of the elbow were
obtained for every time step of the liquid slug motion in the elbow and the vertical

extension segment.

y Mid-plane of the
ELBOW control volume
perpendicular to
pipe axis
r

P.A V/C | ZAFy

ip & \Vs Control Volume AV
Ba { K S%«\\
WVid
P ) % o By,
BU/ ’ - -
\7/ - AR ® X
O
°
VERTICAL
EXTENSION

SEGMENT |
N

Figure 4.11 Control volume for the transient force calculations at the elbow.
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The derivation of the formulas for calculation of the horizontal and the
vertical components of the transient forces acting of the volume elements along the

elbow are presented in the following subsections.

4.4.1.1 Horizontal Transient Force Distribution at the Elbow
For the purpose of finding the distribution of horizontal transient forces acting
on the volume elements along the axis of the elbow, the conservation of momentum

principle in its integral form as given below was taken as the starting point.

o[- o _
aijdV+J-Vp(Von)dA:ZF (4.31)

(&)

In Equation (4.31);

V : velocity vector at any point of the flow,

F : force vector acting on the control volume,
CY : control volume,

CS : control surface.

By applying the conservation of momentum equation over the control volume
selected in the elbow as shown in Figure 4.11, the horizontal transient force acting on

the volume element was calculated as the following:

AF = RAﬂﬁ 1 au—ﬂdr sin f—u, cos B |dA
TPEEPS N ) o ’
S RO—\/RZ—ZZ

1 Ou g, )
-pll|— dr |sin B, —up, cos B, |ug d4
S Ry—VR*-z*

1 O 5 )
+pll|— dr |sin B, —uz, cos B, |ug, dA

Sa Ry—VR>-2%

(4.32)

+ P, cos B,A— P, cos 3,4
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The details of the mathematical procedure for deriving Equation (4.32) above
are presented in Appendix A.4.1.
In Equation (4.32),

S, :area of the mid-plane of the volume element perpendicular to pipe axis.
S, 1 upstream pipe cross-sectional area for the control volume,

S, : downstream pipe cross-sectional area for the control volume,

AF_ : horizontal reaction force applied by the pipe on the control volume,
P :average pressure acting at the upstream face of the control volume,

P, : average pressure acting at the downstream face of the control volume,
B, : reference angle for the upstream face of the control volume,

B, : reference angle for the downstream face of the control volume.

uy, and u, : assumed and calibrated axial velocity profile functions

evaluated at respectively the upstream and downstream faces of the control volume.
Having known the values for the average pressures at the center points ip of

the control volume elements, which were calculated with the formula (4.19) given in

Section 4.3.2.2, the P, and P, values at the upstream and the downstream faces of

the volume elements were calculated with the linear interpolation formulas as given

below in Equations (4.33) and (4.34).

P :Bn+(Rn_P"](su—sm) (4.33)
Sﬂ’l _Sn
P -P

P =P { p_m ](sd ~s,) (4.34)
Sp _Sﬂ’l

In Equations (4.33) and (4.34), the symbols are as;

s,, s, : location of respectively the downstream and the upstream faces of

u

the current volume element at node ip, on the s -curve,
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Figure 4.12 Selection for the location of the P values along the s -curve, for the

procedure of interpolation at the faces of the volume elements.
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s,, s, and s, : location of the center points of respectively the previous,

p?2 m
current and next volume elements on the s -curve,

P,, P, and P, : average pressures at the center points of respectively the

previous, current and next volume elements on the s -curve,
The location of the average pressure, P, values and the coordinates, s, on
the s -curve, which were used in (4.33) and (4.34) are also shown in Figure 4.12.

To find the horizontal transient force distribution along the axis of the elbow, AF

values were calculated at each time step with the expression given by (4.32) over the
same computational domain as was used for the average pressure distribution
calculations at the elbow given in Section 4.3.2.2. During the calculations, in case the
slug front face is at a stage of advancing along the elbow axis; that contribution to
the transient force by the volume element at the downstream boundary NLFF,

which is half filled with the liquid slug as shown in Figure 4.10, was neglected.

4.4.1.2 Vertical Transient Force Distribution at the Elbow

The vertical transient force distribution acting on the volume elements in the
elbow was found by applying the conservation of momentum equation over the
volume element selected in the elbow shown in Figure 4.11.

The resulting expression for the transient force acting on the volume element

is as given below:

[ 2% dr | cos B in B | dA
—ar |CcosS +u, sin
op !
m Ry—R*-z*

o (|| 1
AF, =pRAB— |||~

1 Ou g, )
-p - dr |cos B, +uy, sinf, |u, d4
S, Ro—VR? 22

1 Ou 5y )
+p - dr|cos B, +ug, sin B, |ug, dA

r op
Sa [\ R—VR -2
— P, sin B, A+ P, sinB,A—pgR,AB A4 (4.35)
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Here,

AF, : vertical reaction force applied by the pipe on the control volume,

Equation (4.35) can be solved over the same computational domain in which
(4.32) was applied, at each time step of the calculations. While using (4.35), the same
simplifying assumption is also valid that in case the slug front is inside the elbow, the
vertical transient force contribution from the volume element at the downstream slug

front face boundary, which was half filled with the liquid slug, is neglected.

4.4.2 Calculations at the Vertical Extension segment

The computational domain used for the calculating the distribution of
transient force applied by the liquid slug, along the axis of the vertical extension
segment of the pipeline is given in Figure 4.13. If the slug front is at a stage of
propagating in the vertical extension segment, the computational domain was
selected as that volume of the vertical extension segment occupied by the liquid slug
at that time step of the calculations. However, if the slug front reached or passed the
downstream end section of the vertical extension segment; then, the whole volume of
the vertical extension segment was used as the computational domain. The horizontal
and the vertical transient force distributions along the vertical extension segment
were calculated by applying the conservation of momentum equation over the
volume elements selected in the vertical extension segment, for every time step of

the calculations during the motion of the liquid slug in this part of the pipeline.

4.4.2.1 Horizontal Transient Force Distribution at the Vertical Extension
Segment

For calculating the distribution of horizontal transient forces acting on the

volume elements selected along the axis of the vertical extension segment, the

conservation of momentum equation given by (4.31) was applied in x -direction over

the control volume selected in the vertical extension segment as shown in Figure

4.13. The resulting expression for the transient force obtained is as given in (4.36).
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Figure 4.13 Control volume for the transient force calculations at the

vertical extension segment.

X X

AF _9 ou, dx |pAsdA - au—”’abc pu, dA
ot os os
S \ Ry~ R?*-2? Su \ Ry—VR*-2?
0
+j J‘%dx pu,, dA (4.36)
Sa\ Ry—VR?-2*
Here,

u, and wu, : axial velocity profile functions at the upstream and the

downstream faces of the volume element.

The mathematical procedure for obtaining Equation (4.36) is given Appendix

A43.
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Equation (4.36) can be solved over the same computational domain as was
used for the average pressure distribution calculations at the vertical extension
segment of the pipeline given in Section 4.3.2.1, at each time step of the slug motion.
During the calculations, the horizontal transient force contribution by the volume
element which is half filled by the liquid slug at the downstream boundary location
of the slug front face in the vertical extension segment was neglected as in the case

of elbow part calculations given in Sections 4.4.1.1 and 4.4.1.2.

4.4.2.2 Vertical Transient Force Distribution at the Vertical Extension
Segment

For the calculation of vertical transient force distribution along the axis of the

vertical extension segment, the conservation of momentum equation given by (4.31)

was written in y -direction over the control volume selected in the vertical extension

segment, which is shown in Figure 4.13. This application of the conservation of

momentum principle results in the expression for the vertical component of the

transient force acting on the volume element as given by Equation (4.37).

AF, = pAs%—?—pIususz+pIusd2 dA—P A+P,A-pgAs A (4.37)

Su Sd

The details for obtaining the expression given by (4.37) are presented in
Appendix A.4.4.

Equation (4.37) can be solved over the same computational domain that was
indicated for the average pressure distribution calculations at the vertical extension

segment given in Section 4.3.2.1, at each time step of the calculations. The P, and
P, values in (4.37) were calculated from the interpolation equations (4.33) and

(4.34). And, the calculated average pressure values from Equation (4.17) at the
center points of the volume elements shown in Figure 4.13 were utilized in
interpolating these P and P, values at the upstream and downstream faces of the
volume elements.

The vertical transient force AF, acting on the volume element at the
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downstream solution boundary at the slug front face location inside the vertical
extension segment, which is half filled by the liquid slug, was again neglected as in

the case of other transient force calculations given in previous sections.

4.4.3 Total Horizontal and the Vertical Transient Forces

By using the distribution of the horizontal and the vertical transient forces
acting on the volume elements along the axes of elbow and the vertical extension
segment of the pipeline calculated at each time step, the time dependent variation of
the horizontal and the vertical components of the total transient force acting on the
elbow and the vertical extension segment was found with a summation procedure as

indicated below:

NLFF -1

F - ZAF (4.38)

x x
ip=1
NLFF -1

F = ZAF, (4.39)

ip=1

In Equations (4.38) and (4.39);

F,and F, : x and y components of the total transient force acting on the

elbow and the vertical extension segment, respectively,

ip : indice for the node number.

The summations in (4.38) and (4.39) are to be made starting from the first
volume element at the entrance of the elbow up to the element previous to the one at
the downstream boundary at the slug front face location if the slug front is at a stage
of advancing in the elbow and the vertical extension segment according to Figure
4.10. If the slug front reached the exit section of the vertical extension segment or in
case the liquid slug started to exit to the atmosphere from that exit section; then, the
summations in (4.38) and (4.39) were carried out starting from the first volume
element at the entrance of the elbow up to the final element at the exit of the vertical
extension segment.

The calculations for the transient forces acting on the elbow and the vertical

extension segment were stopped when the slug upstream face in the horizontal
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pipeline reached at very close locations upstream the entrance section of the elbow.

4.5 Numerical Integrations

In order to calculate the area integrals of the form given in Equations (4.17),
(4.19), (4.32), (4.35), (4.36) and (4.37); a numerical method for taking double
integrals in polar coordinates was developed. And, for taking the line integrals that
appear (4.19), (4.21), (4.32), (4.35) and (4.36); a numerical line integration procedure
was also utilized. In the following subsections, the formulas used for these

integration processes, both for area and line integrals, are given.

4.5.1 Double Integration in Polar Coordinates

The second term in parenthesis on the right-hand side of Equation (4.17); the
second and the third terms in parenthesis on the right-hand side of (4.19); the first,
second and third terms on the right-hand side of (4.32), (4.35) and (4.36); and the
second and third terms on the right-hand side of (4.37) involve area integrals over the
pipe cross-section that are not possible to be integrated analytically. Therefore, a
numerical double integration method was needed to utilize to calculate those terms.

The general form of the area integral to be taken can be stated as

I, = j f(&n)dd (4.40)

A

or

I, = j fEn)rdédn (4.41)

A

according to the polar coordinate system for the pipe cross-section given in Figure
4.14. In these equations, f (f,n) stands for any function that is to be integrated over

the circular domain of integration.
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Figure 4.14 Circular mesh over the pipe cross-section.
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In the present study, the integrals of the form given by (4.41) were taken by
2-D Gauss Quadrature in cartesian coordinates, by using a transformation procedure
of the integral from polar to cartesian coordinates.

For the part of the area integral over the mesh elements except central region

of the circular domain, the formulas resulting from the transformation process are as

follows:
’ A ’
g'(&n)= f(e:,n)(:m +7§s ] (4.42)
A A ’ ’ ’ ’ ’ ’ ’ ’
IA;m,n = 54 1 [Wl (g; +8;5+4; +g9)+W2 (gz +84 18 +g8)+w3 gs] (4.43)

The details of the mathematical procedure for deriving these equations are
given in Appendix A.5.1.
In these equations;

&, value of & at the center point of 9-point mesh element as in Figure 4.15,

1 : value of area integration over the mesh element with the center point

A;m,n
at node m,n ; and with the mesh element being selected inside the region of circular
area A as shown in Figure 4.15.

In these equations,

s', t': cartesian coordinates used for coordinate transformation,

A&, An : incremental mesh spacings that are taken in the polar coordinate
system respectively in the radial and the circumferential directions as shown in
Figure 4.15.

In Equation (4.43),

—_ . 2 4 4
w;, w, and w; are the weighting coefficients as w, :8_?’ w, :8—(1), w, :%; and

the parameters g/ with the subscript i ranging from 1 to 9 stand for the values of the

function given in (4.42) evaluated at the corresponding locations of the grid points

shown in Figure 4.16.
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Figure 4.15 9-point mesh element selected for double integration

in polar coordinates.

For that part of the area integral over the mesh elements at the central region

of the circular domain, the transformation procedure gives the following equations:

, AS AS
e f(é,n)[7‘§+7‘§s ] (4.44)
A A ! ! ! ! ! ! ! ! !
I amn = 54 d [Wl (gc] +8:t 8 +gc9)+W2 (gc2 +8 8 +gc8)+w3 ch]

(4.45)

The details for the derivation of the formulas in (4.44) and (4.45) are given in
Appendix A.5.1.
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Figure 4.16 9-point mesh element for 2-D Gauss Quadrature

1n cartesian coordinates.
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Here,
I 4mn @ integral over the mesh element at the central part of the circular
domain of area 4 shown in Figure 4.17, with center point of the mesh element

located at the node m,n.

NS (&,m,)

An_=
NS
n

s} \/ X

Figure 4.17 Mesh element for the center point of the circular

domain in polar coordinates.

In (4.45), parameter g/, with the subscript i ranging between values of 1 to 9
represents the values of the expression g’ (é,n) evaluated at the location of the nodal

points depicted in Figure 4.18.
Now, by using the circular mesh taken over the pipe cross-section, which is

shown in Figure 4.14, the area integral in (4.40) can be expressed numerically as

N M N
I, = ZZ[’“’”’” ¥ Zm;],,, . (4.46)
n=l  m=2 n=l1
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In Equation (4.46);
M and N : number of mesh elements in the radial and the circumferential

directions of the pipe cross-section, respectively.

4.5.2 Evaluation of Numerical Line Integrals

The evaluation of the second term in parenthesis on the right-hand side of the
momentum equation given by (4.19); and of the first, second and third terms on the
right-hand side of (4.32), (4.35) and (4.36) includes the process of taking an area
integral over the area 4 with the integrand itself including a line integral in the
radial direction r of the cylindrical coordinate system given in Figure 4.5. There are
also some other line integrals on the right-hand side of Equation (4.21) which are to
be evaluated during the pressure distribution calculations at the convex side of the
elbow. The evaluation of these line integrals were performed numerically by using 1-
D Gauss Quadrature in the present study.

A clustered mesh generation was also made for the application of the 1-D
Gauss Quadrature to take the line integrals. In Section 4.5.2.1 below; firstly, the
formulas for the generation of the clustered mesh are given; then, in Section 4.5.2.2,

application of 1-D Gauss Quadrature over the clustered mesh is presented.

4.5.2.1 Generation of 1-D Clustered Mesh

The general pattern of selected 1-D meshes for 1-D numerical line
integrations is given in Figure 4.18. In this figure, the coordinate axes z and r were
rotated clockwise by 90° with respect to those shown in Figure 4.5 (¢) and (d).

In this general case, the line integral is taken from point 4" to K' over the
selected clustered mesh elements. The purpose of using clustered mesh in Figure
4.18 is to have mesh spacing small enough to be able to evaluate line integrals in
case the point K’ is very close to the concave side of the computational domain of
the elbow cross-section, but at the same time reduce the simulation time with the
advantage of using larger line mesh elements in the direction of r axis, with

increasing r values.
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K' s Bp ’Z]’l )

Figure 4.18 Line mesh for a given point K'on the elbow cross-section.

If the line integrals are to be taken on the cross-section of the vertical
extension segment of the pipeline and in the direction of x - axis as in the case of
Equation (4.36); then, the only change in Figure 4.18 must be that r -axis is replaced
with the axis x.

The generation of the clustered 1-D mesh was made by using the formulation
given in this section, over the diameter of the elbow cross-section in the direction of
r axis, which is actually the largest span length for a line integral. Then, in case the
point K' was somewhere inside the circular domain during a line integration, the
part of this generated clustered line mesh was used in a left justified way such that
the left end of the line mesh matched point A’, and that length of the line mesh
extending up to point K’ was utilized. During this left justification of the clustered
mesh, the rightmost mesh element was selected having a smaller length so as to

complete the span length without exceeding past the point K’ on the right end of the
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domain.
The sizes of the mesh elements on the line mesh were calculated with the

formula given below in (4.47), and the derivation of this formula is given in

Appendix A.5.2.1.

D(cr _l)C q-1

”

Ar =

. 7 (4.47)
c, -1
In Equation (4.47), subscript ¢ is the indicial variable used for the nodes of

the clustered line mesh elements, and

Ar, : length of the clustered line mesh element at node ¢,

M, : total number of clustered line mesh elements in case the domain of line
integral is the whole diameter of the cross-section of the elbow, in » direction,

c, : mesh clustering ratio.

4.5.2.2 Application of 3-Point Gauss Quadrature Method
The general form of the 1-D numerical integrals that are taken in the present

study is as given below:
<
I, = j n(En)dr , (4.48)
>

where /, indicates the line integral, being taken over the line mesh between points
A" and K' shown in Figure 4.18. The integrand 4’ in (4.48) is any function in terms
of the independent variables & and 1 as defined before.

In Equation (4.48), K' is any point in the circular computational domain of
the elbow cross-section, and is located at the points of upper boundaries of the line
integrals that are taken in Equations (4.19), (4.21), (4.32), (4.35) and (4.36). And,
point A" is the projected location of point K’ on the concave side of the elbow
cross-section which is a sample point of lower boundary of the line integrals.

The point K ’(rm, ﬂp,zn) shown in Figure 4.18 is actually a given point
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(r,,z,) in the circular domain of the elbow cross-section such that the elbow cross-
section is taken at an angle S, according to the cylindrical coordinate system given

in Figure 4.5.

To evaluate the line integral given in (4.48), 3-point Gauss Quadrature
Method was utilized with the required parameters for the method given in Figure
4.19 (Mathews, [16]). The sample Gauss element given in Figure 4.19, is actually
located on the clustered 1-D mesh in Figure 4.18 with the center point O, of the

Gauss element matching the center point ¢ of any element in the clustered mesh.

Arq
T
L —
0.77460 0.77460 Wim

Figure 4.19 Parameters used for the 3-point Gauss Quadrature Method.
The line integral over any Gauss element was calculated by using the formula

given in (4.51) below, with the function /4" evaluated at the nodal points of the Gauss

element having coordinates (f ,77) as calculated with Equations (4.49) and (4.50).

E=yz"+(r-R,) (4.49)
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z

n= tan"(RO _r] (4.50)

q

Ar
I, =7"(W,h,’+w2h; +wh), (4.51)

where

I,  : expression for the line integral over the line mesh element with the

q
mesh element’s center point located at node ¢ .

The mathematical derivation for obtaining Equation (4.51) is presented in
Appendix A.5.2.2.

Then, the line integral given in (4.48) can be calculated with the summation
given by

Ok
I, = ZIL,q , (4.52)

where

Q. : mesh size of the 1-D clustered line mesh shown in Figure 4.18.

4.6 Calibration Function for the Velocity Profile
A calibration function for the change of skew of the assumed axial velocity
profile function with 3-D shape in the elbow and the vertical extension segment was

proposed in the present study. The calibration function is of the form 6, =0.(s) as
indicated previously by Equation (4.6). The functional parameter 6, of the assumed

velocity profile function was also shown previously in Figures 4.3 and 4.4.

In the present study, a linear variation of the calibration function, 6., was

assumed, and the general shape of the calibration function is given in Figure 4.20.
In this figure;

0., : 0. value at the entrance section of the elbow,

cent

0., : 0. value at the exit section of the vertical extension segment,

cext
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A, -
75D
Figure 4.20 Shape of the calibration function 6, .
0., : maximum value of 6, along the s -curve,
S,... - location on s -curve where the maximum value of 6, occurs,

s, - location on s -curve for the exit section of the elbow,

s location on s-curve for the exit section of the vertical extension

ext
segment,

0. : origin of the coordinate system for the calibration function, @,
my,,, My, : slopes of the calibration function, @, before and after its point

of maximum, respectively.

According to Figure 4.20, the value of the calibration function, 6, increases

linearly starting from the entrance section of the elbow and then, after a maximum

value is attained at a location s, in the elbow, a linear reduction in 6, values occur

max

up to the exit location s, , of the vertical extension segment.

t

The s value shown in Figure 4.20 was selected in the present study, as the

max

point on s -curve where the transducer #2 was located in Bozkus’s [2] setup shown

in Figure 2.2. Thus, it was supposed that the maximum skew of the assumed axial
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velocity profile function occurred at this point on the s -curve within the elbow.

Then, given a 6 value, which was actually determined by correlation of

peak pressures at the elbow with experimental data later on, the only unknowns for

the calibration function, 6_, left are the slopes m,, and m, . The slopes m,. and

m, ., were determined from the formulas

m,, =——“= _ i §<8 4.53
Ocl Smax + 75D f max ( )
0.
m, . =— ¢ max i §> Smax 454
ot Selb + 75D _Smax f ( )

according to Figure 4.20.
The distances which are equal to 75D in Figure 4.20 as measured along the

axis s from the entrance and the exit sections of the elbow up to the points 4. and

B,

.» where the function 6, cuts the s-axis were determined according to some
experimental data given by Laribi, et. al. [38].

In that study performed by Laribi, et. al. [38]; it is indicated that the swirl,
asymmetries and the turbulence distortions after a pipe bend continues up to 80 to
100 pipe diameters downstream the pipe bend. Also, according to the results of an
experiment conducted in the same study, it was stated that the swirl in a pipe flow
after a double 90° elbows extending in perpendicular planes, the fully developed
flow profile was reached after about 90 pipe diameters downstream the elbow.

In Laribi, et. al.’s study, the swirl in the pipe flow is actually an indication of
unsymmetrical properties of the axial velocity profile. And, the attaining of the fully
developed flow conditions here can be considered as the state that the flow profile
becomes symmetrical. Therefore, in the present study, it was assumed that the axial
velocity profile function becomes completely symmetrical at 75D upstream the

entrance section of the elbow, and 75D downstream of the cross-section for the exit

of the elbow as an approximation. Since 6, = 0 for the symmetric case of the
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assumed velocity profile function according to the general shape shown in Figure
4.4, the 0, values at these locations 75D upstream and downstream of the entrance

and the exit sections of the elbow, respectively, were taken as zero as shown in

Figure 4.20.

The 6. values for the cases that 0<s<s,  and s, <s<s, were
calculated with the expressions:
96’ max .
96’ = 96’"70)( + (S - Smax) l.f‘ 0 S S < Smax (4'55)
S e T 15D
96’ max .
96’ = 96’"’!0)( - (S - Smax) l-f‘ Smax S S S Sext (4'56)
Selb +75D - Smax

the derivations of which are given in Appendix A.6.

By knowing the values of s, and s, from pipe geometry, and for a given

max

value of 6,,,, which was correlated later on in the present study as given in

Appendix B; 6, values can be calculated along the s-curve as a function of s

utilizing the expressions given by (4.55) and (4.56). By using the calculated values

for the calibration angle, 6., along the s -curve, such a variation of the shape of the

axial velocity profile function, u_, along the curve s, as depicted in Figure 4.21, is
possible to obtain.

In Figure 4.21, the change in shape of the axial velocity profile function along
the s-curve over the vertical, mid symmetry plane of the elbow and the vertical
extension segment is given. This variation of the assumed axial velocity profile
function along the s -curve is an instantaneously given one, and the variation of the
shape here itself is also supposed to change with time as the value of the discharge,

0, changes; due to continuity condition.
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Yy

VERTICAL
EXTENSION
SEGMENT

Figure 4.21 General variation of the shape of the assumed axial

velocity profile along the s —curve.
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4.7 Non-Dimensionalization of the Equations
The equations derived in the in the present study were non-dimensionalized

by using the scaling factors given below:

¢ = AL, (4.57)
2L

L==t (4.58)

U= f— (4.59)

In above equations,
t', L' and U’ : scaling factors for time, length and velocity, respectively,

At : first time increment value used for the elbow and the vertical extension

segment calculations.

The formula for the calculation of At is given later in Section 4.9.

By using the scaling factors given by (4.57) to (4.59), the dimensionless

variables to used can be given as the following:

U :E 5 L :£ 5 t _L 5 P _—2 5 :_S 5
U’ L ¢ U’ L
* Uave * Sfml * Ty * Y
- ) Sro = ' ) T = ' ) w = ’ )
ave U, frol L 0 pU2 y L
T*_ T . , I*ZL’ , u*:i’ , S*:i’ , Q*_ Q2 ,
U’ U L UL
U =22 | R =2m oy N no= o =2
U’ L' L' L' L'
U’ U U U L
' gt p * PD * PE
t e p T2 D 12 E 2
UL U U U
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i s P . P . P
f)u 2 m 12 Pt/ = 2 P 12
pU pU pU pU
* P * * * * S
P, 2 s, _ , S, = , S, —S—”, , 8, ==
U L L L L
* Sn * AFx * AFy
S = — . x = =
n L! pU!2L72 y pU!2L72
* F . F
Flees | F = (4.60)
UL UL

In above expressions, the superscript * indicates non-dimensional variable.
Using the non-dimensional parameters given by (4.60), the equations used in
the present study were non-dimensionalized as given below:

Calculation of the location of the slug front face:

Equation (4.29):

Spot =S UL AL if Spot "+ U AL <L, /L (4.61)
Equation (4.30):

Spor =Ly /L' if S AU A > L /L (4.62)

Formulas for the calculation of the angle for the friction slope at a point very
close (R /250 distance ) to the pipe wall:

Equation (A.36):

Ty =< U (4.63)
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Equation (A.39):

* * yw*L’
T =71, {1 - T] (4.64)
Equation (A.40):
I"=04y (4.65)
Equation (A.41):
i (4.66)
dy, 1
Equation (A.42):
« R .
=—— 4.67
T (4.67)
Equation (A.43):
0, =tan™ l du_ (4.68)
' dy,

Formulas for the calibration angle for the velocity profile that occurs along the

§ =curve:

Equation (4.55):

0 . « S
0 =0 +—mx (g [ —g if s < e 4.69
C cmax Smax + 75D( max) f L, ( )
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Equation (4.56):

0 . « S
0 =0__ - cmax s L' —s if s > 4.70
c cmax Selb + 75D _ Smax ( max) f Lr ( )

Calculation of the parameters for the axial velocity profile that has a skewed

3-D shape along the s -curve:

Equation (A.34):

Q" = Zae 4.71)

Equation (A.33):

*rrmn2
( 30UL" s 9,\]tan2 6, (1an6, - tano,
. T

U o3

Rtan6,
m = ! 2 + ’ (472)
U (tan 0, +tan6, ) U

Equation (4.7):

*

_ m 4.73
S t'tan0, ( )

Equation (4.8):

" (Um*U’—Rtaan)(tanBC +tan9f)
S L’tan@j,(tan@c —taan)

(4.74)
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Equation (4.9):

. (U, U -Rtand, |2
B 2 s |2tanb, (4.75)
tan®, —tan®, L
Equation (4.10):
. 2Rtan6, tan0, —UmU’(tanBC +tan9f)
= (4.76)

? L’(tan@c —taan)

Axial velocity profile equation along the s -curve that has 3-D skewed shape:

Equation (4.2):
* L’ R * * * R
U, =—|—-— tan 0 i <& < — 4.77
: U,[L,éj po A <E < (4.77)
Equation (4.4):
* t’ { %2 * %2 * *) * * * %,
Uy =5 = Wi hy +y,"hy, =R, h, =R, h & sinn
y] - Rm
- [_ 2y]’*2h]*2Rm*§* sinn + Rm*zy],*zh]*z - (Rm*zh]*z - y],*zh]*z )COSZ ng™ (4.78)
2, %2 . 9 *) 1/2 . * o*
+y "h, “sin” né if 0<¢& <y
Calculation of the time derivative terms:
Equation (4.18):
a_ * __ %N _ xn—1
[ = } S E (4.79)
6t R Ats
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Equation (4.20):

61/7 * s = xn—1
{ ’ } _L TR (4.80)

Differential equation for the average pressure variation along the elbow part

of the s -curve:

Equation (4.19):

© e, s fou, .| . . 1° R
0 % M | LR VAP VRS )
os o | . RA)|r oB R, A op
oy Z

!

P, " » L'g .
_L’(u]gﬂ gy gzsmﬁ (4.81)

8A N L

Equations for the turbulent Eddy Viscosity calculation at the elbow:

Equation (4.22):
&L
-5 = 4.82
En =0 (4.82)
Equation (4.23):
1, = 014-008g,> ~0.06g, ) (4.83)
Equation (4.24):
. lou,”
T=1 7L (4.84)
s
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Differential equation in radial direction of the cylindrical coordinate system,

for the impact pressure calculation at the convex side of the elbow:

Equation (4.21):
r 2
* r au * . r au * .
6p* = 1* 6* L dr +l 6* 1* L dr
or r |ot op 20r | r op
R,-R R,-R
Lr t*:t*” Lr

£

ou *u*2 - 6u**
+uiij.;dr +ﬂ—largilj.ﬂdr

r? op 0 r roor Yot op
Ry-R Ro-R
. | ou, . . | ou, .
RN PR I 7R N - PO "
r- op op op r oz oz op
Ry—R Ry/L'—R* /17—
o
] ou . 2¢ ou L'
S| ldr -l g cos B
op r- op U
Ro-R (4.85)

Linear interpolation equations for the calculation of the average pressure at

the upstream and downstream call faces:

Equation (4.33):

: . (PT=PT) . .
Pl=p 4|t o) (4.86)
Sm _Sn
Equation (4.34):
P AR R
P =P | s, —s,)) (4.87)
S, =S,
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Expression for the calculation of the horizontal components of the transient

forces acting on the cell elements in the elbow part ( Equation (4.32) ):

*
I3

c1 0 1 ouy, | . .
AF, =—R,AB— * dr |sinB—uy, cosf|dA
L Ot
SV"

r op

Ry/L'—NR*/L*-2"

*
I

1 auﬂu* * . * * *
- - o5 dr |sinB—ug, cosplug, dA

r
Su Ry/L'NR*/L*-2"

*
”

1 6uﬂd* % . * * *
+ - o5 dr |sinB—ugy cos B lug dA

r
Sa Ry/L'—JR*/L?-z"?

u

| B | I
+7P cosﬁuA—FPd cos B, A4 (4.88)

Expression for the calculation of the vertical components of the transient

forces acting on the cell elements in the elbow part ( Equation (4.35) ):

*
I3

AF*—IRAﬁa ! auﬂ*dr* cos B+u, sinpldAd"
S AR A R oB !
S Ry/L'—JR?*/1?-z"?

: Ui 1 eos By sin By, dd
- - r|cos B+ug, sinpf |ug,
p aﬁ B B
Sul Ry/L'—R*/L?-2"
+ ! auﬂd* dr” |cos B+u,, sinPlu, dA®
r op - p
Sa | Ry/L'—JR*/L?-2"?
L P sinB A+ P sinB,d——1 R, AB, A (4.89)
TR sin B, Tt sin B, TR B '
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Differential equation for the average pressure variation along the wvertical

extension segment of the s -curve:

Equation (4.17):

* — * ”? . i P . '
o _ o | LT 0 g g L g L (4.90)
Os ot o A Os 84 U

A

Expression for the calculation of the horizontal component of the transient

forces acting on the volume elements in the vertical extension segment:
-

Equation (4.36):
AF =L asl My e da’
L' ot os

Sw| Ry/L'-VR?/L*~2"

* *
X X

" * * * a " * * *
- M g lu "ad” + Psd g " dA (4.91)
os os

Su| Ry/L'—AR? /1?22 Sa | Ry/L'—VR?/L?-2"

Expression for the calculation of the vertical component of the transient

forces acting on the volume elements in the vertical extension segment:

Equation (4.37):

* % * * % * % * * *A
AF," = As ‘ZQ* —ju 244 +J‘usd2dA L parLpr 8N
t
Sll

L” gl A=y (892

Sa
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Formulas for the calculation of the horizontal and the vertical components of

the total transient force acting on the elbow and the vertical extension segment:

Equation (4.38):

NLFF
F' = ZAF (4.93)

ip=l1
Equation (4.39):

NLFF
P ZAF (4.94)

ip=l1

Criteria to stop the simulation procedure:

Equation (4. ):

<0.15 (4.95)

4.8 Discretization of the Equations
The differential expressions in some of the above equations were discretized
by using finite differences. The discretization procedure at any time step n of the

calculations is as follows:

s o, _ (i, )" —(it, )"
oA At

(4.96)
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e Ouy Ui ~Upiso (4.97)
op Ap
1) = juﬂ*sz* (4.98)
A
* * Iu'i j+ " _Iu'i j v
%J‘uﬂ ZdA _ uijo v 7,7,0 (4.99)

A

Here, the indices are

i, j, k :incremental grid location in », B and z directions, respectively;
according to Figure 4.5.

The derivative expressions in the first, second and the third terms on the
right-hand side of (4.81) were discretized by using (4.96), (4.97) and (4.99).

And the derivatives in the first and the second terms on the right-hand side of

Equation (4.90) were discretized by (4.100) and (4.102) below, respectively.

B - 81/73* — (ﬁs*)n _(*Z/Ts*)n_]

t = o (4.100)
* %2 %
I, :jus dA (4.101)
A
* * * [usi j+ v _IMS'i j v
B, :%jus T4 = s e (4.102)

A

In Equations (4.101), the subscript j stands for the incremental grid location
in s -direction in the vertical extension segment shown in Figure 4.5 .

The first up to sixth terms on the right-hand side of (4.85) can be calculated
by using the expressions given by (4.103) to (4.118).

96



. Oug
Iy = dr (4.103)

Tou’ T SRR S

a(j* a; dr’ = R (4.104)
Ry-R s
E

2 1 2 1 2
y * A, " - Ay, "
L[y o]

| = = n 4.105
or | r op Ar ( )
R,—R
%
0 r@u* . I,, . *"—I,l..*"
% J‘ 6; dr’ | = 2P0 Y. Bii.j,0 (4.106)
R,—-R
o
. - 1 | ou, .
E =r'e aa* . j aﬁ dr (4.107)
r | r e 4]
L
G PP IR NP | IR0 Rk RN (4.108)
or’ G op Ar
Ry-R
o
1 *n 1 *p
* * x, I ’ Iﬂ;H—]’j’O - }".* Iﬂ;i’] 0
Eyio =1 € o (4.109)
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1;i-1,7,0

0
Oz

£

[ o
B0 T e S Bin1j0
*p — *8 ¥ ]"l._]
—ic1 ©4i-1,7,0 Ar
r* *
. « 0 Ouy,
E, =¢ — dr
op op
Ry-R
L
r* * * *
0 e 0 auﬁ * _E2;1',j,0 _E2;i,j—l,0
, =
op|  op op Ap
Ry—-R
T
*n *n
E *no_ c *n [ﬁ;i,j+l,0 _[ﬂ;i,j,O
2;i,7,0 — ©4i,j,0
Ap
*p *p
n o d Biij .0 —1 Bsi,j-1,0
Eyiino =€ija0
AP
r* %
. « 0 ou .
E, =¢, — L_dr
oz op
Ry/L'—VR*/L*-z"
r* * *n *n
g* 0 auﬂ dl’* _ 3ij0 3:4,j,~1
t * -
oz op Az
Ry/L'-VR*/L?-z"
*n *n
E *n —c *n Iﬂ;i,j,l _Iﬁ;i,j,O
36,70 T ©tij0
Az
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(4.110)

4.111)

(4.112)

(4.113)

(4.114)

(4.115)

(4.116)

(4.117)



*n *n 51,7,0
Eyiio =80 — Az

Bitoti7 (4.118)

The derivative expressions in the seventh and the eight terms on the right-
hand side of (4.85) can be calculated with Equation (4.97).

The derivative term in Equation (4.84) was discretized as follows:

*n *n

*
auﬂ _uﬂ;i+l,j,0 —Ug.io

o&” AE

(4.119)

£

4.9 Evaluation of Local Peak Pressures

As s result of the proper selection of the calibration function given in Section
4.6, the calculated local peak value of the impact pressure distribution along the
convex side of the elbow came out to be at a point where the transducer #2 was
located in Bozkus’s [2] setup. The impact pressure distribution at this point had a
high gradient and a discontinuous shape as discussed in Section 5.5. To predict the
value of the peak pressure at this discontinuous region, the impact pressures were

extrapolated by using the following second order forward finite difference expression

=3DPpn TAPyp ~ Pipis
pip = pip+] + ( 2AS (Sip - Sip+] ) (4120)
Here,
p, : maximum impact pressure on the convex side of the elbow

corresponding to node ip shown in Figure 4.10,

s, - location on s -curve at node ip .

The variable s,, in Equation (4.120) was taken as

s, =S (4.121)

ip max
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4.10 Neglecting of Some Terms

To fasten the simulation speed of program KAYHAN, some terms in pressure
distribution and transient force distribution equations developed in the present study
were neglected.

Considering the average pressure distribution equation given in (4.81), the
values of the six terms on the right-hand side of the equation are given in Table 4.2,

for initial slug length, L, =1.22 m (4 ft); initial tank pressure, P, = 68.91 kPa (10

psi); and time, ¢ = 0.75860 s.

Table 4.2 Values for the terms in Equation (4.81).

s(m) |TERM 1| TERM 2 | TERM 3 \TERM 4&5|TERM 6| TOTAL TERM 2

TOTAL
0.037914.946E-8 | -1.831E-7|-1.041E-7| -1.401E-6 |1.800E-8|-1.621E-06 11.30
0.0386|4.946E-8 | -1.913E-7|-1.102E-7| -1.401E-6 |1.825E-8]|-1.635E-06 11.70
0.0394]4.946E-8 | -2.000E-7 | -1.168E-7| -1.401E-6 |1.851E-8]|-1.650E-06 12.12
0.0400|4.946E-8 | -2.094E-7 | -1.239E-7| -1.401E-6 |1.876E-8|-1.666E-06 12.57
0.0407]4.946E-8 | -2.194E-7|-1.317E-7| -1.401E-6 |1.900E-8|-1.684E-06 13.03

From this table, it can be seen that the ratio of the 2™ term on the right-hand
side of Equation (4.81) to the total value of the terms is around 13 % and therefore,
this term was neglected in the calculations.

Then Equation (4.81) becomes

£

oP" oit L® 2, P, \_ . o L'
= |2 N Y —L’(L w,” —i,” +=Esinp

- —= - — | 4 —u, +
Os o | . R,A0B 84
A

(4.122)

Another equation in which some terms were neglected is the impact pressure
distribution equation given by Equation (4.85). The values of the terms on the right-

hand side of this equation is given in Table 4.3 for initial slug length , L, =1.22 m
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Table 4.3 Values for the terms in Equation (4.85).

r

TERM 1

TERM 2

TERM 3

TERM 4

TERM 5

TERM 6

TERM 7

TERM 8

TERM 9

TERM 10

TOTAL

0.0508

1.152E-12

-5.195E-10

-6.013E-08

1.734E-05

-4.229E-10

7.403E-11

2.442E-10

-1.974E-11

4.550E-12

-2.609E-08

1.725E-05

0.0531

1.205E-12

-4.027E-10

-4.317E-08

1.672E-05

-3.494E-10

5.007E-11

3.384E-10

-1.340E-11

3.222E-12

-2.609E-08

1.665E-05

0.0554

1.255E-12

-2.284E-10

-2.592E-08

1.616E-05

-2.619E-10

2.776E-11

4.552E-10

-7.488E-12

1.871E-12

-2.609E-08

1.611E-05

0.0577

1.300E-12

-1.491E-12

-8.589E-09

1.565E-05

-1.602E-10

8.198E-12

5.262E-10

-2.303E-12

5.855E-13

-2.609E-08

1.562E-05

0.0600

1.342E-12

2.735E-10

-8.687E-09

1.517E-05

-4.383E-11

7.699E-12

5.682E-10

-1.916E-12

-5.435E-13

-2.609E-08

1.515E-05




(4 ft); initial tank pressure, F, =68.91 kPa (10 psi); time, ¢ =0.75642 s. and for

location on the s -curve of s =0.000348 m.
By considering that the 5, 6™ and 7™ terms require high simulation time and
are smaller with respect to the total value of the terms, these three terms were

neglected in the computations. Then, Equation (4.85) becomes

2

* *
r r

ot 1| o fom .| Lol [ou .
o’ r|ot op 200 | 1 op
Ro-R Ry-R
o o %
Cou, .| u,” Tou, .
ufz 0 Ug dr uﬂ* 323 Ug J
op op r r op
0 RO_R
L L
* 8 * '
_25::; gg —UL,ngOSﬁ (4.123)
r

Some terms in transient force equations given by (4.88), (4.89) and (4.91)
were also neglected to speed up the simulation time of program KAYHAN. In Table

ov. v, . . .
o o values are given at time ¢ =0.75666s and location on s -

44, V,,V,,

curve, s =0.00522 m for different & and 1 values on the pipe cross-section. From

this table, it can be seen that radial velocities in the pipeline are much smaller than
axial velocities, and the time derivatives of radial velocities are also negligibly
smaller than the time derivatives of axial velocities. Therefore, the terms in
Equations (4.88), (4.89) and (4.91) which include those smaller quantities were
neglected and the resulting expressions are as given in Equations (4.124), (4.125) and

(4.126), respectively.
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Table 4.4 Radial and axial velocities with their time derivatives.

¢ n V. V, oV, o,
(m) ms) | () o ot
(m/s?) (m/s?)

0.008128 | 28.8° | 0.049830 | 18.255616 | -0.000223 | -3.856782
0.008128 | 57.6° | 0.024373 | 18.410964 | -0.000229 | -3.856828
0.008128 | 86.4° | 0.009614 | 18.493808 | -0.000230 | -3.856869
0.008128 | 115.2° | 0.018855 | 18.442121 | -0.000230 | -3.856842
0.012192 | 28.8° | 0.056203 | 18.193887 | -0.000246 | -3.856620
0.012192 | 57.6° | 0.009903 | 18.464135 | -0.000249 | -3.856730
0.012192 | 86.4° | -0.021103 | 18.637800 | -0.000242 | -3.856867
0.012192 | 115.2° | -0.001349 | 18.526661 | -0.000246 | -3.856775
0.016256 | 28.8° | 0.071275 | 18.046456 | -0.000284 | -3.856276
0.016256 | 57.6° | 0.001630 | 18.440740 | -0.000277 | -3.856431
0.016256 | 86.4° | -0.054438 | 18.780079 | -0.000252 | -3.856861
0.016256 | 115.2° | -0.017482 | 18.553305 | -0.000269 | -3.856554
At the elbow:

1

r

u

At the elbow:

oL
L!

u

£ 1 £
! P sinﬁuA+7Pd sin 3,4 -

= ——R, Aﬁa%juﬂ*cosﬁcm* +
SV"

| G | -
+7P cos ﬁuA_LTPd cos B, 4

R, Aﬁ%juﬂ* sin fdA" —
SV"

Sll

Sa
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At the vertical extension segment:

AF =0 (4.126)

4.11 Input Data, Mesh Sizes and Error Analyses

By using the formulations given in Chapters 111 and IV, a computer code with
the name KAYHAN was written in FORTRAN Language in the present study for the
calculation of impact pressures and the transient forces acting on the elbow and the
vertical extension segment, by improving the code BOZKUS-2 previously written by
Bozkus [2]. The input data for program KAYHAN used in the current study is given
in Section 4.11.1. In addition, the error analysis and the mesh size for numerical area
integrals, for numerical line integrals with clustered mesh; error analysis for the
determination of optimum mesh size along the s -curve, and for uniform mesh size

for impact pressure calculation are given in subsections 4.11.2 to 4.11.5.

4.11.1 Input Data for Program KAYHAN

The input data used for program KAYHAN in the present study are given in
Table 4.5.

The meanings of the symbols in Table 4.5 are as;

N

tank

: number of tank pressure data points,

PO : atmospheric pressure,

U . :initial slug velocity,

mn

X, :initial slug position,

mn

L, : length of the vertical extension segment after the elbow,

PO,,,, : atmospheric gage pressure,

m,, : Ratio of the circumferential mesh size to the radial one, at any cross-
section of the pipe,
M, : Number of nodes for the line integrals, for the case of integrating along

the pipe diameter as the largest span length.

104



Table 4.5 Input data for program KAYHAN

Explanation for the Parameter Symbol Value
Number of tank pressure data points Niank 10001
Roughness height of the pipe wall (m) & 0.00001
Pipe diameter (m) D 0.0508
Density of air (kg/m") Pa 1.23
Density of water (kg/mS) P 1000
Dynamic viscosity of air (Ns/m®) fa 0.0000179
Dynamic viscosity of water (Ns/m’) Jiw 0.00112
Length of the horizontal pipe (m) L, 9.4488
Temperature (C°) T 18
Atmospheric pressure (Pa) PO 101300
Initial slug velocity (m/s) U, 0
Initial slug position (m) Xin 0.05
Initial slug length (m) L;, 1.22,1.52,2.13,2.74, 3.35
(4 ft, 51,7, 91t 11 ft)
Initial tank pressure (kPa) Py 68.91, 137.82, 206.73, 275,64
(10psi, 20 psi, 30 psi, 40 psi)
Radius of curvature of the elbow (m) Ry 0.0508
Gravitational acceleration (m/s”) g 9.81
Length of the vertical extension segment after the elbow Ly 0.4
(m)
Minor loss coefficient at the elbow K, 0.26
Atmospheric gage pressure (Pa) POgyge 0
Radial mesh size of the pipe cross-section, the M 25
circumferential one being automatically generated
Ratio of the circumferential mesh size to the radial one, My 1.0
at any cross-section of the pipe
Number of nodes for the line integrals, for the case of M; 16
integrating along the pipe diameter as the largest span
length
Mesh clustering ratio for the line integrals cr 1.4
Number of nodes for the uniform line mesh, along the MLPRSS 12
pipe radius, to be used for impact pressure calculation at
the pipe wall
Number of volume elements corresponding to the slug Nyiug 1750
length at the beginning of impact, mesh along s-curve
being automatically generated
Coordinate on curve-s, where the maximum shift of the Smax 0.0532

velocity profile occurs (m)
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The computer code KAYHAN was run for different initial slug lengths of
1.22 m, 1.52 m, 2.13 m, 2.74 m and 3.35 m (or 4 ft, 5 ft, 7 ft, 9 ft, 11 ft); and
different initial tank pressures of 68.91 kPa, 137.82 kPa, 206.73 kPa and 275.64 kPa
(or 10 psi, 20 psi, 30 psi, 40 psi) for the determination of peak pressures and the

transient forces acting on the elbow and the vertical extension segment in the present

study.
The mesh sizes M, M, MLPRSS and N, in Table 4.5 were determined

with error analyses conducted as given in the following sections.

4.11.2 Error Analysis and Mesh Size for Area Integrals

For the error analyses of the area integrals of the form (4.40) as given below

1, zjf(é,n)dA

A

and the function f (5,17) was chosen as

fEn)=u&n) (4.127)

where u_ 1s the assumed axial velocity profile function with 3-D shape. Then, the

numerically calculated value of the discharge O, can be expressed as

1,=0,= j u,(Em)dA = j u,(En)édédn (4.128)

A A

By taking 6, =89.84°, 6,= 89.9971° and U,A=32.32059 m/s as the

parameters of the assumed velocity profile function u , the numerically calculated

discharge , Q. ,, values were obtained for different mesh sizes M x N over the pipe

cal ?

cross-section. And the percentage error corresponding to each mesh size was
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calculated with the formula

% error =100 @—% (4.129)

where Q is the analytically calculated discharge value found as the volume under the
assumed axial velocity profile function, u_ .

Plots for the percentage error calculated by Equation (4.129), vs. total mesh

size, M x N , for different m , values defined as

m._ =

N
- 4.130
1 Vi ( )

are given from Figures 4.22 to 4.27.
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Figure 4.22 Percentage error vs. total mesh size, for m,, = 0.1
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Figure 4.23 Percentage error vs. total mesh size, for m,, = 0.25
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Figure 4.24 Percentage error vs. total mesh size, for m,, = 0.5
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Figure 4.25 Percentage error vs. total mesh size, for m,, = 0.75
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Figure 4.26 Percentage error vs. total mesh size, for m,, =1.0
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Figure 4.27 Percentage error vs. total mesh size, for m,, =1.5

From these figures, it can be concluded that for a total mesh size of
M x N =625 and m, =1.0, the percentage error remains below 0.06 % as given in
Figure 4.26. Therefore, M =25 and N =25 was chosen for the mesh size over the
pipe cross-section, which was accepted to give enough accuracy.

Although mesh sizes with m,, <1.0 requires smaller mesh size for the same
accuracy as seen in Figures 4.23 to 4.25, they were not chosen since in that case the
N values would be smaller which requires finer clustered line meshes for line
integrals to be taken later on, causing larger simulation times as mentioned in Section

4.5.2.1.
4.11.3 Error Analysis and Mesh Size for Line Integrals

The size of the clustered line meshes used for the evaluation of numerical line

integrals of the type given by Equation (4.48) as given below
<
I, = jh’(érn) dr
>

were determined by an error analysis presented in this section.
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The integrand h’((S ,77) in Equation (4.48) given above was selected as

8
h’(éyn)=alﬁﬂ (4.131)

as commonly encountered in pressure distribution equations and transient force
calculations in Sections 4.3.2 and 4.4 of the present study, respectively.

Then, the integral to be used in the error analysis in (4.48) can be given as

K’

8uﬂ
I, =|—adr (4.132)
op

>
where
I,, : integral expression.

For the error analysis, the location of point K’ was selected on the pipe cross-

section shown in Figure 4.18 as
K’(é,n):K’(0.01847,%] (4.133)

with & in meters, and the pipe cross-section on the s -curve shown in Figure 4.5 was
chosen at location s =0.01637 m .

During the computer runs for the analysis, initial slug length, L , was taken

as 1.21 m (4 ft) and initial tank pressure, F,, was used as 68.91 kPa (10 psi), together
with other data given in Table 4.5. The /,, values at time ¢ =0.75723 s were used
for the analysis.

In the error analysis, the calculated values of 7, for M, >30 gives
1,,=0.01384 m’/s as a constant value with 5 digits accuracy after the decimal point.

Then the percentage error for the line integral /,, was calculated by the

formula
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y o J0.01384-1,,
OQFFOF—IOOW (4134)

The variation of percentage error calculated by (4.134), with the size of the

clustered line mesh, M, , is given in Figure 4.28.
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Figure 4.28 Variation of percentage error vs. node number, M, .

According to Figure 4.28, the size of the clustered line mesh was chosen as

M, =16 for which the percentage error remains below 1 %.

4.11.4 Mesh Size and Error Analysis for the Line Mesh along s -Curve
For the elbow and the vertical extension part calculations, the mesh spacing

along the s -curve shown in Figure 4.5 was calculated by using the formula given by

Lsim
As = s (4.135)

slug

Here,

L .~ :slug length at the instant that the slug front enters the elbow,

simp
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N, : number of nodes selected over the slug length, L

simp *
And, the time increment at each time step of the slug motion in the elbow and

the vertical extension segment was calculated from the formula

AU

Cr e <1 4.136
e (4.136)

given by Tannehill et. al. [39].
In Equation (4.136),

At," : time increment at any time step, 7,

U, " :average slug velocity at any time step, n,

Cr : Courant number.

Equation (4.136) is called as the Courant number condition, which is used as
the stability requirement of hyperbolic partial differential equations.

Since the pressure distribution equations given by (4.17), (4.19) and (4.21) to
be solved in the elbow and the vertical extension segment of the pipeline are of

integral type equations, which are unconditionally stable, the Courant number in

(4.136) can be taken as

Cr=1 (4.137)

as being equal to the upper limit.
Then, the time increment, At , can be calculated from Equation (4.136) as

follows:

At =

(4.138)

ave

In non-dimensional form, the equations (4.135) and (4.138) can be expressed

as
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. L.
A5 = (4.139)

slug

At = (4.140)

Then, time value at any time step of elbow and the vertical extension segment

calculations, can be calculated with the expression

=t A (4.141)

by using the final value for time ¢ for the horizontal pipe calculations as the initial
condition for the elbow and the vertical extension segment calculations.

The number of nodes, N in Equation (4.139), selected on that length of

slug
the slug at the instant that the slug front reaches the entrance section of the elbow
was found by an error analysis.

Since the peak pressure at the point on the convex side of the elbow at the
location of transducer #2 in Bozkus’s [2] setup, is the parameter which is mostly

affected by the mesh size N, in the present study, the error analysis was made by

slug
considering the variation of this peak pressure with mesh size.

The error analysis was made for slug lengths of L,, =1.21 m (4 ft) and initial
tank pressures of P =69.91 kPa (10 psi). In the analysis, it was seen that the peak

pressures attained a constant value of 82. psi (or 565 kPa in SI units) with two
decimal places of accuracy. Therefore, the percentage error was calculated with the

expression

821 et

%error =100 (4.142)
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Here,

P pear : Peak pressure from program KAYHAN at the location of transducer

#2.

The variation of percentage error given by Equation (4.142), with respect to

mesh size, N, , is given in Figure 4.29.
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Figure 4.29 Variation of percentage error vs. node number, N, -

According to the variation of error in Figure 4.29, the mesh size N, was
chosen as 1750, which gives percentage error for p,, as less that 10 %. Larger

N, values were not selected in order not to slow down the simulation speed.

slug
4.11.5 Error Analysis and the Mesh Size for Impact Pressure
Calculation
The size of the line mesh MLPRSS along the radius of the pipe cross-section
at the elbow shown in Figure 4.8, used for the calculation of impact pressures at the
convex side of the elbow, was determined with an error analysis given in this section.

For the analysis, the impact pressure, p, values were calculated for initial
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slug lengths, L, =2.13 m (7 ft), initial tank pressures, P, =68.91 kPa (10 psi), at
time, ¢ = 0.92277 s and with other input parameters being as in Table 4.5.

It was seen that the impact pressure, p, values remain constant up to 3 digits
of accuracy at a value of 20.2 psi (or 139 kPa in SI units) for node number values of
MLPRSS >30, and therefore, the percentage error was calculated with the

expression given below:

20.2- p|
20.2

% error =100 (4.143)

The variation of percentage error calculated by (4.143), with respect to node

number MLPRSS is given in Figure 4.30.
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Figure 4.30 Variation of percentage error vs. node number MLPRSS .

According to the variation of the percentage error in Figure 4.30, the node
number, MLPRSS , for impact pressure calculation at the convex side of the elbow
was taken as MLPRSS =12 . For this mesh size selection it can be seen from Figure

4.30 that the percentage error remains below 0.3 %.
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CHAPTER V

RESULTS AND DISCUSSION

5.1 Introduction

In this chapter, the results obtained from the computer simulations with
program KAYHAN, which was developed in the present study, are presented and
discussed. Comparisons of the obtained results from program KAYHAN with the
previous studies are also given.

The computer simulations with KAYHAN were made with 4 different initial
tank pressures of 68.91 kPa, 137.82 kPa, 206.73 kPa, 275.64 kPa (10, 20, 30 and 40
psi.) For each of these initial tank pressures, simulations with 5 different initial slug
lengths of 1.22 m, 1.52 m, 2.13 m, 2.74 m and 3.35 m (4, 5, 7, 9 and 11 ft) were
performed. Other data as input parameters are as given in Table 4.5.

The input data used for the computer programs and the data used in the
experiments both in the present study and of previous studies are presented in units
of International System (SI) together with their equivalents in British Gravitational
System (BG) given in parenthesis. The results of the computer programs and the
experiments for the pressure values are tabulated and plotted in BG System.

In Section 5.2, the normalized peak pressures at the elbow vs. the normalized
slug travel distances as obtained from program KAYHAN are given and comparisons
with some experimental and numerical results from Bozkus’s [2] study are made. In
Section 5.3, the pressure-time history plots from program KAYHAN of the present
study are compared with Bozkus’s [2] experimental results. The transient force-time
history plots obtained from program KAYHAN are given in Section 5.4, and a
comparison of the normalized peak horizontal transient force values vs. the
dispersion distances at the elbow and the vertical extension segment are made with

those from previous studies performed by Fenton [26], Bozkus [2] and Baran [27]. A
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set of plots for the impact pressure distribution at the convex side of the elbow at
projected nodal points from the axial s -curve of the elbow are also given in Section

5.5.

5.2 Peak Pressures at the Elbow

The time dependent impact pressure distribution at the convex side of the
elbow was calculated with program KAYHAN by using the formulation given in
Section 4.3.2.3 in the present study. From this pressure distribution, the impact
pressure value at nodal point C' on the convex side of the elbow shown in Figure
4.10 at a location 2/3 of the total axial length of the elbow distance away from the
entrance of the elbow was taken, as also being the maximum impact pressure value at
the elbow. This location at the elbow actually corresponds approximately to the same
point where the transducer #2 was located in Bozkus’s [2] setup shown in Figure 2.2.
In the present study, the maximum impact pressure value was at this location of the
transducer #2 because the maximum shift of the assumed and calibrated axial
velocity profile function with 3-D shape was also here as a result of a proper
selection of the related calibration parameter of the calibration function for the
velocity profile.

By taking the time-peak of the maximum impact pressure values calculated
with program KAYHAN in the present study, which corresponds to the location of
transducer #2 on the elbow in Figure 2.2, the plot given in Figure 5.1 were prepared.

In Figure 5.1, the variation of the peak pressures at the elbow normalized with
respect to the initial tank pressure vs. the slug travel distances as normalized with
respect to the initial slug lengths are plotted. In this plot, the results from the
computer programs KAYHAN, BOZKUS-2 [2], and Bozkus’s [2] experimentally
obtained findings are given together. Totally 6 different hold up coefficients for
BOZKUS-2 are involved in this plot ranging from no hold up to 5% hold up.

As can be deduced from Figure 5.1, it can be said the normalized pressures
from program KAYHAN has a sinusoidal variation which provides a better
approximation to Bozkus’s experimentally obtained values than the values from the
program BOZKUS-2. This superiority of the program KAYHAN can be attributed

mainly to two different correlation functions used for obtaining the functional hold
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up coefficient and the for calculating a parameter of the calibration function for the
assumed velocity profile in the present study.

For 1.22 m (4 ft) slugs, which are at the right end of the data range of the
plots, it can be seen from Figure 5.1 that the normalized peak pressures from
program KAYHAN, and from program BOZKUS-2 with no hold up are in excellent
agreement with the experimental findings of Bozkus. For 2.13 m (7 ft) slugs, which
are shown at the mid region of the data range, it can be said that the normalized peak
pressure values are overestimated with program KAYHAN but for these slugs, the
values from program BOZKUS-2 for all hold up values remain below the
experimental data. For 3.35 m (11 ft) slugs, which are located at the left end of the
data range in the plots, it can be concluded that the normalized peak pressures from
program KAYHAN match with Bozkus’s experimental data well and the normalized
peak pressures from program BOZKUS-2 remain slightly below the experimental
data. For 1.52 m (5 ft) slugs, the results from program BOZKUS-2 with no hold up
are closer to experimental data than the results are from program KAYHAN.
However, for 2.74 m (9 ft) slugs, program KAYHAN gives better approximation to
the experimental data than program BOZKUS-2 for all hold up values.

A tabulated output for the peak pressures at the location of transducer #2 on
the elbow shown in Figure 2.2 is also given in Table 5.1. In this table the peak
pressures obtained from programs BOZKUS-1, BOZKUS-2 and KAYHAN are
presented together with the experimental data for different initial slug lengths and
initial tank pressures. Explanations for the functions of these programs, and a
flowchart and the computer code written in FORTRAN Language for program
KAYHAN are given in Appendix C. In the last column of Table 5.1, the Joukowsky
pressure rise values for a fictitious case of sudden valve closure at the elbow location

are presented, and these values are referred later on in Section 5.6.

5.3 Pressure-Time History Plots
The variation of the impact pressures with time from program KAYHAN at
the point on the convex side of the elbow where the transducer #2 in Bozkus’s [2]

setup was located, was plotted to obtain pressure —time history plots at the elbow.
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Table 5.1 Peak pressures at the elbow (psig).

Bozkus’s
Slug Tank BOZKUS-1 BOZKUS-2 KAYHAN Experiment J‘l’,‘:';:szsrty
Length Pressure A o 1™ 2 Rise
1.00 | 099 [ 098 | 097 | 096 | 095 | 1.00 [ 0.99 | 098 | 0.97 | 096 | 0.95 peak | peak
68.91kPa (10 psi) | 48.95 | 57.98 | 70.54 | 88.84 | 117.11 | 16427 | 48.88 | 57.84 | 7036 | 89.08 | 119.32 | 174.43 73.82 49+14 - -
1.22'm [137.82 kPa (20 psi) | 105.36 | 124.37 | 150.77 | 189.17 | 248.40 | 347.05 |104.86|123.23 [ 149.68 | 187.98 | 249.70 | 36533 | 11255 | 137+62 - 1106.85
(4 1t) [206.73 kPa (30 psi) | 161.38 | 190.32 | 230.48 | 288.89 | 398.75 | 528.88 [ 159.82|188.01]226.95| 284.89 | 377.12 | 557.67 | 148.80 | 142431 - 730.94
275.64 kPa (40 psi) [ 220.22 | 259.44 | 313.87 | 392.98 | 514.90 | 717.77 |218.22[254.50 [307.13 | 384.67 | 509.85 | 718.71 | 18337 [217£119| - 1291.32
68.91kPa (10 psi) | 38.25 | 43.76 | 50.93 | 60.53 | 73.84 | 93.10 | 38.25 | 43.72 | 50.98 | 60.87 | 74.98 | 96.52 46.28 2846 - 537.64
1.52m [137.82 kPa (20 psi) | 83.20 | 94.90 | 110.08 | 130.38 | 158.47 | 199.07 | 83.02 | 94.43 [109.77] 130.24 | 159.73 | 204.70 72.16 131448 - 99278
(5ft) [206.73 kPa (30 psi) | 127.80 | 145.64 | 168.79 | 199.72 | 242.52 | 304.36 |126.99144.74 16733 | 198.45 | 242.72 [ 31055 | 104.98 - - -
275.64 kPa (40 psi) | 174.93 | 199.16 | 230.60 | 272.59 | 330.66 | 414.53 |173.65|196.85|227.30| 269.82 | 328.44 | 419.83 | 133.50 - - -
68.91kPa (10 psi) | 26.16 | 28.11 | 32.00 | 3592 | 40.81 | 47.03 | 26.23 | 28.88 | 32.11 | 36.15 | 41.37 | 48.17 99.71 96+17 | 7949 1556.22
2.13m [137.82 kPa (20 psi)| 58.08 | 63.75 | 70.60 | 78.99 | 89.45 | 102.75 | 58.06 | 63.79 | 70.64 | 7938 | 9035 | 104.89 | 13834 | 13535 | 15118 | 2067.02
(71ft) {206.73 kPa (30 psi)| 89.66 | 98.35 | 108.83 | 121.67 | 137.66 | 157.99 | 89.52 | 98.06 |108.72] 121.87 | 138.47 | 160.57 | 16829 | 13927 | 22241 990.26
275.64 kPa (40 psi) [ 123.40 | 135.25 | 149.54 | 167.03 | 188.42 | 216.50 | 122.76|134.69 | 148.94| 166.45 | 189.20 | 219.03 | 220.62 | 17332 | 264+31 | 1098.88
68.91 kPa (10 psi) | 19.56 | 21.09 | 22.87 | 2496 | 2743 | 3039 | 19.64 | 21.18 | 22.96 | 25.13 | 27.93 | 30.96 59.26 56+11 | 716 149537
2.74m [137.82 kPa (20 psi) | 44.25 | 4757 | 5143 | 5595 | 61.30 | 67.72 | 4434 | 47.66 | 51.58 | 5633 | 61.96 | 68.96 89.17 78416 | 1315 1039.14
(9 ft) {206.73 kPa (30 psi)| 68.64 | 73.74 | 79.66 | 86.60 | 94.81 | 104.65 | 68.68 | 73.82 | 79.76 | 86.94 | 9576 | 10629 | 129.59 - - -
275.64 kPa (40 psi) | 94.93 | 101.91 | 110.01 | 119.50 | 130.72 | 144.16 | 94.83 [ 101.78|109.87| 119.63 | 131.60 | 146.10 | 164.57 - - -
68.91 kPa (10 psi) | 1453 | 1542 | 1642 | 17.56 | 18.86 | 2035 | 1551 | 1648 | 17.61 | 18.92 | 20.47 | 22.30 32.49 3844 | 6547 692.80
3.35m [137.82 kPa (20 psi)| 33.64 | 35.60 | 37.80 | 4030 | 43.15 | 46.40 | 33.76 | 35.71 | 37.96 | 4059 | 43.62 | 47.18 62.34 63+14 | 12448 775.83
(11 ft) [206.73 kPa (30 psi) | 52.48 | 5549 | 58.89 | 62.73 | 67.12 | 72.17 | 52.62 | 55.63 | 59.08 | 63.09 | 67.83 | 73.30 90.82 10442 | 171+12 687.15
275.64 kPa (40 psi)| 73.00 | 77.14 | 81.00 | 87.08 | 93.11 | 100.03 | 73.06 | 77.17 | 81.91 | 87.43 | 9391 | 101.51 | 120.78 | 126+40 | 20716 725.70




The pressure-time history plots as obtained from program KAYHAN in the
present study together with Bozkus’s [2] experimental results are shown in Figures
5.2to05.13.

In pressure — time history plots in Figures 5.2 to 5.13, the times for the
starting point of the pressure peaks from program KAYHAN and from Bozkus’s
experimental results show some differences. For example, in Figure 5.2, the peak
pressure from program KAYHAN occurs earlier then the pressure peak from
Bozkus’s experimental result by some amount. As another example, in Figure 5.3,
program KAYHAN gives the peak pressure at a later time point than the
experimental time value. The time value for the start of the pressure peak here is
actually a very close value to the slug arrival time at the elbow and this time value
was calculated in program KAYHAN by utilizing a modified version of computer
code BOZKUS-2 developed by Bozkus. The slug arrival time at the elbow here was
calculated in program KAYHAN as a final result of the calculations at the horizontal
section of the pipeline in the present study, and the mathematical development for
this part was given in Chapter II1.

The peak pressure values from program KAYHAN for shorts slugs as 1.22 m
(4 ft) and 1.52 m (5 ft) initial length, are sometimes approximately half the
experimental peak pressure value or twice the experimental peak as can be seen in
Figures 5.2 to 5.5, which can be considered as a high deviation from the
experimental pressure peaks. However, for medium and long slugs having initial
lengths of 2.13 m, 2.74 m and 3.35 m (7, 9 and 11 ft); the pressure peaks from
program KAYHAN are very close to the first peaks obtained experimentally by
Bozkus as in Figures 5.6 to 5.13. The higher deviation of the pressure peaks here
obtained from program KAYHAN in the case of short slugs can be explained by the
existence of more air entrainment effect that occurs for short slugs than the case of
medium and long slugs.

As explained in Section 4.3.3, after the slug front face has entered the elbow,
the driving air pressure acting at the upstream face of the slug was taken to be
decreasing at the same rate as the tank pressure in program KAYHAN. Thus, the
compressibility effect of the air column and therefore, the waterhammer effects that

take place in the pipeline were neglected during the motion of the slug in the elbow

122



280
240 :

200 | \
160

120 \

‘l
J

f

Dynamic Pressure (psig)

o

'40 T T T T T T T T T
0.520 0.525 0.530 0.535 0.540 0.545 0.550 0.555 0.560 0.565 0.570

Time (s)

e Program KAYHAN —— Bozkus's experiment ‘

Figure 5.2 Pressure-time history plots at the elbow for L, =1.22 m (4 ft) and
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Figure 5.3 Pressure-time history plots at the elbow for L, =1.22 m (4 ft) and

P, =206.73 kPa (30 psig).
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Figure 5.5 Pressure-time history plots at the elbow for L, =1.52 m (5 ft)
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Figure 5.8 Pressure-time history plots at the elbow for L, =2.13 m (7 ft)

and P, = 275.64 kPa (40 psig).
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Figure 5.10 Pressure-time history plots at the elbow for L, =3.35 m (11 ft)
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Figure 5.12 Pressure-time history plots at the elbow for L, =3.35 m (11 ft)
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and the vertical extension segment. Neglecting the waterhammer effects here
together with discarding the effect of air entrainment as a simplification, can be said
to be the reasons that the pressure-time history diagrams from program KAYHAN
does not reflect the wavy pattern seen in Bozkus’s experimental plots. However, the
general shape of the tail regions of the pressure — time history plots are still in close
agreement with the experimental data especially for 3.35 m (11 ft) slugs as shown in
Figures 5.10 to 5.13.

The tail region of pressure-time history plots for 3.35 m (11 ft) slugs from
program KAYHAN, shown in Figures 5.10 to 5.13 are in well agreement with
Bozkus’s experimental findings. However, for slugs with initial length of 1.22 m,
1.52 m, 2.13 m and 2.74 m (4, 5, 7 and 9 ft); the tail region of the plots from the
present study has a general tendency to remain above the experimental values of
Bozkus. This discrepancy of the values in the tail region of the pressure — time
history plots in the cases of shorter slug lengths can be attributed to the existence of

more air entrainment for shorter slugs.

5.4 Transient Forces at the Elbow

The horizontal and the vertical components of the transient forces acting on
the elbow and the vertical extension segment were calculated by program KAYHAN
in the present study according to the formulation derived in Section 4.4.

The variation of the horizontal and the vertical transient force components,

F, and F,, acting on the elbow and the vertical extension segment are given from

Figures 5.14 to 5.19 for different initial slug lengths and the initial tank pressures. As
a general characteristic property, it can be said the there is an initial and sharp
increasing part of the transient force components in all the plots which corresponds
to the period that the slug front is at a stage of advancing within the elbow and the
vertical extension segment. Then, after a peak value is attained for both force
components, the transient force values start to decline with a relatively milder slope.
This declining region of the plots can be said to be due to the reduction in slug speed
under the effect of retarding forces applied by the elbow and the vertical extension

segment on the liquid slug.
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Figure 5.15 Transient force components for L, =1.22 m (4 ft) and

P, =137.82 kPa (20 psig).
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Figure 5.17 Transient force components for L, =2.13 m (7 ft) and

P, =137.82 kPa (20 psig).
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Implementation of a 1-D solution technique by considering that the slug front
is planar in the elbow and the vertical extension segment, and also accepting that the
liquid slug is incompressible are the factors that prevents the consideration of the
further deformation of the shape of the slug body during its motion. This fact can be
thought to be a reason for the calculated transient forces to have a tendency towards
an overestimation.

The plot for the normalized force values, F " vs. dispersion distances, D", is

given in Figure 5.20. Here,

FP

D ="t (5.2)

In(5.1) and (5.2);

F, : experimentally obtained peak force at the elbow,

F, : predicted force at the elbow with the numerical model,
L, : travel distance of the slug.

Results for the normalized forces from 4 different studies are presented in
Figure 5.20. These are Fenton’s [26], Bozkus’s [2] and Baran’s [27] results, and the
results of the present study. Fenton’s results are shown with vertical solid lines, and
the vertical dash lines show Bozkus’s results. The small circles on the vertical dash
lines symbolize the average values for each data group presented, and short
horizontal dashes indicate extreme values. The extreme values for Baran’s results are
indicated with cross signs with also the mean values shown by solid squares. The

mean values for the present study in which the F, values were found from

conservation of momentum principle applied on volume elements along the elbow
are given by solid triangles and the extremes are shown by long, horizontal single
dashes (results named as Kayhan-1). The mean values for the present study in which

the F, values were found from
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En = ppeak A

are given by solid circles and the extremes are shown by hollow squares (results
named as Kayhan-2).

The horizontal lineat F~ =1 in F~ vs. D plot in the current study indicates
the values of F~ at which the experimentally obtained peak forces at the elbow are
equal to the peak forces obtained from the numerical model.

The normalized forces, F~, for the present study were obtained dividing
Bozkus’s experimentally found peak forces, by the peak values of the numerically
calculated horizontal transient forces of the present study.

In Figure 5.20, F~ vs. D" values are presented in which the F~ values of
Bozkus, Kayhan-1 and Kayhan-2 were calculated; by using the values of the first

pressure peaks in experimental pressure-time history plots of Bozkus [2], for F,. In

this figure, the F~ values from the present study have the same data range as
Bozkus’s data. From these two data set, it can be seen that the results from the
present study of Kayhan-1 and Kayhan-2 are closer to unity with respect to Bozkus’s
values for D" > 6. For dispersion distance, D", values around 4; the normalized
forces, F, from Kayhan-1 of the present study remain slightly below Fenton’s and
Baran’s data. This can be explained by the fact that in Fenton’s and Baran’s
numerical models, the mass loss from the liquid slug during the slug motion was
neglected. It can also be said that the results from Kayhan-1 can be considered to be
more correct than Kayhan-2 because in that the case of Kayhan-1, analytical transient
force value is calculated by integration of forces over the whole volume of the elbow,
rather that using a fixed point for peak pressure as in the case of Kayhan-2.

In Figure 5.21, F" vs. D" values were plotted in which the F~ values of
Bozkus, Kayhan-1 and Kayhan-2 were calculated; by using the values of the second

pressure peaks in pressure-time history plots of Bozkus [2], for F,. The symbols for

each data group here are the same as in the previous plot given by Figure 5.20. From
5.21, it can be deduced that F~ values of Bozkus, Kayhan-1 and Kayhan-2 are in

close agreement for D” >4. According to the plotin Figure 5.21; for D" <4,
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results from Kayhan-1 are smaller than Bozkus’s values as was also the case in
Figure 5.20. Also, from Figure 5.21, it can be seen that the values from Bozkus,
Kayhan-1, and Kayhan-2 are higher than Fenton’s [26] and Baran’s [27] data which
can be attributed to the fact that in Figure 5.21, F~ values were calculated with
respect to the second pressure peaks in Bozkus’s experimental pressure-time history

plots having higher values than the first peaks.

5.5 Impact Pressure Distribution at the Elbow

During the simulation of the liquid slug motion, the time dependent impact
pressure distribution at the convex side of the elbow at projected locations C' (see
Figure 4.9) from the axial s-curve of the elbow were calculated with the related
expression given in Section 4.3.2.3 for every time step of the slug motion in the
elbow and the vertical extension segment.

Some sample dynamic impact pressure distributions along the elbow are
given from Figures 5.22 to 5.24 at different time, ¢, values; and for different initial
slug lengths and initial tank pressures. The pressure distributions are given with

respect to the node numbers, ip, along the s -curve. The total number of nodes along

the elbow NELBW here were determined with respect to the initial slug lengths. In
these plots, the dynamic pressure values start with a decreasing pattern due to
existence of friction and minor losses in the elbow. Then, the impact pressures start
to increase as a result of the effect of the skewed shape of the axial velocity profile.
This increase in pressure continues up to a point where the maximum shift of the
velocity profile occurs. This point actually corresponds to the location for the

occurrence of the maximum calibration angle, 6 of the calibration function, 6, .

After the point for the maximum value of the impact pressure distribution curve, the
impact pressures start to decrease where the axial velocity profile is at a stage of
attaining its symmetrical shape towards to downstream reaches of the elbow.

In impact pressure distribution plots given by Figures 5.22 to 5 24, it can be
seen that there is a discontinuity prior to the point of maximum pressure in each plot.
The discontinuous regions in the plots correspond to the unsmooth maximum point
of the calibration function used in calibrating the axial velocity profile. At these

points, the direction of change in shape of the axial velocity profile shows an abrupt
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Figure 5.22 Dynamic pressure distribution for L, =1.22m (4 fi),

B, =137.82kPa (20 psi), t =0.539 s and NELBW =115.
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Figure 5.23 Dynamic pressure distribution for L, =1.22 m (4 ft),

P, =275.64 kPa (40 psi), ¢ =0.375 s and NELBW =115.
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Figure 5.24 Dynamic pressure distribution for L, =2.13 m (7 ft),

F, =68.91kPa (10 ps1), t =0.942 s and NELBW =90.

variation and this abrupt change results in some fictitious calculated impact pressure
values while evaluating the second derivatives in the differential equations.
Therefore, the impact pressure values in those regions consisting of two nodal points
were left and the resulting impact pressure distribution plots were formed as having

discontinuous shapes.

Since it can be expected that the maximum impact pressure value occurs at

the point along the s-curve, where 6, =6, , the maximum value of the impact

pressure was calculated by making an extrapolation from the downstream side of the

discontinuous region using backward differences. 6,_,, value corresponds to the

location of the nodal point just before the right end of the discontinuous region and it
was possible to calculate the maximum impact pressure at this nodal point by

extrapolating the impact pressures in the backward direction.

139



5.6 A Discussion on the Existence of Waterhammer Event

The validity of the assumption that waterhammer effects were neglected
during the calculations for the slug in motion elbow and the vertical extension
segment of the pipeline system was also checked in the present study. For this
purpose, Bozkus’s [2] experimentally obtained peak pressures at the elbow were
compared with Joukowsky pressure rise (Streeter and Wylie [33]) values for the
fictitious case of a sudden valve closure at the elbow location. The Joukowsky
pressure rise formula for the case of a shock wave travelling towards upstream is as

follows:
AP, =—paAU (5.3)

In Equation (5.3);

AP,,, : pressure rise due to sudden valve closure,
a : wave speed,

AU : change in slug velocity.

By taking the final slug velocity as zero, Equation (5.3) can be written as

APWH :_pa(O_Upas) (54)

Here,

U .. :slug passage velocity through the elbow.

pas

The expression given by (5.4) can now be expressed as
APWH :anpas (55)

The slug passage velocity through the elbow, U, can be calculated with the

pas >

equation

v _=—r (5.6)

pas
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In Equation (5.6),
At . :slug passage time through the elbow.

pas

The L,, values were taken from program KAYHAN as the slug length at the
instant that the slug front face reaches the elbow. And the Az, values were found

from Bozkus’s experimentally obtained pressure-time history plots in Figures 5.2 to
5.13, by measuring the time period from the time of the occurrence of the first
pressure peak up to the time that the pressure rise at the elbow falls to the initial tank
pressure level.

The wave speed, a, in the PVC pipeline used in the current study was taken
as 438 m/s as calculated by Bozkus [2] with a spectral analysis. Also, the density of

water, p , was taken as 500 kg/m’ as an approximation, by considering the reduction

in the value of the liquid density due to air entrainment effect.

Then, the Joukowsky pressure rise values were calculated from Equation
(5.5) and (5.6), and the results are presented in the last column of Table 5.1.

By comparing Bozkus’s [2] experimentally obtained peak pressures with
Joukowsky pressure rise values in Table 5.1, it can be said the experimental peak
pressures at the elbow are much lower than the values that would occur in the
hypothetical case of sudden valve closure. Since the experimentally obtained peak
pressures are much lower, it can be concluded that a waterhammer event does not
take place during the impact of the liquid slug at the elbow probably due to rather

smoothly curved shape of the elbow.

141



CHAPTER 6

CONCLUSIONS

6.1 Summary

In the present study, the transient force applied by the impact of an individual
transient liquid slug on an elbow and on a vertical extension segment after the elbow,
at the end of an initially voided horizontal line was solved numerically. The liquid
slug was propelled in the pipeline system under the driving effect of pressurized air
in a tank located at the upstream end of the pipeline.

The numerical calculations in the present study were made in two parts. In the
first part of the calculations, the slug motion in the horizontal part of the pipeline was
analyzed by using a previously written computer code BOZKUS-2 developed by
Bozkus [2]. As an improvement of this part of the calculations, the Swamee-Jain
formula was used for finding the friction factor, and also a functional hold up
coefficient concept was developed in the present study. Then, in the second stage of
calculations, a 1-D numerical analysis of slug motion in the elbow and the vertical
extension segment was made with the aid of an assumed and calibrated axial velocity
profile function with 3-D shape, and along a curved line mesh. The shape of assumed
axial velocity profile function was allowed to sway towards the convex side of the
elbow along the curved line mesh with the aid of a calibration tool.

In the analysis of the elbow and the vertical extension segment, the impact
pressure distribution at the convex side of the elbow was found by solving Reynolds
Equations in 1-D. Also the horizontal and the vertical components of the transient
forces acting on the elbow and the following vertical extension segment were found
with the application of conservation of momentum principle over the selected

volume elements along the curved line mesh and summing up the results for the
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forces acting on each volume element.

The calculation of impact pressure distribution at the elbow and the transient
forces acting on the elbow and the vertical extension segment were made for each
time step of the slug motion in the elbow and the vertical extension segment.

During the impact pressure and transient force calculations, a correlation
function was utilized for the determination of one of the unknown parameters of the
calibration function used for the assumed velocity profile function with 3-D shape.
To obtain the correlation function, the peak pressures obtained from the present study
were correlated with Bozkus’s [2] experimentally obtained peak pressures. The
correlation function obtained here is in the form of a function in terms of normalized
initial slug length; and this correlation function is valid for all of data ranges of initial
slug lengths and the initial tank pressures.

In the thesis, the obtained impact pressures and the transient forces at the
elbow and the vertical extension segment were also compared with the results of the

previous studies.

6.2 Concluding Remarks

Some comparisons of the peak pressures, pressure-time history plots and the
transient forces from program KAYHAN of the present study were made with the
results of some previous studies.

First of all, it can be said that the sinusoidal variation of the peak pressures at
the elbow obtained from program KAYHAN of the present study was seen to
provide a better approximation to Bozkus’s [2] experimentally obtained values than
the values obtained from program BOZKUS-2 [2]. The advantage here brought by
program KAYHAN can be attributed mainly to two different correlation functions
used for obtaining the functional hold up coefficient, «, and for calculating the

parameter 6 of the calibration function for the assumed velocity profile in the

present study.
Some differences were seen in the time values for the starting point of peak

pressures in the pressure-time history plots from program KAYHAN and from

Bozkus’s [2] experimental results. Since the time for the first peak can be considered

as a very close value to the slug arrival time at the elbow, the differences in the time
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values for the peak pressures were indicated to be related mainly with the horizontal
pipe calculations performed by the improved version of the program BOZKUS-2 [2].

The waterhammer effects and air entrainment were neglected during the
elbow and the vertical extension segment calculations of program KAYHAN in the
present study, and this case was thought to be the reason for not seeing the wavy
pattern in pressure-time history plots from program KAYHAN differing from
Bozkus’s [2] experimental results.

The tail region of pressure-time history plots for 3.35 m (11 ft) slugs from
program KAYHAN in the present study were seen to be in well agreement with
Bozkus’s [2] experimental data. However, the tail regions from program KAYHAN
in the case of 1.22 m, 1.52 m, 2.13 m and 2.74 m (4, 5, 7 and 9 ft) slugs remained
above Bozkus’s experimental values. This case can be explained by neglecting the
air entrainment effect in program KAYHAN of the present study.

The calculated horizontal component of the transient forces from program
KAYHAN has come out to be greater than the vertical component of the transient
forces, and this case can be stated to be due to the air pressure driving the slug acting
in the horizontal direction from upstream.

The obtained normalized force, F~, values from the present study were
compared with Fenton’s [22], Baran’s [27] and Bozkus’s [2] data. From these
comparisons, for D* values around 4, it was seen that 7~ values from Fenton’s and
Baran’s study were slightly above the values from the present study. This case was
attributed to the fact that in Fenton’s and Baran’s numerical model, the mass loss
from the liquid slug during the slug motion was neglected. It was also seen that F~
values from the present study were closer to unity as compared to Bozkus’s values
for D" > 6.

It can be said that the well approximation of the peak pressures from the
present study to the experimentally obtained pressure peaks from Bozkus’s data,
program KAYHAN of the present study can be used in practice to predict the peak
pressures at the elbow. In addition, due to F~ values obtained in the present study
being close to unity, it can be suggested that a correct prediction of the transient
forces at the elbow can be made with the formulation developed in the current study,

at least within the domain of initial slug lengths and initial tank pressures used.
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APPENDIX A

MATHEMATICAL DERIVATION OF THE EQUATIONS

A.1 Functional Hold up Coefficient Determination

To obtain a functional hold up coefficient; first of all, a formulation was made
to get an expression for the average slug length that occurs during the travel of the
slug. Then, the average slug length in this expression was replaced with the
instantaneous slug length as an approximation. After that, by using this new
expression and the results of the computer program BOZKUS-2 together with the
experimental values for the peak pressures of Bozkus [2], a set of hold up coefficient
vs. the approximated instantaneous slug length values were tabulated. With these set
of values, a correlation function was obtained at the end, which related the hold
coefficient to the normalized travel distance of the slug with respect to the
instantaneous slug length. This correlation function was used as the new functional
hold up coefficient which allows the change of the value of the hold up coefficient
with the slug length during the simulation of the slug motion along the horizontal

part of the pipeline.

A.1.1 Formulation for the Average Slug Length

In this section, an expression for the average slug length in terms of the initial
length of the slug and the corresponding hold up value is obtained.

For this purpose, the following differential expression derived by Bozkus [2]

was taken as the starting point for the formulation:

ai, _ —(l = 1) U, (A.1)

150



In Equation (A.1),
U, :slug front velocity,
a : hold up coefficient,

L : instantaneous slug length.

Equation (A.1) can also be written as

dL, = —(1 - 1) U, dt (A.2)
[04

Integrating both sides of the differential expression in (A.2) from the time for

beginning of slug motion to the instant of impact at the elbow, the expression

becomes
1
J‘dLS :J‘—(——IJUF dt (A.3)
a

In Equation (A.3), limits of the integration are as

L., :1initial slug length,

L, : final slug length of the horizontal pipe calculations,
t,, : 1nitial time of slug motion,

t4, - final time of slug motion.

After the integration, (A.3) becomes

1
L, ~L,= —(; - 1] J. U, dt (A.4)

which can also be written as

1
Ly ~L,= —(; - 1) L, (A.5)
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where

L, :length of the horizontal part of the pipeline.

Then, taking AL_ as the whole change in slug length during the travel of the

slug from the pressurizer tank up to the elbow, (A.5) can be written as

AL, = —(l - 1] L, (A.6)

And the average length of the slug L, that occurs during the motion of the

slug along the horizontal part of the pipeline can be expressed with a linear

interpolation,

AL
L, =L,+— (A.7)
2
which can also be written by using (A.6) as
L
Lave =L in _(l - 1]_]’ (A8)
a 2

With this expression, an average slug length can be calculated for a given

initial slug length, L, , and a given fixed value of hold up coefficient ,cr .

A.1.2 Correlation between the Hold up and the Instantaneous Slug
Length
A correlation function between the hold up coefficient, «, and the
normalized travel distance of the slug with respect to the instantaneous slug length
was obtained by using the results of the computer program BOZKUS-2 coded by
Bozkus [2], and his experimental data as given in Figure A.1. The second column of

Table A.1 was filled in according to the crossing point of the curves for the
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ave

Table A.1 Calculation steps for L, /L,,, (L, =9.4488 m.).

Hold up | L,/Lis Li, Lave Lp/Lave
Coefficient
m m
(@) (m) (m)
(Eq. A.8)
1.00 6.8 1.3895 | 1.3895 | 6.8000
0.99 6.0 1.5748 | 1.5271 6.1875
0.98 5.7 1.6577 | 1.5613 | 6.0520
0.97 5.3 1.7828 | 1.6367 | 5.7732
0.96 5.1 1.8527 | 1.6559 | 5.7063
0.95 4.8 1.9685 | 1.7198 | 5.4940

normalized peak pressures from BOZKUS-2 and for the experimental results as
shown in this figure. These crossing points actually give the optimum values of

normalized travel distances of the slug with respect to the initial slug length, L, /L, ,

for the corresponding hold up coefficient values that Bozkus [2] used in his study. By

taking the length of the horizontal part of the pipeline as L, =9.4488 m. (or
L, =31jt.), and using the equation given by (A.8), the remaining 3 columns of

Table A.1 were also completed.
The travel distance values normalized with respect to the average slug length,

L,/L,,,inTable A.1 were taken as an equivalent value to the travel distance values

normalized with respect to the instantaneous slug length, L, /L  as an
approximation. Then, the hold up coefficient, «, vs. the L, /L, values were plotted

as given in Figure A.2.
By using the correlation function shown in Figure A.2, the following
continuous function was obtained for the hold up, as given by Equation (3.54) in the

main text.
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a(L,/L,)=0.0385(L, /L, )+0.7439 if 54940<L, /L, <6.6519

and

alL,/L)=1. if  66519<L, /L

The boundaries of the function in (3.54) were arranged such that the

maximum value of the function (L, /L,)is 1. as a limiting condition brought by the

definition of hold up.

A.2 Derivations for the Assumed Velocity Profile Function

In this section, the mathematical procedure for the derivation of assumed
axial velocity profile function with 3-D shape in the elbow and the vertical extension
segment of the pipeline are given. The procedures for the determination of the

unknown parameters of the assumed velocity profile function are also presented.

A.2.1 Derivation of Bottom Cone Equation
To be able to obtain an equation for the assumed velocity profile function,

two coordinate systems were combined as shown in Figure A.3, the upper coordinate
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system being for the oblique cone and the bottom one for the symmetric truncated
cone.

The equation of the bottom symmetrical truncated cone can be obtained by
using the general cone equation given in (4.1) with the parameters for this equation
shown in Figure 4.2.

For the bottom cone equation, the parameters must be selected as follows
according to Figures 4.2, A.3 and 4.4:

x, =0, y; =0 because for the symmetric cone, the projection of the apex

point on the base circle falls on the origin.

z, can be determined as

zo=h +h,+h, (A.9)
or
z, = Rtan0, (A.10)
and
R'=R (A.11)

Also by taking z' =u_, where u_ is the assumed velocity profile function, the

following equation was obtained:
R*tan’ 0, x"* + R> tan® 0, y"* = R*(u, — Rtan0 )’ (A.12)

or

tan’ 0,x'> +tan® 0,y'> = (u, — Rtan@,)’ (A.13)
S S s S

u, can be solved from (A.13) as

1

u, = {R —(x’2 +y’2)2}tan9f (A.14)
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By substituting in (A.14);

x'=&Ecosn (A.15)
and

y' =Esinn (A.16)

where & is the radial distance and 7 is the angular coordinate over the pipe cross-

section as shown in Figure 4.5, the following expression was obtained for u:
u, = (R - §)tan9f

as expressed previously in (4.2)
Equation given by (4.2) is valid for the domain of the bottom cone which is

defined by
y<ELR

according to the polar coordinate system given for the cross-sectional view of the
elbow in Figure 4.5, and considering the placement pattern of the bottom cone in the

cartesian coordinate system shown in Figure 4.4.

A.2.2 Derivation of Upper Cone Equation
For the derivation of the upper oblique cone equation, Equation (4.1) for the
general case together with its parameters given in Figure 4.2 was considered again.

Equation (4.1) can be written for the upper oblique cone in Figure A.3 as
(x(r)rzrr _ X”Z(’)’)Z + (y(r)rzrr _ yrrZ(r)r)2 — RNZ(ZN _ Z(’)’)Z (A17)

In the equation given by (A.17) the symbols are as,

14 n

x"", y", z"" : coordinate axes of the upper coordinate system,

14

Xy, ¥y » zy :coordinates of the apex of the oblique cone with respect to the
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upper coordinate system,
R"" : radius of the bottom circle of the oblique upper cone,
O'"' : origin of the upper cartesian coordinate system
as given in Figure A.3.
A coordinate transformation between the upper and the lower coordinate

system can be made in the following manner:

x'=x" (A.18)
y'=y" (A.19)
z'=z"+h, (A.20)

Also according to Figure 4.4, with the values for the parameters: x; =0,

vo=R,, zy=h, R"=y;(A.17) can be written as

hix? +[R (2" =h)-hy'] =y?(z'—=h, — b ) (A.21)
Using z' =u_, (A.21) becomes

hix? +[R (u, —h)=hy'T =y (u, —h, —h) (A.22)
u, can be solved from (A.22) as

1 y{zhl _Rmhly’_Rmzhz"'ylrzhz
2

b -r?)

m

u, =

, (A.23)
(29h2R, Y R Hx + R YR 4y + Py R

The function given in (A.23) can be written in polar coordinates by using

(A.15) and (A.16) as;
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U [yPh =R Esing - R, hy + v hy — |- 291207 R, & sinn

2

“Thror))

N

1

—Rmzhlz(é cosn)2 +Rmzy]’2h]2 +y]’2h]2(§ cosn)2 +y]’2h]2(§ sinn)2 ]5

which was previously given by (4.4).
The velocity profile function in (4.4) for the upper oblique cone part shown in

Figure 4.4 is valid over that region of the pipe cross-section defined by
0<&E<y,

according to the polar coordinate system for the cross-section of the elbow given in

Figure 4.5.

A.2.3 Calculation of Unknown Parameters

U, values in (4.7) to (4.10) can be calculated in above equations from

continuity principle that

0= j u, dA (A.24)

where

A : cross-sectional area of the elbow, perpendicular to the flow direction
and

Q : discharge along the pipe.

Discharge Q in this study was taken constant along the pipe at any given
time during the slug motion, due to continuity principle and the incompressible flow
condition imposed. The value of Q in (A.24) is actually the volume under the
velocity profile function over the domain of whole pipe cross-section. This volume
can be calculated analytically as the addition of two volumes under the symmetric

bottom cone, V,, and the oblique upper cone, V,, as seen in Figure 4.4:
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QZV]+V2

or
1 2 1 12 1 12
0= g”R (h] +h2+h3)_gﬂy1 (h] +h2) +§7Ty1 h
, which can also be written as
1 2 1 12 1 12 1 12
ngﬂR (h] +h, +h3)_§ﬂy1 h, _gﬂyl h +§7Ty1 h,
Canceling second and third terms on the right-hand side,
e ]
0=37R (A, +hy +hy)= v h,

Using
M +h, +hy = Rtan6,

and

hy = Rtan6, -U,
according to Figure 4.4, (A.28) can be written as
1 :
0= 3" [R3 tan6, —y]Z(Rtaan -U, )]

Substituting (4.8) in (A.31) and arranging,

(Um —Rtaan)3 (tan@c +tan9f)2
tan” 6, (tan@c —taan)2 n

30
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(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A31)

(A.32)



From (A.32), U, can be solved as:

3
(3Q—R3 tan@]tan2 0, (tan@c —tan@, )2
U =" . +Rtand,  (A33)
(tan 0. +tan0 f)

From (A.33); U, , for any cross-section of the pipe and for any time step, can

be solved for a given O value at any instant in time, for an angle 6, for the gradient
of the velocity profile at the pipe wall, and a 6, value for that cross-section which

can be taken from the calibration function. The discharge, Q, here was calculated by

using the expression

0=U, 4 (A.34)

where

U . :average velocity of the slug along the pipe at any given time, ¢.

ave

The average velocity U,, here is to be calculated from a set of slug dynamics
equations that are given in Section 4.3.3.

In order to get 6, values, (i.e. the angle for the gradient of the velocity profile
at the pipe wall) that occur during the motion of the slug through the elbow and the
vertical extension segment; firstly, the Swamee-Jain formula (Walski [11]; Swamee
and Jain [12]) together with an expression for the calculation of wall shear stress
were utilized as given respectively in (3.14) and (3.13). The expressions for the

Reynolds number and the wall shear stress can be rewritten as given below:

Plave” (A.35)
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7, :é f,pU. (A.36)

The Swamee-Jain formula which is a functional representation of the Moody
chart is valid for steady, fully developed and incompresible pipe flows (Munson [3],
Walski [11]) and this formula was used for calculating the Darcy-Weishbach friction

factor, f,, here in this study, where the flow is actually unsteady and not fully

developed, for simplification.
The Swamee-Jain formula given in Equation (3.14) is valid over a wide range

of Reynods numbers between

4x10° <Re <1x10° (A.37)

) £ )
and for relative roughness, B, having values between

1107 S%SlxlO‘z (A.38)

Having calculated the wall friction, 7, for a given average velocity over the

pipe cross-section, U, at any instant from Equations (A.35), (3.14) and (A.36); the

ave

gradient of the velocity profile at the pipe wall can be calculated by using the

following equations given in Schlichting [10]:

(Y
T=7, (1 7 ] (A.39)

=04y, (A.40)
au 1T (A41)
dyw l p
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where

7 : shear stress value at y  distance away from the wall of the circular pipe

wall,

v, : distance from the pipe wall,

[ : mixing length,

;—u: gradient of the velocity profile at point y .
Y

In (A.39), (A.40) and (A.41), the distance y 6 from the pipe wall can be

expressed as

y, =R-¢ (A.42)

where & is the radial distance of the selected point from the origin of the circular

pipe cross-section.

Equation (A.40) 1s valid for very small distances of y  from the pipe wall

and in this study y = R/250 was taken to calculate gradient value ;—u from
Y

(A.41). This value of the gradient calculated at a very small value ofy, distance

away from the pipe wall was then accepted as equal to the gradient of the velocity
profile at the pipe wall as an approximation.

Then, the angle for the gradient of the velocity profile at the pipe wall 6, can

be calculated as

6, =tan" (;—u) (A.43)

w

with ;—u evaluated at y = R/250 distance away from the pipe wall.
Y

The same average 6, value was utilized at all the points of the circumference

of the pipe cross-section at the elbow and the vertical extension segment as it would
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be for the case of a straight pipe, here as an approximation. The 6, value was also

taken as constant along the elbow and the vertical extension segment at any instant
since the discharge was taken as the same along the pipeline at any given time due to

incompressible flow assumption and continuity principle.

A.3. Derivations for the Pressure Distribution Equations

In this section, firstly, the procedures for the derivation of average pressure
distribution equations along the axis of the vertical extension segment and of the
elbow are given. Then, the derivation for the equation of impact pressure distribution

at the convex side of the elbow is presented.

A.3.1 Derivation of Average Pressure Distribution Equation at the
Vertical Extension Segment
For the derivation of the average pressure distribution equation at the vertical
extension segment, the Reynolds Equation in y -direction given by (4.12) was taken.
The turbulent and the laminar friction terms in (4.12), which are the second
and the third terms on the right-hand side of this Reynolds Equation, can be written

in a combined form as in the following expression:

ov, _ov, _ov, _or,] op
Ly 24V 24V, L | ==+ p(v+g,)VV +pg,
,{ ot zaz} o pv+e)VV, +pg, (A44)

In Equation (A.44), the symbols are as;

v : kinematic viscosity of the liquid,

g, : turbulent eddy viscosity of the liquid,
and

V : divergence operator.

For the simplification of the differential expression given in Equation (A.44),
a method utilized previously by Ger and Holley [5] was adopted in the present study.

As a first step of the simplification of process, the friction term in the differential
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equation given by Equation (A.44) was replaced by Darcy Weishbach friction
formula (Munson [3]), and (A.44) was integrated over an infinitesimal volumetric

pipe element shown in Figure 4.6. The integral equation is given with the expression
in (A.45).

ov, ov, oV, ov,
pl—=+V, —=+V, —+V, —2 |dV =- a—pdv
ot ox Y oy 0z oy
AY

V. dv
J- f/ ST wet Ty T J-pgy d\v/ (A45)

AY

Here,
V,: average axial velocity in y -direction,
and

AY : volume of the pipe element selected in the vertical extension segment.

Equation (A.45) can also be written as

ov ov ov ov,
jp{ LV —+V, —+ 7 }dv— Ja—pdv

ot ox oy
£, PV AY
rya (A.46)

Now, this volume integral was converted to a combination of volume and
surface integrals by applying Divergence Theorem of Gauss, and also using the

continuity equation for the case of incompressible flow given in (A.47).

ov. v, ov.
+ +
ox o0y 0Oz

=0 (A.47)

The combination of Gauss Theorem and Equation (A.47) yields the integral
equation in (A.48) (Ger and Holley [5]; Quarteroni and Valli [6]).
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j pui%dV: j puun, dS (A.48)
X .

i
v N

In this equation, u, and x, are the indicial velocities and coordinates for

i=1,2and 3, and S is the surface area of the volumetric element.
Then, by using the expression in (A.48), the left-hand side of equation (A.46)

can be rewritten in terms of surface integrals in the following manner;

0 0
ov,
o) Py dv+ | pV Vdydz+ | pV V, dxdz+ | pV. ) dxdy =
AY Ay 4, Ay

P VAV
_J-Z_pdv_pf‘/w#_kpgyAv (A49)
Yy

AV

In Equation (A.49), 4, and A, are the areas of the pipe cross-section and the

pipe wall over the infinitesimal volumetric pipe element shown in Figure 4.6,
respectively.

The summation of the second and the fourth terms on the left-hand side of
Equation (A.49) is actually equal to the momentum flux through the pipe wall, and it
is equal to zero due to no flow boundary condition at the wall. Eliminating these two

terms, the expression becomes:

oV, d /P VAV
y 2 _ P, S wet” y
'[p py dV+'[pVy dxdz = '[—ayd‘v’ p—SA +pg, AV (A.50)

AV Ay AV

where
dV =dxdydz . (A.51)

Then, Equation (A.50) can be written as
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172
f/'Pwel Vy AV

ov,
'[p 8; dV+J‘pVy2dxdz=—J‘pdxdz—p +pg, AV (A.52)

AV Ay R

or, considering also that the density of liquid, p, is constant,

ov. P VAV
p'[ a; dv + p'[ v, dA, = —'[ pdA, — pff”é—Aj +pg, AV (A.53)

AV R Ay

Dividing both sides of the resulting equation by Ay, while Ay is approaching

to 0 at the limit, the following equation is obtained:

v, PV 2AY AV

ip yd‘v’—kip V‘szlz_i pdAl_pf/ wet " y +ng

oy ot dy y oy SAA Ay
AV ) :

(A.54)

In (A.54), replacing A, with 4, imposing the continuity condition that
0= —j Vv, dd (A.55)
A

and using the transformation equations

y=-s (A.56)
V,=-u, (A.57)
vV, =-u, (A.58)
g, =g (A.59)

with the differentiated form of Equation (A.56);
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dy =—ds (A.60)

on the s axis along the vertical extension segment, and also making some

simplifications on Equation (A.54), the resulting equation becomes:

aQ 0 2 0 ](‘/'Pwetl’Ts2
—p=_- dA = — dA+ p—————— A A.61
p@t 8sp.us 8S.p p 8 re (a.61)

In expression given by (A.61), O is the discharge of the slug flow in s-

direction at any section of pipe and at any instant during the slug motion. The
discharge for the slug was taken as constant along the horizontal part of the pipeline,
elbow and the vertical extension segment at any instant due to incompressible flow
assumption for the liquid slug and the continuity principle.

Now, by using the equalities that

O=u A (A.62)

and

pP= % j p dA (A.63)

Equation (A.61) can also be written as

o, 0 , OP f,P it
- S A-—pludd=—A+p= L1 " _po4 (A.64)
P © bs p_[ P

A

Dividing both sides of Equation (A.64) by 4 and rearranging the terms, the

expression below was obtained as given previously in (4.17):

169



m P ou’
8P__p [aus} 19 ussz+—f‘f LG
-t A 84

The derivative expression in the first term in parenthesis on the right-hand

side of Equation (4.17) was discretized by using first order backward finite

differences as;

{50731 _(u)" —(u, )"
or |, At

as given previously in (4.18).

A.3.2 Derivation of Average Pressure Distribution Equation at the Elbow
The mathematical formulation for the derivation of average pressure
distribution equation along the axis of the elbow is given in this section. To make
formulations; firstly, the second and the third terms on the right-hand side of
Equation (4.15) which stand respectively for the turbulent and the laminar frictional
effects can be stated in a combined manner, also expressing the 6 component of

gravitational acceleration in terms of g according to Figure 4.5 with

g, =—gcost , (A.65)

as:

ov, ov, Vv,ov, VJV, ov, 1 op
4V —C 400 0y 0 =Ty pv+e, )V, —pgcosO
p(@t “or  r 80  r Zaz] r 00 plv )V, = ps

(A.66)

Taking the volume integral of both sides of (A.66) over an infinitesimal
volumetric element selected in the elbow as shown in Figure 4.7, the following

equation was obtained:
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p(%+Vr%+£aV9+V’V9+VZ aVQ]dV:— 1P 4y
ot or r 00 r 0z r 00
AV

AV
P V7 K V>
- ‘ pffg—z"dv—jp 2"”LV9 dv—jpgws@dV

elb
AV

AV AV

In Equation (A.67);
AY : volume of the element selected in the elbow,

V, : average axial velocity in 6 -direction,

The expression given by (A.67) can also be written as

p(aVQ Y Vy Vo Vs VI, Y aVQJCNZ_ 1op
ot or r 00 r oz r 00
AV

AV
, fiPaVy'AY AN
84 2L,

— p gcosf AV

(A.67)

(A.68)

To simplify the left-hand side of Equation (A.68), the following expression

E can be taken as an appropriately chosen starting point, to obtain a similar integral

expression as was used for the cartesian coordinate system given by Equation (A.48)

in Section A.3.1.

E:J'La(errVg)Jrla(V@V@)Jra(VgVZ)

2

r or r 00 Oz

dv

AV

(A.69)

Taking the derivatives of multiplications, the expression in (A.69) becomes

”

E:j2VrV9 o Y .y, v, VoV, ¥y 3V, ov. v,

+V, —=+V,—Ldv
r or or r 00 r or Oz 0z
AV

Arranging the terms,
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0

V. ov, Vv, oV or,
E:IVQKV’+8V’ = 9+8V2)+ royy 24l ay 0y

I3 r 00 0z '

I3 or r 00 0z

(A.71)

The expression in parenthesis in (A.71) is equal to zero due to continuity

condition for incompressible flow. Then, (A.71) becomes

E=|V, &V, +£6V9 + Vv +V. &, dv (A.72)
or r 00 r 0z

AV

Now, (A.69) can also be rewritten here as;

E:erVa +16(7‘VVV9)+16(V9V9)+ ov,r.)

av (A.73)
r r or r 00 0z

AV

By using the divergence operator V in cylindrical polar coordinates (Bird

and et.al. [8]) given below

9o

vzsrﬁﬂi) +5Zi (A.74)
or 00 0z
(A.73) can be written as
E:jﬂ+v-(V,V95, LV V,5, +V.V,5.)dv . (A.75)
r
AV
Using the Gauss’ Divergence Theorem (Kreyszig [7]) that
j VeF, dv= j F, i dS (A.76)

v N
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and taking F_ here, as

E, =VV,5 +VV,5,+V.V,5. (A.77)
with
dV =rdrd0dz (A.78)
Equation (A.75) becomes
E= J'@ dV+J'VrVgrdez+j%ngrdZ+IK%rdrd9 (A.79)
AY 4, 45 4

Combining Equations (A.72) and (A.79), the following equality was

obtained:

y o Vo OV Vs Vs gy VYo gy vy raga
or r 00 r 0z r

AY AV A,

+IV9V9dr dz+szV9rdr do (A.80)

4 A,

over the selected infinitesimal volume element.
Now, using the equality given in (A.80), the left-hand side of Equation in

(A.68) can be written by using three area integrals as follows:

%@dwjm dv+erV9rd9dz+IV9V9drdZ+IVZV9rdrd9 -
r
AY AV A, 45 A,
P VAV 75
_ la—pdV—pff wet ' 0 _meVe AV —ngOSQAV (A-81)
r 00 84 2L,

AV
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Introducing, according to Figure 4.5;

_T_
B= 5 (A.82)

u, =V, (A.83)

, Where u, is the function type variable for the assumed and then calibrated axial

velocity profile in the flow direction (in positive S -direction), and also using
dp =-do (A.84)

obtained by differentiating both sides of Equation (A.82); Equation (A.81) becomes

o
jﬂdv ﬂdv J‘%ﬂ'dz—juﬂdrdz— Viit,rdr dp | =

1 6}7 f/‘ wet Km_ﬂ Av
———dV + + - sin B AV
j r op 54 Py pesinp (A.85)

Addition of the third and the fifth terms in parenthesis on the left-hand side of
(A.85) is equal to the momentum flux through the pipe wall, and this momentum flux
is equal to zero because of the no flow boundary condition at the pipe wall.
Therefore, eliminating these two terms and using (A.78), Equation (A.85) can be

written as;

9 v
_J‘%rdrdﬂdz—j adl

rdrdﬂdz—juﬂzdrdz =j SZrdrdﬂdz
r

AY 4, AY
K 1.’ AV
ff wet p m ﬂ —pgSlnﬂAV
8A 2L, (A.86)
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With dA being written as in (A.87) below over the pipe cross-sectional area

A as

dA =dr dz (A.87)

(A.86) can be expressed as:

Ou 5
ol - Frdﬂd/l— ViuydBdA— u, dA |= | pdA
AV AV A A

fwaet I/TﬂzAv Km Z/TﬂzAv
+ + — sin B AV
Jo Y P L pgsinf

(A.88)

Taking the integral average of the first term in parenthesis on the left-hand
side of (A.88) over the infinitesimal volume element, and integrating the first term on

the right-hand side the expression becomes

P, AV
p—ROAﬁ[a—Q} |\ Vu,dBdA—|u,’d4 :PA+pM
or ], 84
" AV A
K ., AV
+pmts BT asin BAY (A.89)

2Lelb

Here, the discharge O was taken as constant at any time step ¢, along that

length of the s -curve remaining inside the liquid slug as the computational domain

as a result of continuity principle together with the incompressible flow assumption,

oQ

and therefore the derivative quantity 5 in Equation (A.89) at any time step ¢, was
t

also accepted as constant within the computational domain.

Replacing Q in Equation (A.89) with its equal as given below,

(A.90)

Q
Il
=

=
N
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as limApS — 0, the following

and multiplying both sides of (A.89) by AlA

expression was obtained:

P wei Av
pl—R, —— | Vupdd - 6 pfft—
- 6ﬂ 8A°AP
P 2Le,bAAﬁ AAp
By using that
AV =R,AB 4 (A.92)
Equation (A.91) becomes

61/7 P wei
pl-R,| —L _1 V,uﬂdA—; uﬁsz :6_+ ff’—
o |_, 4 Aop op 84
n A A

— 2
Kmuﬁ R
2Lelb

(A.93)

+p ~— p gR, sin B

To eliminate u, from (A.93), the following continuity equation in

cylindrical polar coordinates was used:

aV” +l%+ﬂ+%:0 (A94)
or rold r oz

By using (A.83) and (A.84), Equation (A.94) can be written as

0
%+l&+ﬂ+ V, =0 (A.95)
or rop r oz
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Equation (A.95) can integrated over the pipe cross-section as below:

— ~dA =0 (A.96)
or rop r Oz

A

J‘aV, 10u, V. oV
+——+—+

Rewriting (A.96) as,

0
ou
al+l_ﬂ+ v, dA + o dA =0 (A.97)
or rop r 0z

A A

the second integral is zero due to symmetry over the pipe cross-section. Then, it can

be written that

oV, 10ou; V
—+——+

L =0 (A.98)
or rop r
or
ou
BTN V. = (A.99)
or op
which can also be written as
0
orr,) __ oy (A.100)
or op

Integrating both sides of (A.100) with respect to r, and solving for V_;

”

Equation (A.101) was obtained.

V o=— j—ﬂdr (A.101)
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The line integral in Equation in (A.101) is to be taken along a given line of
constant z which is parallel to r-axis, starting from the pipe wall up to the point
where the value of V. is desired to calculated, at a given cross-section of the pipe
(Figure 4.5). The lower boundary of the integral here is always zero due to no slip
condition at the pipe wall.

Then, Equation (A.93) can be written with u, as the only velocity

component, by using (A.101), as given below:

P —RO— — dr Uy dA—— u,’dA _oP
- 6ﬂ op
_ Rz z
S LiPuly Ry K mﬁﬁzRo (A.102)
+ - R, sin
S A i L, p gR, sin
Dividing both sides of (A.102) by R,,
ou 1 1 5u 1 P
pl- —f +— - —L dr uﬂdA uﬂsz = 0
ot o RA)r op R,A0p R,0pB
n A R — Rz 2 A
f‘waetl/Tﬂ2 Kml/Tﬂz . ﬂ (A 103)
+ + - sin )
P 24 P 2L, P8
) oP ) )
and solving for 8_ from the equation above, with
s
s=R,p (A.104)
and
ds =R,dp (A.105)

the following expression was obtained as given in (4.19) previously:
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oP oi,
—=—p||— —drudA+——
s[5 malll [ pre stz

_Rzz

2 — 2
fj Pwet B + Kmuﬂ
84 2L,

+

—gsinf

The first term in parenthesis on the right hand side of (4.19) was calculated

with the finite difference expression given below, as expressed previously in (4.20):

oit ()" —(u, )
o | At

A.3.3 Derivation of the Equation for the Pressure at the Convex Side of

the Elbow

The formula for the calculation of local pressure distribution at the convex
side of the elbow was obtained by simplifying r-component of the Reynolds
Equation given by (4.14).

It is indicated in Bird and et. al. [8] that in turbulent flows, the value of
turbulent eddy viscosity is much higher than the molecular viscosity outside the
viscous sublayer away from the pipe wall and; therefore, the third term on the right-
hand side of Equation (4.14), which stands for the laminar friction effects was

cancelled as an approximation. Then, the resulting equation becomes:

2
aVr+K%+E%—VL+K% :_a_p
ot or r 00 r oz or

7 or r 0z r

- p{li(rwﬂ/,’)) l%{V’V} L vwi)- (V’V’q ipg (A.106)

For the Reynolds Stresses in (A.106), the following expressions can be used

as given in Mathieu and Scott [34]:
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(V) =-¢, (2 7, ] (A.107)

or
ov. oV,
Vv =—g | 2L+ 2 A.108
i) ’(1@9 61”] ( )
(Vw!y=-e, AENCLE (A.109)
0z or

Substituting (A.107), (A.108) and (A.109) into Equation (A.106), the

Reynolds Equation becomes

2
p{aV, LA LA O 6V,]: op

o “or r 00 r ‘oz or

+ 10 re v, +Li88V, +386V’ —gﬂ—ig %, +
Plrar ™ e )T 7200\ 5 00 ) T \5 e ) T8 T i e |TPE

(A.110)

as suggested by Barhaghi and Davidson [1].
By using (A.82), (A.83), (A.84) and Equation (A.111) below according to

Figure 4.5,

g, =—gcosp (A.111)

Equation (A.110) becomes

or

+V. + +V.
ot or r oOp r 0z

1 a( 6V,] 1 o ov, a( 6V,] v. 2 Ou,
R e T a0 & T & &y T g
r or or r- op op 0z 0z reoor op

—pgcosp

p[aV, v, uyov, uy 6V,}_ op

(A.112)

Both sides of Equation (A.112) can be integrated over the volume element

AV, , also with some manipulation of the second term in parenthesis on the left-hand
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side as:
0
2

2
p o, 1OV [y OV, Uy +V, JZ dv,=RHS , (Al113)
o 2 or r op r oz

AV,

where RHS is the integral of the right-hand side of Equation (A.112) with respect to
V.. In (A.113), the volume integral of the fifth term in parenthesis is equal to zero

due to the symmetry of the volume element and of the assumed and calibrated axial
velocity profile with respect to the vertical plane of z =0 according to Figures 4.5,
4.8 and 4.4.

Equation (A.113) can now be differentiated back with respect to V  remove

the integral as

ot 2 or r OB

10 ov, 1 0 ov, 0 oV V. 2  Ouyg
tpol——|re,— |+ & = |t —|&—|—-&€ 5 &
r or or r- op op 0z 0z reoor op

—pgcosp

p[aV, AN _uﬁ} &p

(A.114)

Since the impact pressures were intended to find at the convex side of the
elbow at points along a curved line, where this part of the pipe wall and the vertical
plane of z=0 through the elbow centerline intersects, in the present study; the
Equation given with (A.114) was utilized along the vertical radiuses of the cross-
sections of the elbow shown in Figure 4.8. Therefore, using the expression for V,
given by (A.101) and taking z =0 for the terms that do not contain a derivative with

respect to z , the expression (A.115) was obtained as given below:
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Jop Lo o) 1 o 1o, o) 1[0,

or r or or| r op rrop| "op| r op

Ry—-R 0

( ou ( ou
oz| Oz| r op r r op r op
Ry—V R?*-2? Ry-R
(A.115)
Then, Z—p can be solved from the above equation as:
r

2
r r r 2

ou ou u ou u
% lﬁj ﬂdr+lilj‘ L dr +ﬂa ! Ldr|+-2
r

o o 2er|rJop | roplr)a
R Ro-R R

or N ;5
Ro-

r r

ou ou
BRACH OY-A D 7P | A I 7
ror or|r op r- op op|r op
Ry—R Ry—R
( ou ( ou 2e, Ou
_9 gti 1 —L ar +g—; P dr - i’ Pl pgcos B
oz oz|r op r op r- op
Ry- [R2_,2 Ry—R

(A.116)

The turbulent eddy viscosity, ¢, , in (A.116) was calculated by using Prandtl

mixing-length theory with the formula

oV,

axial

A117
. ( )

g =17

where

V

axial

: axial velocity.
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In Equation (A.117), the mixing length [ is calculated from the expression
lm 2 4
- =0.14-0.08g," —0.06g,,
R
given previously by (4.23), where
g, :(1—ﬂ] (A.118)
In the present study, the axial velocity in the elbow can be defined as,
Vesiar =Up (A.119)

Then, (A.117) can be expressed as follows:

2|Oug

v,

g =1

t m

as stated previously in (4.24).
Also, using the expression for the distance from the pipe wall given by

(A.42), Equation (A.118) becomes

as expressed previously by Equation (4.22)
The turbulent eddy viscosity, ¢,, can be calculated by using (4.22), (4.23) and

(4.24) at any point in the elbow, given the radial distance from the pipe centerline, &,

of that point.
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A.4 Derivations for the Transient Force Calculations at the Elbow Part
In this section, the mathematical procedures for the derivation of horizontal
and the vertical components of the transient forces acting on the elbow and the

vertical extension segment of the pipeline are presented.

A.4.1 Derivations for the Horizontal Transient Force Distribution at the
Elbow

For calculating the horizontal transient force distribution at the elbow,

conservation of momentum equation given by (4.31) was applied over the sample

control volume shown in Figure 4.11, and in the horizontal x -direction;

%ijpdV+ijp(V-ﬁ)dA=Zva (A.120)
AV

(&)

Here F,, is force acting on the volumetric element in the horizontal x -

direction.
Since the momentum flux through the pipe wall is zero due to no flow
condition, Equation (A.120) can be written in terms of the surface integrals over the

surfaces of the pipe cross-sectional areas S, and S, of the control volume shown in

Figure 4.11, as

%ijpdV—ijupVﬂu dA+ijdeﬂd dA=~-AF_+P cos B,A—P, cos 3,4
AV

S, S,

u

(A.121)

In Equation (A.121);

V. :local velocity in x -direction at the upstream face of the control volume,
V. :local axial velocity at the upstream face of the control volume,

V., : local velocity in x-direction at the downstream face of the control

volume,
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V4. ©local axial velocity at the downstream face of the control volume.

In (A.121), the components of the axial forces acting on the control volume,
which are the second and third terms on the right-hand side, were written according

to Figure A 4.

y ELBOW

B, .
Vru ‘
/ V..CcO ‘

Control volume AV ]/ usin B,
at the elbow Vpust Viu B, v, % 3 f
Vrc
Pacosp, - heospE Vesinp
P.A p e )/

. Vi cosp
/Su s / Viasin Ba

VrycosBd

Bd ( ) r/n/ AW /Vsd S/Bd
] 7 " VpgcosPa
E» 5 / . Sd PdA CcOS Bd .
B, : V. Mid-plane of the
= ) control volume
A P,A PsAsinf, perpendicular to
~AB pipe axis X

Figure A.4 Control volume at the elbow with the components of the forces

and the velocities shown.

Also, from Figure A.4; V_, V_, and V , can be expressed as follows:

V.=V.sin3+V,cos (A.122)

V=V sinp, +Vy, cos B, (A.123)
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Via =V.asinB, +Vy, cos B, (A.124)

In equations (A.122), (A.123) and (A.124) given above,
V. :local radial velocity at the upstream face of the control volume,
V', : local radial velocity at the downstream face of the control volume.

Substituting Equations (A.122), (A.123) and (A.124) into the expression
given by (A.121), the following equation was obtained:

%j(Vr sin 8 +V, cosﬂ)pdv —j( SR, +Vg, cosﬂ“)pVﬂu dA
AV

SlA

+ j (v, sin B, +V, cos B, )pV,y dA = —AF, + P, cos B, A~ P, cos f, A (A.125)

S

By using the expression given by (A.101) for the valuesof V. , V  and V ,;

ru

and also substituting the value of the assumed and calibrated axial velocity profile

function u 5 for Vﬂ as below

Vi =uy, (A.126)
the Equation (A.125) becomes
0 1 r Ou
— —-— ——dr |sin B +u, cos dv
ot r j op prugcosfip
av| Ry~ R*-z%

1 auﬂu .
- -— dr |sin B, +up, cos B, |pug d4

1 O gy .
+ -— dr |sin B, +uy, cos B, |pug, dA
Sa Ry—VR*-2*

=—AF + P, cos B,A— P, cos B, A (A.127)
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The first term on the left-hand side of Equation (A.127) is a volume integral
and it can be written as an area integral over the mid-plane of the volumetric element

perpendicular to the pipe axis, shown in Figure A.4, by using

dv = R, ABdA (A.128)

Also, solving for the horizontal reaction force, AF_, from (A.127), the

resulting equation becomes

”

AF I _1 au—ﬂdr sin B+u,cos B |pR,ABdA
P r ) op , P %
S | Ry—V R>-z2

1 (" Ou g, _
+ -— dr |sin B, +ug, cos B, |pug, d4

1 Ou )
- -— dr |sin B, +ug cos B, |pugy dA
Sa Ry~ R*~z>

+ P, cos B,A— P, cos B, A (A.129)
Equation (A.129) can also be written as

AF = RAﬂﬁ 1 au—ﬂdr sin f—u, cos B |dA
TPEEPS N ) o ’
Ro—VR*=z%

1 Ou g, .
-p — dr |sin B, —up, cos B, |ug d4
Sl R-VR?-Z?

1 ou
+pj - 5 dr sin B, —ug, cos B, |uyz d4
Sa Ry—VR*-2%

+ P, cos B,A— P, cos 3,4
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The above expression for the horizontal component of the transient force

acting on the volume element in the elbow was previously stated by Equation (4.32).

A.4.2 Derivations for the Vertical Transient Force Distribution at the

Elbow
To find the vertical transient forces acting on the volume elements at the
elbow, Equation (4.31) was applied over a control volume selected at the elbow as

shown in Figure 4.11, and was written in the direction of y -axis as given below:

o .
aijpdV+ijp(Von)dA:ZFW (A.130)
AV

(&)

In this equation;

F,, : force acting on the volumetric element in y -direction.

Taking the momentum flux through the pipe wall as being zero, the surface
integral term in (A.130) was written as two separate integral terms over the surfaces
of the pipe cross-sectional areas S, and S, of the control volume depicted in Figure

4.11:

0
EJAV},pdV—JAVWpVﬂM dA+jAVydeﬂd d4 =
AV

Su Sd

~AF, — P, sin B, A+ P, sin B, A~ AW (A.131)

Here,

V, and V , :local velocities in y -direction at respectively the upstream and
the downstream faces of the control volume,

AW : weight of the control volume.

On the right-hand side of (A.131), the forces acting on the volume element

were written according to Figure A.4.

From Figure A.4; V , V,, and V', can be expressed as follows:
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V,=V, cosp-V,sinf (A.132)
V=V, cosB, =V sinp, (A.133)

Via =V,acos By =V sinB, (A.134)

Substituting (A.132), (A.133) and (A.134) into Equation (A.131);

%j(Vr cos p =V, sin ﬂ)p dv — j(Vm cos B, =V, sin B, )p V. dA
AV

SlA

+j(Vrd cos B, =Vy sinﬂd)pVﬁd dA =

Sa

—AF, — P, sin B, A+ P, sin B, A— AW (A.135)

For the valuesof V., ¥V and V , in Equation (A.135); the expression for the

radial velocity given by (A.101) can be used. Also, the assumed and calibrated axial

velocity profile function, u,, can be substituted for the value of V, as stated in

(A.126). Then, Equation (A.135) becomes

”

2 1 au—ﬂdr cos B—ugsinf |pdv
ot - ) op , p
AV Ro—VR*=z*

1 auﬂu .
- -— dr|cos B, —uy, sin B, |pu, dA

1 Ou )
+ -— dr|cos B, —ug, sinB, |pug dA

=—AF, - P, sin B, A+ P, sin B, A - AW (A.136)

Using (A.128), Equation (A.136) becomes
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”

ou
——I - Ia—ﬂﬂdr c0sﬂ+uﬂsinﬂ pRAB A
AV RO_JW

1 Oug, .
+ - dr|cos B, +ug, sin B, |pu, dA
r

1 Ou g, .
- — dr|cos B, +up, sin B, |pug, dA
S Ry~ R* 2>

=—AF, - P, sin B, A+ P, sin,4- AW

AF, can be solved from Equation (A.137) as

”

AF _ 9 1 au—ﬂdr cos B+u,sinP |pR,APdA
Talllr ) o ’ P %
S L Ry— R>-z2

1 (" Ou g, _
- — ——dr|cos B, +up, sinP, |pug,, dA
r

1 Ou )
+ — dr |cos B, +ug, sinB, |puy dA
r

— P, sin f,A+ P, sin f,A— AW

Substituting (A.139) below into Equation (A.138) and using (A.92),

AW = p g AV
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the resulting expression becomes:
AF = RAﬂﬁ 1 8u—'gdr cos B+u,sin P |dA
yTPREES ) B ’
S Ry— R*-2?

1 auﬂu .
-pll|— dr |cos B, +uy, sin B, |u, d4
u Ry—VR*-Z*

S,

1 ou
+pJ' — K dr cos B, +up, sin B, |ug dA
Sa Ry—VR*-2%

— P, sin f,A+ P, sin,A— pgR,AB A

The expression for the vertical component of the transient force acting on the

volume element above was given previously in (4.35).

A.4.3 Derivations for the Horizontal Transient Force Distribution at the
Vertical Extension Segment
The horizontal component of the transient force acting on the volume element
in the vertical extension segment shown in Figure 4.13 was calculated by using the
conservation of momentum principle in x -direction given by (A.120).
By writing the surface integral term in (A.120) as two integral terms over the

areas of the pipe cross-section S, and §, of the selected control volume shown in

Figure 4.13, the equation becomes

%ijpdV—j'Vmpuw dA+J'depusd dA = —AF, (A.140)
AV

Su Sz/

To find an expression for V_ in (A.140) in terms of the axial velocity profile

function u, the incompressible continuity equation was used as given below.
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ov. v, ov
+ +
ox o0y 0Oz

~0 (A.141)

By using (A.56) and (A.57) for the values of y and V , the continuity
equation in (A.141) becomes
ov. ou, 0V,

~+—+—==0 (A.142)
ox Os 0z

Equation (A.142) can be integrated over the pipe cross-section as

Ve o Ve g (A.143)
ox os Oz
A
or
0
Ve ous i VY ai—o (A.144)
ox os 0z

A A

The second integral on the left-hand side of (A.144) is equal to zero because
of the symmetric shape of the assumed axial velocity profile function and symmetry
of the domain with respect to the plane of z = 0 according to Figure 4.5.

Then, (A.144) can be written as;

LA (A.145)
ox Os
A
or
v, L ou (A.146)
ox os
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By writing the expression given in (A.146) as

o, __ou (A.147)
ox Os

and integrating both sides of the equation with respect to x,

V. =- J. L (A.148)
Os

For the calculation of the velocity ¥ with the expression (A.148) at a given
point on a cross-section of the vertical extension segment, the line integral in
Equation (A.148) is to be taken at the given cross-section along a given line of
constant z which is parallel to x -axis, starting from the pipe wall up to the given
point at which the value of V_ is to be calculated (Figure 4.5 (b) and (d)).

Substituting the expression given by (A.148) into Equation (A.140), the

following equation was obtained:

0 ou ou
— |- Sdx |pdV - )| - — dx \pu_ dA
o1 j s P j j F
AV Ry—R?-Z2 Se\ Ry-VR*-Z%
ausd
+ — a—dx puy, dA:—AFx (A149)
s
Sa Ry—R?-z2*

The first integral on the left-hand side of Equation (A.149), which is a volume
integral, can be transformed to an area integral written over the mid-plane of the

cross-section of the volume element perpendicular to pipe axis by using

dv = AsdA (A.150)
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as given below:

X X

_° ou, dx |pAsdA + auﬁdx pu, dA
ot Os os
S\ Ry—VR?*-2? Su \ Ry—VR?-z*
( ou
—j ja—fdx puy d4d=—AF, (A.151)

Sa \ Ry—VR*-2*

Here,
As : axial length of the volume element.

AF_ can be solved from (A.151) as;

X X

AF _9 ou, dx |pAsdA - au—”‘dx pu, dA
ot os os
Sm\ Ry~ R*-2* Su \ Ry—VR*-2*
+j jabl—‘”dx pu,, dA
os
Sa \ Ry— R*-2*

The above expression was also given previously by Equation (4.36).

A.4.4 Derivations for the Vertical Transient Force Distribution at
the Vertical Extension Segment
The vertical transient force distribution at the vertical extension segment of
the pipeline was found by applying the conservation of momentum principle in y -
direction given by (A.130) over the control volume shown in Figure 4.13.

Substituting in (A.130) the equivalent of V' given by (A.57), the expression

becomes

—%juspdV—jusp(V-ﬁ)dA=ZFyv (A.152)
AV

(&)
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According to the control volume given in Figure 4.13, Equation (A.152) can

be written as

—aﬁjus pdv+jusu2 P dA—Iusdzp dA=-AF, - P,A+P,A— AW (A.153)
t
AV

Su Sd

or by substituting the equal of dV given by (A.150), the equation becomes

0
—pAsajus dA+pIusu2 dA—pIusdz dA=-AF, - P,A+PjA-AW  (A.154)
S/U

Sd
Also, using Equation (A.139), and (A.155) below;
AV =As A (A.155)

the expression given by (A.154) can be written as

—pAs%jus dA+pJ‘uW2 dA—PI“st dA =
N S,

d

~AF,~PA+P,A-pghs 4 (A.156)

By using (A.24), AF, can be solved from Equation (A.156) as;

AF, = pAs%—Q—pjususz+pjusd2 dA—P A+ P, A-pgAs A
t

Sa

The expression for AF, above was given by previously in (4.37).
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A.5 Derivations for Numerical Integration Formulas
In this section the mathematical procedures for the derivation of numerical

area and line integrals developed in the present study are given.

A.5.1 Derivations for Double Integrals in Polar Coordinates
The transformation procedure for the evaluation of numerical area integrals
from polar coordinates to the cartesian coordinates are given in this section.

The general form of the area integral to be taken is of the form

1, zjf(é,n)dA

A

or

I, = j fEn)rdédn

A

which were also given previously by (4.40) and (4.41), respectively; according to the
polar coordinate system for the pipe cross-section given in Figure 4.14.
For the transformation process; firstly, the integrant f (f ,17) can be integrated
over a selected 9-point polar mesh element shown in Figure 4.15, as given below.
An . AL

M+~ Sm +7

Lin = I I fEm)édédn (A.157)

An A&
e S -y

Next, the variables of the polar coordinate system, £ and 77, can be written in

terms of the cartesian coordinates s’ and ¢', respectively as

E=¢ +A7§s’ (A.158)
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n=n +%ﬂ (A.159)

where
—-1<s'<1 (A.160)

and

—1<'<1 (A.161)

Here,
&, n, :values of & and n at the center point of 9-point mesh element as in

Figure 4.15.
By differentiating (A.158) and (A.159), the differential expressions

dé = %‘fds' (A.162)
and
dn = Az—ndt’ (A.163)

are obtained for d& and dn.
Then, by using Equations (A.158) to (A.163), the integral given by (A.157)

can be written as

L o = Agf” jjf (é,n)(ém +A7‘§s’]ds’dﬂ (A.164)

By letting
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glen)= e e+ 255

which was given previously by (4.42), the expression in (A.164) becomes

11
Limn = Agf” jjg’(é,n)ds’dt’ (A.165)
-1 -1

Now the integral / has been put in a form of that which is in cartesian

A;m,n
coordinates and can be integrated numerically by 2-D Gauss Quadrature Method for
cartesian coordinate system, with the location of nodal points and the corresponding

weighting coefficients for the Gauss Method being given in Figure 4.16 (Zwillinger,
[4D).

To apply 2-D Gauss Quadrature formula for taking the integral in (A.165),

the following discrete expression is utilized:

A A ’ ’ ’ ’ ’ ’ ’ ’ ’
IA;m,n: 54 n[wl(g]+g3+g7+g9)+w2(g2+g4+g6+g8)+w3g5] )

which was previously stated by (4.43).
In Equation (4.43),

o . 2 4
w,, w, and w, are the weighting coefficients as w, :8_?’ w, :8—(1),

4 . . .
w, = %, and the parameters g/ with the subscript i ranging from 1 to 9 stand for

the values of the function given in (4.42) evaluated at the corresponding locations of
the grid points shown in Figure 4.16.

A separate formulation is required to treat the center point of the circular
domain over which the area integral given in (4.40) is taken. For this central part,
mesh elements as given in Figure 4.17 were considered. Integration given by (4.40)

over this triangular mesh element can be expressed as

198



[ = I I f(&m)éadédn (A.166)

Then, a transformation from the polar variables & and 7 can be made,

respectively to cartesian variables s'and ¢', with the expressions given below.

A AS
=00 86 A.167
3 >t ( )
n=n +%ﬂ (A.168)
with
~1<s'<1 (A.169)
and
—1<t'<1 (A.170)

Difterentiating (A.167) and (A.168) the following equations are obtained

dé :%‘fds’ (A.171)
dn =%dt’ (A.172)

Then, by using (A.171) and (A.172), the equation in (A.166) can be written as

I dimn = A‘§4A'7 jjf(f,n)(A—;+A7§s’]ds’dt’ (A.173)
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And using

)= rlen) 55550

which was also stated in Equation (4.44), the expression in (A.173) becomes

1 1

, AEA

[ s = i"jjg@mwww (A.174)
-1 -1

2-D Gauss Quadrature was applied on (A.174) to take the integral

numerically which gave the following expression:

AS An

4 [Wl (gc"] +8ut 8 +g£9)+W2 (géz +8u4t 8l +g28)+W3 gcr'S]

ICA;m,n =

The above expression was also previously given in (4.45).

In Equation (4.45), parameter g/ with the subscript i ranging between
values of 1 to 9 represents the values of the expression g (é,n) evaluated at the

location of the nodal points depicted in Figure 4.16.
Now, by using the circular mesh taken over the pipe cross-section, which is

shown in Figure 4.14, the area integral in (4.40) can be expressed numerically as

N M N
_ E E E c
IA = [A;m,n + [ A;lin o
n=l m=2 n=l

which was also given previously by Equation (4.46).

A.5.2 Derivations for the Line Integrals
In this section, the mathematical procedures for the derivation of the formulas

used in 1-D clustered mesh generation, and for the application of 3-Point Gauss
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Quadrature Method are presented.

A.5.2.1 Derivations for 1-D Clustered Mesh Generation

For the generation of the clustered line mesh; firstly, the following condition

qu =D (A.175)

that

was imposed.

Equation (A.175) indicates that the addition of the lengths of the generated
mesh elements in the whole clustered line mesh is equal to the length of the diameter
of the circular cross-section of the elbow since the clustered line mesh is generated
along the diameter.

The expression in (A.175) can also be written as

Ary +Ary, + Ary + ... +Ar, =D. (A.176)

To have clustered mesh elements increase in size with increasing nodal

number, ¢, values; a mesh ratio of the following form was utilized.

Ar,., =c, Ar, (A.177)

with

¢, >1. (A.178)

Then, Equation (A.176) can be written as

Ar e A+ ¢ AR A, +c"'Ar, =D (A.179)
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or

Ar(l+e, 46, 4. +e," =D (A.180)

The expression given in (A.180) can also be written after some algebra, as

e M -1
Ar]( r ]:D (A.181)

Ary==xr—") (A.182)

Using the relation given in (A.177), Ar, can be expressed as
Ar, = Ar, ¢, . (A.183)

and substituting for Az, in Equation (A.183), the expression given by (A.182); the

size of all the mesh elements in the clustered mesh can be calculated with formula

”

Ar :—D(c _l)c !

as given previously in (4.47).

A.5.2.2 Derivations for 3-Point Gauss Quadrature Method
The application of 3-Point Gauss Quadrature for the evaluation of line
integrals in the present study are given in this section.

The line integral given previously in (4.48) as stated below
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.
I, :jh'(g,n)dr
’,

evaluated over any Gauss element shown in Figure 4.19 can be expressed as
I, = j H'(E.m)dr (A.184)

where

r, : radial location of the center point Gauss element over the clustered mesh,

with respect to the cylindrical coordinate system.

To apply the three point Gauss Quadrature the following transformation can

be made as
Ar
r:rq+7qa’ (A.185)
where
—1<ad' <1. (A.186)

In above equations, a' is the coordinate axis used as the transformation
parameter.

By differentiating (A.185), the relation that

dr =—2"da' (A.187)

is obtained.
Then, by using the differential relation in (A.187), the expression for the line

integral given by Equation (A.184) can be rewritten as
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A
I, == i(En)dd . (A.188)

The & and n values here can be calculated with expressions

and

while evaluating the line integral, which were derived from geometry depicted in
Figure 4.18, and given previously by Equations (4.49) and (4.50), respectively.
Using 3-point Gauss Quadrature, the line integral given in (A.188) over any

Gauss element can be expressed as

Ar

[L,q ZTq(Wlh{"’thz’ +Wlh3:) )

where the weighting coefficients are w, zg, w, :g; and A/, h, and h; are the

values of the integrand function h’(f,n) in Equation (4.48), as evaluated at the

locations for the nodal points of the Gauss element shown in Figure 4.19.
Finally, according to the above formulation, the original line integral given in

(4.48) becomes
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given previously in (4.52). The summation in (4.52) is to be taken over the elements
of the 1-D clustered line mesh between the points 4" and K' as given in Figure

4.18.

A.6 Derivations for the Calibration Function

In this section, the mathematical derivations for the calibration function 6, is
given, which was used for the variation of the skewed 3-D shape of the assumed
axial velocity profile along the s-curve, in the elbow and the vertical extension
segment of the pipeline.

For the case that 0 <s<s by using the equation of a straight line, it can

max

be written according to Figure 4.20 that:

96’ - Qcmax = mecl (S - Smax) (A189)

And 6, can be solved by substituting (4.53) for m,,,, in Equation (A.189) as

0
cmax .
96’ :Qcmax + s +75D (S_Smax) l.f‘ OSS < Smax >

max

which was given previously in Equation (4.55).

For the case that s, <s<s,, the straight line equation can be written as

ext ?
96’ - Qcmax = m0 c2 (S - Smax) (A 190)

Substituting Equation (4.54) for m,_,, into the expression given by (A.190),

0. can be solved as

cmax .
96’ = Qcmax - s + 75D s (S - Smax) lf‘ Smax < s < Sext 4
elb -

max

which was also expressed in Equation (4.56).
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APPENDIX B

CORRELATION FUNCTION FOR THE MAXIMUM
CALIBRATION ANGLE

To obtain a correlation function for the maximum calibration angle, 6 of

the assumed axial velocity profile function with 3-D shape, a total number of 120
runs were made with the computer program KAYHAN-nc in the present study. The
program KAYHAN-nc is actually the same computer code as program KAYHAN

except that the correlation function for 6 itself, which will be obtained here is

not included in KAYHAN-nc. Therefore, program KAYHAN-nc calculates the
corresponding impact pressures at the elbow and finds the transient forces, for

different arbitrarily given 6., values and for different initial slug lengths and initial

tank pressures. The calculated peak pressure values from program KAYHAN-nc
were then, correlated with Bozkus’s [2] experimental data for getting a correlation

function for 6 in terms of the normalized slug travel distance L,/ L,, .

The peak pressures obtained from KAYHAN-nc for different maximum

calibration angle, 6 values and for different initial slug lengths and initial tank

pressures are given in Table B.1. Bozkus’s [2] experimental data for the peak
pressures are also given in this table.

By normalizing the peak pressures from program KAYHAN-nc given in
Table B.1 with respect to initial tank pressures, the graphs presented in Figures B.1
to B.6 were plotted. In Figures B.1 to B.6, the normalized peak pressures from

program KAYHAN-nc and from Bozkus’s [2] experimental data are given together.
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Table B.1. Peak pressures used for correlating 6., (all in psig).

Initial Initial Bozkus’s
Slug Tank KAYHAN-nc Experiment
Length Pressure 0c max 1% 2nd
89.60° | 89.70° | 89.75° | 89.77° | 89.80° | 89.82° | peak peak
68.91 kPa (10 psi) | 30.08 | 38.13 | 48.11 | 54.86 | 70.97 | 86.25 | 4914 -
1.22m [137.82kPa (20 psi)| 58.14 | 68.99 | 81.80 | 8558 | 109.67 | 129.77 | 13762 -
(4 ft) {206.73 kPa (30 psi)| 85.28 | 97.90 | 112.70 | 122.40 | 144.91 | 162.83 | 142+31 -
275.64 kPa (40 psi)| 112.87 | 127.11 | 14351 | 15428 | 179.09 | 205.63 |217<119 -
68.91 kPa (10 psi) | 25.26 | 33.83 | 42.86 | 4891 | 63.18 | 74.47 | 28+6 -
1.52m [137.82kPa (20 psi)| 51.37 | 61.32 | 72.90 | 71.21 | 9938 | 114.69 | 13148 -
(5ft) [206.73 kPa (30 psi)| 75.10 | 86.68 | 100.05 | 108.73 | 128.65 | 139.39 - -
275.64 kPa (40 psi)| 100.03 | 113.09 | 127.98 | 137.68 | 159.72 | 183.01 - -
68.91 kPa (10 psi) | 28.09 | 3577 | 45.08 | 51.34 | 66.19 | 79.45 | 96x17 | 79+9
2.13m [137.82kPa (20 psi)| 55.71 | 6579 | 77.36 | 84.88 | 97.13 | 123.49 | 135+£35 | 151=18
(71) [206.73 kPa (30 psi)| 82.24 | 94.05 | 107.59 | 11632 | 136.20 | 157.14 | 139+27 | 222+41
275.64 kPa (40 psi)| 109.64 | 123.05 | 138.15 | 147.90 | 170.08 | 19330 | 17332 | 264+31
68.91 kPa (10 psi) | 28.47 | 3597 | 4511 | 51.23 | 65.69 | 79.28 | 56x11 | 71=6
2.74m [137.82kPa (20 psi)| 57.06 | 67.06 | 78.45 | 8582 | 92.61 | 124.43 | 78x16 | 131%5
(9 ft) {206.73 kPa (30 psi)| 84.77 | 96.56 | 109.98 | 118.60 | 138.18 | 158.71 - -
275.64 kPa (40 psi)| 113.82 | 127.30 | 142.42 | 152.13 | 174.24 | 197.32 - -
68.91kPa (10 psi) | 26.70 | 34.35 | 43.08 | 4891 | 62.63 | 75.19 | 38+4 65+7
3.35m|137.82kPa (20 psi)| 55.12 | 64.70 | 75.48 | 82.39 | 88.50 | 115.40 | 63+14 | 12448
(11 ft) [206.73 kPa (30 psi)| 82.27 | 93.61 | 106.40 | 114.54 | 132.91 | 152.01 |104+42 | 171£12
275.64 kPa (40 psi)| 110.97 | 123.97 | 138.42 | 147.65 | 168.50 | 190.09 | 12640 | 20716
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Figure B.1 Normalized peak pressures at the elbow for 6,_,, =89.60°.
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Figure B.2 Normalized peak pressures at the elbow for 6. _=89.70°.
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Ocmax=89.75°
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Figure B.3 Normalized peak pressures at the elbow for 6,_,, =89.75°.
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Figure B.4 Normalized peak pressures at the elbow for ,_,, =89.77°.




Ocmax=89.80°
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Figure B.5 Normalized peak pressures at the elbow for 6, =89.80°.
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Figure B.6 Normalized peak pressures at the elbow for 6, _=89.82°.
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Then, the maximum calibration angle 6 values vs. the normalized slug

cmax

travel distances L, /L, , at the cross points of the curves for the peak pressures from

in

program KAYHAN-nc and Bozkus’s [2] experimental data given in Figures B.1 to
B.6 were tabulated in Table B.2.

Table B.2 6., valuesvs. L /L, used for

cmax

correlation procedure.

acmax Lp/Lin
89.60° | 2.6
89.70° | 2.8
89.75° | 3.1
89.77° | 3.2
89.80° | 3.6
89.80° | 5.7
89.80° | 7.7
89.82° | 4.2
89.82° | 4.8

Using the values given in Table B.2, a correlation function was obtained for

0., 1 terms of the normalized slug travel distance L, /L, as depicted in Figure

cmax

B.7.

This function for 6., can be expressed as

cmax

cmax

0,,. =0.0124(L, /L, f —02072(L, /L, J} +1.1001(z, / L, )+87.951 (B.1)

The correlation function for 6,,,. given by Equation (B.1) is valid for all the

data range of initial slug lengths and the initial tank pressures used in the analysis.
This function was used in program KAYHAN for calculating the unknown parameter

0 of the calibration function 6, of the assumed axial velocity profile function

cmax

with 3-D shape, given in Section 4.6.
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APPENDIX C

COMPUTER PROGRAMS

C.1 Explanations for the Functions of the Computer Programs

BOZKUS-1: This program is composed of two parts. In the first part, the
program simulates the motion of a liquid slug which is moving along a horizontal
pipeline under the pushing effect of high pressure gas from an upstream pressurizer.
The mass loss from the liquid slug due to interaction of liquid slug with the pipe wall
during the slug motion is considered with the aid of a calibration parameter. The time
dependent decrease in the value of the pressure of the gas supplied by the pressurizer
that occurs during the slug motion is also taken into account in the program. For the
gas region upstream the slug, no gas dynamics effects are considered in this program,
so the timely decreasing gas pressure value from the pressurizer is taken directly as
equal to the gas pressure at the upstream face of the slug without any waterhammer
effects, during the slug motion. The boundary conditions for the slug dynamics
equations that govern the motion of the slug are composed of the driving gas
pressure at the upstream face of the slug and the atmospheric pressure at the
downstream slug face. With these boundary conditions for the pressure values, slug
moves along the horizontal pipeline from zero initial velocity, to a final impact speed
at the time the front face of the slug reaches the elbow located at the end of the
horizontal pipe. The solution for the slug dynamics equations is made with Runge-
Kutta-Verner 5™ and 6™ order method by using a subroutine with the name DVERK
developed by Hull and et. al. [25]. At the time the front face of the slug reaches the
entrance section of the elbow, an impact pressure value is calculated by using a
formula derived for the calculation of forcing function at the elbow.

When the front face of the slug reaches the elbow, a second part of the
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program starts. In this part, the event that the slug exits from the elbow to the
atmosphere 1s simulated to get the forcing function acting on the elbow during that
exiting period of the slug. No mass loss from the slug is considered to occur in this
part of the program. For the flow in the gas region upstream the slug, again no gas
dynamics effects are considered as in the case of the first part of the program.
Pressure boundary conditions for the slug dynamics equations are also the same as in
the first part except that the location for the downstream boundary condition of the
slug is fixed at the elbow with zero atmospheric pressure value there. The tank
pressure and slug velocity values at the end of the first part of the program are used
as initial values at the beginning of the second part of the simulation. Also, different
from the previous part of the program, a new set of slug dynamics equations that
considers no mass loss from the slug is utilized here in the second part. These set of
equations are again solved with Runge-Kutta-Verner 5™ and 6™ order method as in
the previous case. The impact pressure value at the elbow is calculated at each time
step, and the simulation is stopped when the slug length remaining in the horizontal
part of the pipeline becomes less that 0.05 m., which is a previously defined value

(Bozkus, [2]).

BOZKUS-2: This program simulates the motion of a liquid slug that is
moving along a horizontal pipeline under the effect of a driving high pressure gas
from an upstream pressurizer. The mass loss from the liquid slug is considered with a
calibration parameter as in the case of the program BOZKUS-1. The decrease in the
pressure of the gas supplied by the pressurizer with time during the slug motion is
also taken into account. For the gas region upstream the slug, gas dynamics effects
are considered in this program, and thus, the pressure variations due to waterhammer
effects between the pressurizer and the upstream face of the slug are taken into
account during the slug motion. Parameters for the fluid flow in the gas region are
solved with method of characteristics. Upstream boundary conditions for the solution
in this region consists of the value of the pressure at the pressurizer tank which
decreases with time, and the downstream boundary conditions are determined by the
kinematics of the liquid slug which is moving along the horizontal pipeline. The

motion of the liquid slug is governed by a set of slug dynamics equations. For the
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boundary conditions of the slug dynamics equations, gas pressure value at the
upstream face of the liquid slug and zero atmospheric pressure at the downstream
face of the slug are utilized. The initial slug velocity is taken as zero and the liquid
slug accelerates from zero initial velocity to a final impact speed at the elbow during
the simulation. When the front face of the slug reaches the elbow, the peak pressure
at the elbow is calculated with a formula developed to calculate the forcing function

at the elbow, and the simulation is stopped (Bozkus, [2]).

KAYHAN: In this program, the simulation for the motion of a liquid slug
along a horizontal pipeline and then, along a following 90° elbow and a vertical
extension part, is performed. The liquid slug moves with the driving effect of a high
pressure gas from an upstream pressurizer. For the part of the simulation along the
horizontal part of the pipeline, the computer code BOZKUS-2 developed by Bozkus
[2], which takes into account the gas dynamics effects, is utilized. The slug length,
slug velocity and the value for the magnitude of the gas pressure driving the liquid
slug, from program BOZKUS-2 at the instant the slug front face reaches the entrance
section of the elbow, is used as the initial conditions for the elbow and vertical
extension part calculations of program KAYHAN.

In program KAYHAN, a modification was made on program BOZKUS-2
such that during the simulation along the horizontal part of the pipeline, the
calibration parameter that accounts for the mass loss from the slug is calculated with
a correlation function which was determined by using experimental data for the peak
pressures in Bozkus’s study [2]. This correlation function which determines the
mass loss from the liquid slug is expressed in terms of the normalized travel distance
of the slug with respect to the initial slug length. Another change that was made on
program BOZKUS-2 is the use of Swamee-Jain formula (Walski [11]; and Swamee-
Jain [12]) to calculate the friction factor for the flow of gas and the liquid slug,
instead of using fixed value.

In the elbow and the vertical extension part calculations of program
KAYHAN, the incompressible cylindrical polar Reynolds Equations are solved over
the elbow, and incompressible 1-D cartesian Reynolds Equation is solved along the

axis of the vertical extension part (Figure 4.5). The solution domain for the Reynolds
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Equations is taken as the region between the entrance section of the elbow and
location of the front face of the liquid slug if the slug front face is at a stage of
advancing in the elbow or the vertical extension part, and the domain is selected as
the whole region within the elbow and the vertical extension part if the slug front has
exited to the atmosphere from the end section of the vertical extension part. For the
solution of the average pressure values in the elbow and the vertical extension part,
the downstream boundary condition is taken as zero atmospheric pressure at the slug
front face location or at the cross-section at the exit of the vertical extension part, and
the average pressure values are solved towards upstream up to the entrance section of
the elbow shown in Figure 4.10 with backward differences and using a subroutine
DVERK, developed by Hull and et. al. [25], which is an ordinary-differential-
equation-solver that uses Runge-Kutta-Verner 5™ and 6™ order method. The solution
for the average pressure distribution along the elbow and the vertical extension part
is made at every time step, and the location of the front face of the slug needed as
downstream boundary condition for this procedure is calculated at the beginning of
each time step by using the kinematics of the liquid slug. The slug kinematics is
determined at the beginning of each time step by solving the slug velocity from
Bozkus’s [2] slug dynamics equations as applied on that part of the slug remaining in
the horizontal part of the pipeline. While calculating the velocity from these
equations, the retarding average pressure value at the entrance section of the elbow is
also considered in program KAYHAN. During the elbow part calculations, after the
calculation of the average pressure at a cross-section, the cylindrical polar Reynolds
Equation written in the direction of radius of curvature of the elbow is solved with
DVERK along a line mesh starting from the center point of the elbow cross-section
up to the top point of that cross-section on the convex side of the elbow, to find the
local impact pressures at these top points (Figure 4.8). Here, the starting local
pressure value as the boundary condition at the center point of the cross-section is
taken as equal to the average pressure at the same cross-section of the elbow as an
assumption. The horizontal and vertical components of the transient forces acting on
the center points of the volume elements along the axes of the elbow and the vertical
extension part are also found by using the calculated average pressure values at the

upstream and downstream faces of the volume elements and with the application of
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conservation of momentum principle on these volume elements. In this way, a set of
values for the impact pressure distribution along the elbow and another set of
transient force values acting on the volume elements along the elbow and the vertical
extension part were obtained for each time step of the calculations. The discharge
through the pipe was taken as constant at any time step all along the horizontal pipe,
elbow and the vertical extension parts due to incompressible flow assumption made
for the liquid slug. However, the variation of the shape of the velocity profile along
the elbow and the vertical extension parts are taken into consideration. During the
solution of the Reynolds Equations, an axial velocity profile function is assumed for
the flow of the liquid slug in the elbow and the vertical extension part, and the
variation of 3-D shape of this axial velocity profile along the elbow and the vertical
extension part is calibrated with the aid of a calibration function. Parameters of the
calibration function is determined based on a set of experimental data for the peak
pressures at the elbow, given in Bozkus’s [2] study. When the upstream face of the
slug, which is advancing in the horizontal part of the pipeline comes to very close
locations before the entrance section of the elbow, the simulation is stopped to leave
the calculations with unstable oscillations that would arise due to slug’s being

unstable under the effect of driving and retarding forces reaching very close values
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C.2 Flow-Chart for the Computer Code KAYHAN

( Start. )

Input the required
parameters.

v

Simulate of the motion of the slug from the
pressurizer up to the entrance of the elbow, along
the horizontal pipe-line with BOZKUS-WH using

Equations (3.38) to (3.53) , to calculate U , P,,
L and ¢ at the time the front face of the slug is
at the entrance of the elbow, as being initial
conditions for elbow and vertical extension part
calculations of KAYHAN-WH.

A 4

Calculate scaling factors L' ,U" and ¢'
from (4.57), to (4.59) for the non-
dimensionalization of the variables to,
be used in the elbow and the vertical
extension part calculations.

A 4

Calculate the initial values for U",
P *

", L and ¢ with slug front face at
the entrance of the elbow using set of
Equations in (4.60)and U , P,, L and

t calculated above from BOZKUS-WH.

v
Calculate the size of the mesh increments,

As” , along the s -curve, shown in Figure
4.5, from Equation (4.121), and also
calculate the mesh size over the circular pipe
cross-section.

|

Calculate the maximum calibration
angle of the velocity profile, 6 with

the correlation function given by (B.1)

cmax 2
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Calculate the node number N, _, on the part of

max p
the s -curve remaining in the elbow,
corresponding to the location of the point of

maximum calibration angle, 6

cmax *

A 4

Set P, =0 for the initial case of elbow and the

vertical extension part calculations that the front
face of the slug is the entrance section of the
elbow.

»)

A 4

* N
Calculate the current time step size, Af,

from Equation (4.122) and find the current

time value ¢~ from (4.123) at time level 7 .

A 4

Calculate friction factor, /', using (3.15) and
Swamee-Jain Formula given by (3.14).

A 4

Solve Bozkus’s equations (3.25) and (3.26)
to calculate U and L values at the current

time step, by using DVERK.

A 4

Calculate U" and L™ by using the
corresponding formulas in the equation set
(4.60).

A 4

Calculate the current location of the slug
front face on the s -curve from (4.61) and
(4.62).
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Set the downstream boundary condition as

P* =0 at the location of front face of the
slug on the s -curve, at node NLFF (Figure
4.10); for the pressure calculations to be
made towards upstream up to the entrance
section of the elbow.

A 4
Set [P = NLFF

A 4

Calculate the angle for the friction slope, 6, , at
the pipe wall from Equation (4.63) to (4.68).

A 4

Calculate the time derivative terms in (4.79) and
(4.80) by using the time step size in (4.122).

>
l

A 4

Find the value of the calibration angle, 6, , at

node /P on the s -curve, for the slope of the
axial velocity profile having 3-D shape, from
(4.69) and (4.70).

A 4

*

h,
h,” required to determine the 3-D shape of the

Find the values of the parameters y, VR’

m

axial velocity profile at node /P by using
Equations (4.71) to (4.76).

A 4

Determine the axial velocity profile function
us* having 3-D shape at node /P from (4.77) and
(4.78).
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NO

1< IP < NBOUND
(Figure 4.10)

Calculate the
average pressure
P atnode IP—1
solving Equation

(4.81) (as an
ordinary
differential
equation with
s” being the only
independent
variable at a given
time step) by
DVERK.

YES

A 4

Calculate the components of the
transient force acting on the volume
element at node /P, AF, and AF, with

equations (4.86), (4.87), (4.88) and
(4.89).

A 4

Set boundary condition for local

pressure p in (4.85)as p’ = Pm* at
the center point of the cross-section at
node /P—1.

A 4

A

Calculate local peak pressure, p°, at the
top point on the convex side of the
elbow, on the cross-section at node

IP —1, by calculating Eddy Viscosity
g,* with (4.82), (4.83) and (4.84) and

then solving p* by using (4.85) (as an

ordinary differential equation with 7
being the only independent variable at a
given time step) in »~ direction starting
from center point of the cross-section up
to the top point on the convex side of the

elbow, by DVERK (with 1-D mesh
shown in Figure 4.8).
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If
NBOUND < IP < NSTOT +1
(Figure 4.10)

\ 4
Calculate the average
NO .
pressure P atnode
IP —1 solving Equation
(4.90) (as an ordinary A 4
differential equation with
s" being the only
independent variable at a
given time step) by
Y DVERK.
Calculate y component of
the transient force, AF,,
P acting on the volume
element at node /P, with
equations (4.86), (4.87)
and (4.92). (AF,=0 at node
IP)
\ 4
A A
Set the value for the pressure at the
entrance section of the elbow, PE* ,
which retards to motion of the slug in
the horizontal part of the pipeline, by
equating P, = P" there.
\ 4
- - A A
Set ¢ =1
v
Store i,
11 12
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Write the results at node IP to the
screen.

YES

IP>1

NO

Calculate the components of the total

transient force F, and F, acting on

the elbow and the vertical extension
part from (4.93) and (4.94).

A 4

Write results to the screen, and output
data file for the current time step.

If the slug upstream face has
reached the entrance section
of the elbow (i.e.

L <0.05 m.) or driving or
retarding forces acting on the
slug are very close to each
other.
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NO

\ 4

Go to the next
time step

A




C

C.3 Computer Code KAYHAN in FORTRAN Language

KAYHAN.F

CCcccceeecececececcececcececcececcecce PROGRAM DESCRIPTION ccceececececcececcececcece

[eNeoNoNeNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNe Mo Nl

This program simulates the experimental model used to

investigate the hydro-dynamics of a liquid slug motion. The

experimental model consists of an air tank and water storage tank

at the upstream. Attached to the air tank is a 31 ft long, 2"

diameter, transparent, horizontal pipe. At the downstream section of

an elbow is attached to the piping, a dynamic pressure transducer
located on this elbow is used to measure the pressures during

the impact of the liquid slug on the elbow. A certain length of a liquid
slug is generated at the upstream section by filling a segment of

the pipe by gravity through a hose connected to the water storage tank.
The U/S end of the segment now filled with water can be pressurized

by simply pressurizing the air tank to which the segment is connected.
The only mechanism keeping the liquid slug in place is a quick opening
ball valve located at the D/S end of the segment. The motion is started
by quickly opening this ball valve. The liquid slug then moves into

the initially empty pipe. During the impact around the elbow, the dynamic
pressure is recorded.

It is the objective of this program to simulate numerically the above
described phenomenon with an acceptable accuracy by taking into

account the gas dynamics behind the slug. The program employes the
method of characterictics for the gas dynamics using the U/S air tank as
the upstream boundary and treating the slug hydro-dynamics as the moving
downstream boundary condition. The static pressure variation in the

U/S air tank is measured initially by a differential pace tranducer,
this data will be put in the program as part of the U/S boundary
conditions. The theory behind the program assumes that the ideal gas law
holds in the system. Isothermal gas law is assumed during the entire
motion. The fact that slug loses some mass during its motion in the

pipe due to frictional effects, is considred by using a coefficient
called void ratio coeff. in the slug hydro-dynamics equations.

The program will compute air velocity, air pressure, air density
slug velocity, slug length, slug positon, and time at which those
variables are computed.

At the time slug impacts the elbow, the peak pressure caused by the
momontum change will be computed from the velocity, density of the
slug. (i.e. (Rho)*u**2)

Written by Zafer Bozkus, in May-June 1990.

CCCCCCCCCCCCCCrereeeeeeeeeeeeeeeeceeceeceeecececececececccececccecccceccece

[cNeoNoNeNoNoNoNoNoNoNoNoNoNoNoNeoNoNoNoNoNoNoNeoNoNoNe]

THE PRESSURE DISTRIBUTION CALCULATIONS AT THE ELBOW ARE MADE AS AN
INITIAL VALUE PROBLEM USING THE IMSL LIBRARY SUBROUTINE WITH THE
NAME Dverk, IT IS A DIFFERENTIAL EQUATION SOLVER - RUNGE KUTTA -
VERNER FIFTH AND SIXTH ORDER METHOD.

HERE IS HOW TO COMPILE THE SOURCE FILE FOR THIS PROGRAM ON VAX/VMS
USING THE OLD VERSION OF THE IMSL LIBRARY.

FOR FILENAME (NO EXTENSION!)
LINK FILENAME, LOCAL: [IMSL.V92]IMSL/LIB (NO EXTENSION!)
RUN FILENAME (NO EXTENSION!)

LAST MODIFIED ON April 5, 1990 (CORRECTED MOMENTUM EQUATION)
LAST MODIFIED ON JUNE 26, 1990 (ELBOW MODELING ADDDED)
(NO HOLDUP AT THE ELBOW CONSIDERED)

ON November 15, 2007 A NUMERICAL ANASYSIS PART WAS ADDED FOR THE
DETERMINATION OF THE PRESSURE DISTRIBUTION AT THE ELBOW AND AT THE
EXTENSION PART DOWNSTREAM THE ELBOW, BY BULENT ABBAS KAYHAN.

ON May 24, 2008 PRESSURE DISTRIBUTION CALCULATIONS AT THE ELBOW
AND THE VRTICAL EXTENSION PART WERE DEVELOPED BY USING A
CYLINDRICAL COORDINATE SYSTEM FOR THE ELBOW PART, 2-D GAUSS
QUADRATURE FOR NUMERICAL INTEGRATION, AND A CORRELATION FUNCTION
FOR THE HOLD UP COEFFICIENT, BY BULENT ABBAS KAYHAN.

224



(o]

(] PART OF THE DRIVER PROGRAM WRITTEN BY ZAFER BOZKUS ON September

(] 18, 1989; WAS INSERTED IN THIS CODE BY BULENT ABBAS KAYHAN ON July
(] 14, 2008 FOR THE ELBOW PART CALCULATIONS.

c _______________________________________________________________________
C DeltaFy AND DeltaFy VALUES AT THE ELBOW AND THE VERTICAL

(] EXTENSION PART ALONG THE S-CURVE WERE CALCULATED BY MAKING A

(] CONTROL VOLUME ANALYSIS AND ADDED TO THE CODE ON October 15, 2008.
c _______________________________________________________________________
(] A CRITERIA WAS INCORPORATED TO THE CODE TO STOP THE CALCULATIONS

C JUST BEFORE UNSTABLE OSCILLATIONS START TO APPEAR DURING THE

C SIMULATION, ON November 15, 2008

(o]

CCcceceeecececececcecececcecececcecccece VARIABLE IDENDIFICATION CCCCCCCCCCccccce

(o]

(o]

(o] \' Gas velocity, m/sec. AND/OR Slug velocity, m/sec.

(o] P Gas pressure, Pa abs.

Cc LSS Slug length, m.

Cc X Slug position, m.

C PLL Pipe length, m.

C T Time , sec.

(o] DT Time increment used in the U/S boundary computations, sec.
(o] DT1 Time increment used in the D/S boundary computations, sec.
(o] DT2 Time increment used in the D/S boundary computations, sec.
(o] DA Density of gas (air), kg/m3

(o] DW Density of liquid (water), kg/m3

C VF Void fraction coefficient, 0 < AL <1.0

(o] (o] Speed of gas presssure wave, m/sec.

C FA Friction factor for gas (air).

C FW Friction factor for liquid (water).

Cc FDA A constant used in the equations, defined in the program
Cc FDW A constant used in the equations, defined in the program
Cc RTO A constant used in the equations, defined in the program
(o] PP A constant defined in the program

C EP Elbow Location= Pipe length +Initial Slug Length

(o] A, B Abbreviated expressions used in the equations, defined in
Cc the program

(o] S, L and R, Subscripts for initial, U/S and D/S conditions respect.
(o]

CCCCCCCCCCCCCCCCCCCCCCCCC  PROCESS BLOCK — CCCCCCCCCCCCCCCCCCCCCCCCCC
c

PARAMETER (N1=10010,N3=10010,N4=2000)

IMPLICIT REAL*8 (A-H,O0-Z)

REAL*8 LR,LS,LSS,EP,LSTAR,LO,LOO,SPPE,PPE,SAT,ELLOC

REAL*8 MUA,MUW

REAL*8 MOM (N1) ,LOC (N1)

CHARACTER*15 FINP,FDAT,FOUT,FDAT2,FDAT3,FPLOT,FDIM,ANSW,ANS,ANS2
DIMENSION PL(N1),VL(0:N1),TL(N1),6DAL(N1),DAS(0:N1),TS(0:N1),
*VS (0:N1) ,PT (N1)

DIMENSION PS(0:N1),XS(0:N1),LS(0:N1),PR(N1),VR(N1),6XR (N1),6LR(N1),
*T (N1)

DIMENSION TR(N1),XL(N1)

REAL*8 DRCLST (N4)

REAL*8 PP

INTEGER N,IND,NW,IER,K,L,N2

INTEGER NELBW,NUM,MR,MC,ML,MLD,MSHSZ ,NEXTSN,NSTOT, IP,NLBF,NLFF,NB
INTEGER NSLUG

INTEGER MLPRSS

REAL*8 Y(1:3),C(24),W(3,9),X,TOL,XEND,SST,T™M

REAL*8 C1,C2,C3,F,D,PB,A,RO,TI,TIIN,6MP(N1) , IMPULSE

REAL*8 RO,R,KM,G,MU,TCD,TFD,PI,TC,TF,MRT,UAVE,Q, QST

REAL*8 LELBW,LEXTSN,LSLIMP,LTOT,ACRSS,PWET, TPR,LPR,UPR,UM,UMST
REAL*8 UM1ST,UM2ST,RM1ST,RM2ST,TC1,TC2

REAL*8 RM,RMST,DKSI,DKSIST,DETA,EMELRT,DSC,DSLAST,DSCST,DSCLST
REAL*8 DBELST,DSLAS1,DSLST1

REAL*8 TCDMAX, TCLMAX

REAL*8 TCMAX, SCMAX,SCELB,BS,BSL,BSU,AS,HS

REAL*8 DBETA,SCST,SCEDST,UAVEST, DTUAST , MOMFL1 , MOMFL2

REAL*8 C4,C6,C7,C8

REAL*8 C9,C10,C11,C12

REAL*8 DRDIST

REAL*8 BETA

REAL*8 UST,DBUST, TRARLN, UP2ST
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REAL*8 PAVE (1) ,PCNVX (1) ,PAVEST (1) ,PCVXST (1)
REAL*8 QPRETS,QPTSST

REAL*8 EPSLN,UAVEI

REAL*8 TIl,PAVEl

REAL*8 SAV,SALR, SAPR,SAPT, SAPRG, SAPTG
REAL*8 XOUT (N3), Y1OUT(0:N3), Y20UT(N3), SSOUT(N3), PDOUT (N3,6N4)
REAL*8 DFXOUT (N3,N4) ,DFYOUT (N3,N4)

REAL*8 FXOUT (N4) ,FYOUT (N4)

REAL*8 CLSTRT

REAL*8 DSCST1,DBETAl

REAL*8 PAVNST, PAVUST, PAVMST , PAVDST , PAVPST
REAL*8 SCNST,SCUST,SCMST, SCDST, SCPST
REAL*8 FXST,FYST,FX,FY

REAL*8 SCSTCP

REAL*8 SNMST,PNMST,PNM1ST, PNM2ST, PPEAST
COMMON/ COEFFS/ Cl, C2, C3

COMMON/ CONST/PB,RO, PAVE,MU

CHARACTER CC*15

EXTERNAL UST,DBUST, TRARLN,UP2ST,PDS1ST,PDS2ST,PCTFST
COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR
COMMON /PRMTS3/ DKSIST,DETA

COMMON /PRMTS4/ RO,DBETA,DSCST

COMMON /PRMTS5/ MR,MC,ML

COMMON /PRMTS6/ EMELRT

COMMON /PRMTS7/ TCMAX,SCMAX,SCELB

COMMON /PRMTS8/ BSL,BSU,NB

COMMON /PRMTS13/ QPTSST,TIST

COMMON /PRMTS14/ EPSLN,D,F

COMMON /PRMTS15/ DRCLST

COMMON /PRMTS16/ DSCST1,DBETAl

COMMON /PRMTS17/ UM1ST,UM2ST,RM1ST,RM2ST,TC1l,TC2
COMMON /PRMTS18/ PAVUST,PAVDST

COMMON /PRMTS19/ SCUST,SCMST, SCDST

COMMON /PRMTS20/ ACRSS

COMMON /PRMTS21/ SCSTCP

COMMON /TERMS2/ C4,C6,C7,C8

COMMON /TERMS3/ C9,C10,Cl1l1,C12

COMMON /TERMS4/ DRDIST,MLD

COMMON /TERMS6/ BETA,G

COMMON /W/ C15

COMMON /DBDVR/ IP,IPD

EXTERNAL FCN2

c _____
o]
o ENTER INPUT DATA  ——-—-=-—-——————-————m e
o]
c _____
WRITE (*,33)
33 FORMAT (' PLEASE ENTER NAME OF INPUT FILE:',$)
READ (5, "' (A)') FINP

OPEN (UNIT=1,FILE=FINP, FORM='FORMATTED' , STATUS='OLD')
READ (1,271) N
271  FORMAT(//,I10)

WRITE (*, 66)
66 FORMAT (' ENTER NAME OF TANK PRESSURE DATA FILE:',S$)
READ (*,' (A) ') FDAT

OPEN (UNIT=3,FILE=FDAT, FORM='FORMATTED' , STATUS='OLD"')
DO 6 M=1, N

READ (3,*) T(M) , PL(M)
6 CONTINUE
PRES=PL (1)
PRI=PRES
WRITE (*,67)
67 FORMAT (' ENTER THE NAME OF THE PEAK PRESSURE TIME HISTORY OUTPUT D
*ATA FILE:',S$)
READ (*,' (A)') FDAT2
OPEN (UNIT=7 ,FILE=FDAT2, FORM='FORMATTED' , STATUS='NEW')
WRITE (*,68)
68 FORMAT (' ENTER THE NAME OF THE TIME HISTORIES OUTPUT DATA FILE FOR
* Fx AND Fy:',$)
READ (*,' (A) ') FDAT3

OPEN (UNIT=8,FILE=FDAT3, FORM='FORMATTED' , STATUS='NEW')



READ (1,273) EPSLN,D
READ (1,273) DA,DW
READ (1,273) MUA,MUW
READ (1,274) PLL
READ (1,274) TEMP
READ (1,274) PO
READ (1,273) VF,XI
READ (1,274) LSS
READ (1,274) RO
READ (1,274) G
READ (1,274) LEXTSN
READ (1,274) KM
READ (1,274) PAVE (1)
READ (1,275) MR
READ (1,274) MRT
READ (1,275) ML
READ (1,274) CLSTRT
READ (1,275) MLPRSS
READ (1,275) NSLUG
READ (1,274) SCMAX
272 FORMAT(/,F16.7,F16.7,F16.7)
273  FORMAT(/,F16.7,F16.7)
274 FORMAT(/,F16.7)
275  FORMAT(/,I10)
CLOSE (UNIT=1)
WRITE (*,35) EPSLN,D,DA,DW,MUA,MUW,PLL,TEMP,PO,VF,XI,LSS,PRES,N
WRITE (*,36) RO,G,LEXTSN,KM,PAVE (1) ,MR,MRT,ML,NSLUG, SCMAX

35 FORMAT (/,4X,' EPSLN=',6F12.8,2X,' D=',F7.4,2X,' DA=',F8.2,2X,' DW='
+,F8.2,/,4X,' MUA=',6F10.8,2X," =',F10.8,2X,' PLL=',6F7.3,2X,
+' TEMP=',6F5.1,/,4X,' PO=',6F10.1,2X,' VF=',6F7.4,2X,' XI=',F6.2,2X,
+' LSS=',F7.3,/,4X,' PRES=',6F10.4,2X,' N=',I7/)

36 FORMAT (4X,' RO=',6F7.4,2X,' G=',F6.4,2X,' LEXTSN=',F8.4,2X,' KM=',
+F6.2,2X,/,4X,' Boundary value for PAVE(l)=',6Fl14.4,/,4X,’' =',16,

+2X,' MRT=',F6.2,2X,' ML=',16,2X,' NSLUG=',6I5,2X,' SCMAX=',F7.3)

WRITE (*,98)

98 FORMAT (' PLEASE ENTER NAME FOR SCREEN OUTPUT DATA FILE:',$)
READ (*,' (A) ') FPLOT
OPEN (UNIT=2,FILE=FPLOT , FORM="'FORMATTED' ,STATUS='NEW')

c ____________________
WRITE (2,35) EPSLN,D,DA,DW,MUA,MUW, PLL,TEMP,PO,VF,XI,LSS,PRES,N
WRITE (2,36) RO,G,LEXTSN,KM,PAVE (1) ,MR,MRT,ML,NSLUG, SCMAX

c ____________________
WRITE (*,93)

93 FORMAT (' WOULD YOU LIKE TO CREATE A DIMENSIONLESS PARAMETER FILE F
+OR THE HORIZONTAL',/,' PART OF THE PIPE LINE ? TYPE (Y) ES OR (N)
+0:',8%)

READ (*, ' (A) ') ANSW
c _____________________________________________________________
IF (ANSW(1:1) .EQ.'Y' .OR.ANSW(1:1) .EQ.'y') THEN
SAYI=1.
WRITE (*,94)
94 FORMAT (' Enter Name for Dimensionless Output File:',$)
READ (*,' (A) ') FDIM
OPEN (UNIT=4,FILE=FDIM, FORM='FORMATTED' , STATUS='NEW')
ENDIF
c ___________________________________________________________
c __________________________________

DO7I=1, N
C converting the U/S gage pressure in psi to abs. pressure in pascals)

PL(I) = ((PL(I)/14.7) + 1.)*PO 'Equation (3) U/S
C setting the U/S boundary position equal to zero.
XL(I) = 0.
7 CONTINUE
c __________________________________
C-————-—- COMPUTATION COEFFICIENTS---—————-————————————————————
c _____________________________________________________________
TABS=TEMP+273
CWS = SQRT (287 .0*TABS) 'Equation (5)
c ________________
PP = 2*PLL + XI 'computation of stopping criterion wvalue
EP = PLL+ LSS 'computation of slug location
ELLOC=EP
c ________________
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WRITE (*,34) TABS,CWS,PP,EP
WRITE (2,34) TABS,CWS,PP,EP

34 FORMAT (/,4X,' TABS=',F7.2,2X,' CWS=',F11.5,2X,' PP=',F9.4,2X,
*'EP=',F9.4,/)

C-- The initial conditions or known values at the earlier time
C-- steps have the subscript, S.

C-- The unkowns at U/S boundary have the subscript, L.

C-- The unkowns at D/S boundary have the subscript, R.

999 IF (PLL/LSS.LE.6.6519) THEN
VF1=0.0385* (PLL/LSS)+0.7439

ELSE

VF1l=1.

ENDIF
C ABOVE EQUATION IS A CORRELATION FUNCTION USED FOR VOID COEFICIENT
C CALCULATION

RTO=2%* (1-VF1) /VF1
AA = 0.5%RTO

c __________________________________________________________
C setting the initial conditions
XS (0) = XI
LS(0) = LSS
VsS(0) = 0.
TS(0) = 0.
PS(0) = PL(1)
ALPHA = 0.
DT1 = 0.
DAS (0)=PL (1) /CWS**2
COUNT=0.
c _____________________________________________________________________
(o]
c _______________________________________________________________________

WRITE (*,108)
WRITE (2,108)

108 FORMAT (//,1X, 'TR(sec.)',1X,'PR(psi)',1X,'VR(m/s)',1X,'LR(m) ', 2X,
+'LOC (m) ',1X, 'MOM(psi)',1X, 'TL(sec)',1X,'PL(psi)',1X,'VL(m/s)"',
+1X,'dP/dx"')

c ___________________________________________________________________
IF (SAYI.EQ.1.0) THEN
WRITE (4,777)
777  FORMAT(' TSTAR PSTAR LSTAR XSTAR VSTAR')
ENDIF
c ___________________________________________________________________
o]
VL (0)=0.
Cmmmmmmmmmmee ACTUAL COMPUTATIONS —-—-—-=—-————-—-——m—m—mm oo —
DO 20 I=0,N
J=I+1
K=J+1
o]
IF (PLL/LS(I).LE.6.6519) THEN
VF=0.0385* (PLL/LS(I))+0.7439
ELSE
VF=1.
ENDIF
RTO=2%* (1-VF) /VF
c ___________________________________________________________________
IF (VL(J-1).NE.O.) THEN
CALL FCAL (ABS (VL(J-1)),DA,MUA,EPSLN,D, FA)
ELSE
FA=0.
ENDIF
FDA = FA/ (2*D)
c ___________________________________________________________________
o] ABOVE EQUATION IS A CORRELATION FUNCTION USED FOR VOID COEFICIENT
o] CALCULATION
Cmmmmmmm e UPSTREAM BOUNDARY COMPUTATIONS--—-=—-—-===—-—————————————
o]

TL(J) = TS(I) + (XL(J)-XS(I))/(VS(I)-CWS) 'Equation (2) U/S
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DT = TL(J) - TS(I) 'Equation (6) U/S

ALPHA = TL(J)

CALL LINEAR(T,PL,N,ALPHA,S)

PT (J)=S
PL (J)

DAL (J)

R= (CWS*DAS (I)* (FDA*VS(I)*DT+1.0))

VL (J)=(S-PS(I)+CWS*DAS (I)*VS(I))/R 'Equation (1) U/S

=8
= S/CWS**2 'Equation (4) U/S

IF (VS(I).NE.O.) THEN

CALL FCAL(VS(I),DA,MUA,EPSLN,D,FA)

ELSE

FA=0.

ENDIF

IF (VS(I).NE.O.) THEN

CALL FCAL(VS(I),DW,MUW,EPSLN,6D,FW)

ELSE

FW=0.

ENDIF

FDW = FW/ (2*D)

FDA = FA/ (2*D)

...... Following Equation is equation (8) D/S.............cccuu...
XR(K) =((VS(I)*DT+XS(I))* (VL (J)+CWS)-XL(J)*VS(I))/((VL(J)+
*CWS) -VS (I))

DT1 = (XR(K) - XL(J))/(VL(J)+CWS) 'Equation (2) D/S
TR(K) = TL(J) + DT1 'Equation (2) D/S
DT2 = TR(K) - TS(I) 'Equation (4) D/S
LR(K) = LS(I)-0.5*RTO*VS(I)*DT2 'Equation (5) D/S
A = (FDA*VL(J)*DT1 + 1)*DAL(J) *CWS

B = 1+ (FDW - RTO/LS(I))*VS(I)*DT2

PR(K) = S+DAL(J) *CWS*VL (J) -

2(A/B)*((1./DW)* ((PS(I)-PO)/LS(I))*DT2 + VS(I)) 'Equation (1)
VR(K) = ((1./DW)*((PS(I)-PO)/LS(I))*DT2 + VS(I))/B !'Equation (6)

MOM (K) = (DW*VR (K) **2) /6891.1565 'RHO*V**2 Term in psi.

LOC (K) =XR (K) +LR (K) -XI 'Front Loc. from U/S

Computation of slug arrival time and paek pressure at the elbow, using

interpolation.

IF (COUNT.EQ.0.AND.LOC (K) .GE.EP) THEN

SAT = TR(K-1) + ((TR(K)-TR(K-1))* (EP-LOC (K-1))

SAV = VR(K-1) + ((VR(K)-VR(K-1))* (EP-LOC(K-1))
= MOM (K-1) + ( (MOM (K) -MOM (K-1) ) * (EP-LOC (K-1)
= LR(K-1) + ((LR(K)-LR(K-1))* (EP-LOC (K-1)

SAPR = PR(K-1) + ((PR(K)-PR(K-1))* (EP-LOC (K-1)
= PT(J-1) + ((PT(J)-PT(J-1))* (EP-LOC (K-1)

LOC (K) -LOC (K-1) )

/
/ (LOC (K) -LOC (K-1) )
)
)
)
)

—_——— — — ~—

PSK= (PR (K) -PO) /6891.1565 !Gage press. behind slug
PSJ=(S-PO) /6891.1565 'Gage press.in the tank

(
(
/ (LOC (K) -LOC (K-1) )
/ (LOC (K) -LOC (K-1) )
/ (LOC (K) -LOC (K-1) )
/ (LOC (K) -LOC (K-1) )

WRITE (*,109) TR(K) ,PSK,VR(K) ,LR (K) ,LOC (K) ,MOM (K) , TL(J) ,PSJ,VL(J) ,PX
WRITE (2,109) TR(K) ,PSK,VR(K) ,LR(K) ,LOC (K) ,MOM(K) , TL(J) ,PSJ,VL(J) ,PX

FORMAT (1X,F7.5,2X,F6.3,1X,F7.3,1X,F6.4,1X,F6.3,1X,F7.2,2X,
2F8.6,2X,F6.3,1X,F6.3,1X,F7.5)

C---- COMPUTE THE SCALED PARAMETERS TO BE USED LATER.

IF (I.EQ.0) THEN

CALL FCAL (VR (K) ,DW,MUW,EPSLN,D, FW)

LO= (2*D/FW)* (1-AA) 'Length Scaling Parameter
VO = SQRT ((PRES*6891.1565) /DW) 'Velocity Scaling Parameter
TO = LO/VO !Time Scaling Parameter
ENDIF

--COMPUTE AND PRINT DIMENSIONLESS PARAMETERS
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IF(SAYI.EQ.1.0) THEN

VSTAR = VR(K)/VO !Scaled Slug Velocity
PSTAR = PSK/PRES !Scaled Driving Pressure
LSTAR = LR(K)/LO !Scaled Slug Length
TSTAR = TR(K)/TO !Scaled Time

XSTAR = LOC (K)/LO !Scaled Slug Position

WRITE (4,110) TSTAR, PSTAR, LSTAR, XSTAR, VSTAR
110 FORMAT (F10.6,2X,F10.7,2X,F10.7,2X,F10.5,2X,F10.5)
ENDIF

(] STOPPING CRITERIA
(o] WHEN INPUT DATA TIME RANGE WAS PASSED/OR THE SLUG PASSED THE
(o] ELBOW BY PLL AND/OR SLUG LENGTH REDUCES TO ZERO.

IF(TR(K) .GT. (0.98*T(N)) .OR.XR(K) .GE.PP.OR.LR(K) .LE.0.10) THEN
888  WRITE (*,106)

Cc WRITE (3,106)

106 FORMAT( ' SLUG LENGTH HAS APPROACHED ZERO!',/,
+ ' OR SLUG TRAVELLED THE SPECIFIED DISTANCE!',/,
+ ' OR INPUT DATA TIME RANGE WAS PASSED!!!"')

WRITE (*,111) SAT,PPE,EP
WRITE (2,111) SAT,PPE,EP
111 FORMAT( ' Slug arrived at the elbow at ',61X,F7.5,1X,'sec.',/,

+ ' peak pressure due to momentum was ', ,F8.2,1X, 'psig’',/,
+ ' Elbow location is ',1X,F6.3,1X, 'meters',///)

GO TO 200

ELSE

CONTINUE

ENDIF

(o]

C SLUG Subscript Adjustments
TS(I+1l) = TR(K)
VS (I+1l) = VR(K)

PS(I+l) = PR(K)
XS (I+1) = XR(K)
LS (I+l) = LR(K)
DAS (I+1) =PR(K)/CWS**2
c
20 CONTINUE
c

C---Compute scaled arrival time, peak pressure,and elbow location

c _______________________________
200 IF(SAYI.EQ.1.0) THEN
SAT=SAT/TO
PPE = PPE/PRES
EP = EP/LO
WRITE (4,112) SAT,PPE,EP
WRITE (4,113) TO,VO,LO, PRES
WRITE (*,112) SAT,PPE,EP
WRITE (*,113)TO,VO,LO, PRES
ENDIF
c _______________________________________________________________________
112 FORMAT( //' Scaled Arr. Time at the elbow is ',1X,F9.5,/,
+ ' Scaled Peak Pres. at the elbow is ' ,F8.4,/,
+ ' Scaled Elbow Location is ',1X,F6.3,//)
c _______________________________________________________________________
113 FORMAT( ' Scaling parameter for time was T =',2x,F7.5,1x,'sec.',/,
+ ' Scaling parameter for vel. was V =',62x,F10.2,1x,'m/s"',/,
+ ' Scaling parameter for length was L =',2x,F10.7,1x,'m',/,
+ ' Scaling parameter for pressure was Pi=', F7.3,1x, 'psig’)
c _______________________________________________________________________
Y1O0UT (0) =SAV
c _________________________________________________________
Crmmmmmm e e CALCULATIONS FOR THE ELBOW----=—===—===—===—
c _________________________________________________________

N2=N
199 CONTINUE
WRITE (*,202)
202 FORMAT (1X, 'Initializations for the arrays are being made...')
DO 201 II=1,N3
DO 201 JI=1,N4
PDOUT (II,JI)=0.
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201

203

DFXOUT (II,JI)=0.

DFYOUT (II,JI)=0.

CONTINUE

WRITE (*,203)

FORMAT (1X, 'Initializations for the arrays were completed.',///)
DO 198 I = 1, N2

C converting th U/S abs. pressure in pascals to gage pressure in pascals

198

232
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PL(I) = PL(I)-PO
CONTINUE
MU=MUW
RO=DW
PI=4.*ATAN(1l.)
R=D/2.
QPRETS=Y1OUT (0) *PI*R**2
PWET=2*PI*R
ACRSS=PI*R**2
LELBW=1/4.*2*PI*R0O
Derived Lengths
LSLIMP=SALR
DSC=LSLIMP/NSLUG
TIIN=DSC/SAV
WRITE (*,232) 'Space increment along the s-curve, DSC (m.) :',DSC
WRITE (2,232) 'Space increment along the s-curve, DSC (m.) :',DSC
FORMAT (1X,A45,F12.8)
TPR=TIIN
LPR=2*LELBW/KM
UPR=LPR/TPR
QPTSST=QPRETS/ (UPR*LPR**2)
For the elements of the computational mesh at any cross-
section of the pipe:
MR= number of mesh elements radial direction; MC= number of mesh
elements in the circumferential direction.
MC=MR*MRT
MSHSZ=MR*MC
WRITE (*,230) "Mesh size over the pipe cross-section: MR x MC=",6MR,

*" o x" MC

WRITE (2,230) "Mesh size over the pipe cross-section: MR x MC=",6MR,
*" o x" MC

FORMAT (/,1X,A47,15,A3,15)

DKSI=R/MR

DKSIST=DKSI/LPR

DETA=2*PI/MC

WRITE (*,233) "Maximum mesh size for the line integrals at any cros

*s-section: ML=" 6 ML

WRITE (2,233) "Maximum mesh size for the line integrals at any cros

*s-section: ML=" 6 ML

FORMAT (1X,A66,15,A3,15)
For the nodal points of the computational mesh along the

elbow:
The starting node at the upstream end of the elbow is NODE 1.

EMELRT=1./100

EMERLT: End Mesh Element Lentgth Ratio

NELBW=LELBW/DSC+1

DSLAS1=LELBW- (NELBW-1) *DSC

DSLST1=DSLAS1/LPR
The criteria here in this IF statement above was also used

for the starting node (NSTOT) of the backward calculational

procedure along the curve s.

IF (DSLST1.LE.DSC*EMELRT) THEN

NELBW=NELBW-1

DSLST1=0.

ENDIF

NEXTSN=LEXTSN/DSC+1

DSLAST=LEXTSN- (NEXTSN-1) *DSC
The criteria here in this IF statement above was also used

for the starting node (NSTOT) of the backward calculational

procedure along the curve s.

IF (DSLAST.LE.DSC*EMELRT) THEN

NEXTSN=NEXTSN-1

DSLAST=0.

ENDIF
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262

261

270

269

281

282

DSCST=DSC/LPR
DSCLST=DSLAST/LPR
NSTOT=NELBW+NEXTSN
LTOT=LELBW+LEXTSN
LTOTST=LTOT/LPR
SCEXT=LTOT
SCENT=0.
DBETA=DSC/R0O
DBELST=DSLST1/R0
NLBF=0
NLFF=0
WRITE (*,262) NELBW
WRITE (2,262) NELBW
FORMAT (1X, 'Total number of volume elements along the elbow: NELBW=
*',15)
WRITE (*,261) NSTOT
WRITE (2,261) NSTOT
FORMAT (1X, 'Total number of volume elements along the total s-curve
*: NSTOT=',I5)
WRITE (*,270) MLPRSS
WRITE (2,270) MLPRSS
FORMAT (1X, 'Mesh size along the pipe radius for local pressure calc
*ulation at the',/,1X, 'pipe wall: MLPRSS=',6I5,/)
Clustering of the line mesh for the line integral.
CALL MCLSTR (R,ML,CLSTRT,DRCLST)

An initial calculation for the value of the friction angle TF.
UAVEI=SAV
IF (UAVEI.NE.O.) THEN
CALL TFCAL (UAVEI)
ELSE
F=0.
ENDIF

TCLMAX=TF*180/PI

TCDMAX=0.0124* (PLL/LSS) **3-0.2072* (PLL/LSS) **2+1.1001* (PLL/LSS)
*+87.951

WRITE (*,269) TCDMAX

WRITE (2,269) TCDMAX

FORMAT (1X, "Maximum calibration angle of the velocity profile in de
*grees that occurs along",/," the s-curve: TCDMAX=",6F9.5,/)

IF (TCDMAX.GT.TCLMAX) THEN

WRITE (*,281) TCLMAX

WRITE (2,281) TCLMAX

FORMAT (1X, 'The calculated maximum calibration angle TCDMAX is grea
*ter than',F9.4,/,' degree, which is the maximum allowable value.')
WRITE (*,282)

WRITE (2,282)

FORMAT (/,1X, 'Program failed to continue...')

STOP

ENDIF

SCELB=LELBW

TCMAX=TCDMAX/180*PI

The nodal point on the elbow axis, for which the maximum
presure at the convex side of the elbow occurs, is calculated
here.

NMAXP=INT ( (SCMAX/LPR-DSCST/2.) /DSCST+0.5+0.5)+1
WRITE (7,13) 'NMAXP=',K NMAXP

FORMAT (1X,A6,15,//)

WRITE(7,12) 'Time(s)', 'Peak Pressure(psi)'
FORMAT (4X,A7,12X,A18)

WRITE (8,17) 'Time(s)','Fx (N)','Fy (N)'
FORMAT (4X,A7,8X,A6,8X,A6)

WRITE (*,15) 'Output for the Pressure Distribution at each Time Ste
*P:v

FORMAT (//,1X,A55)

WRITE (2,14)

FORMAT (//,1x,'T (sec.)',3X,'VF (m/s)',3X,'LSS (m)'

*,2X,'Tank (psi)',5X, 'Rise ',63x,'Scaled Rise'/)
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21

22

FROLST=0.
XEND=SAT
XPRE=XEND

Y (1) =SAV

Y (2) =SALR
SAPRG=SAPR-PO
SAPTG=SAPT-PO

TI=DSC/Y (1)

UAVE=Y (1)

IF (UAVE.NE.O.) THEN
CALL TFCAL (UAVE)
ELSE

F=0.

ENDIF

FXST=0.

FYST=0.

Cl = (F/(2*D))

X =XEND
TOL = 0.0001
IND=1
XEND = XEND+TI

J=J+1

ALPHA=XEND

CALL LINEAR(T,PL,N2,ALPHA,S)
PB=S- (SAPTG-SAPRG)

Above substruction for tank pressure was made for the head loss
along the part of the pipeline filled with air. PB here is the
driving gage presure applied by the air at the upstream side of
the slug.

SS = PB/6891.1565

CALL DVERK(N,FCN2,X,Y,XEND, TOL,IND,C,6 NW, W)
MP(I) = RO*Y(1)**2

PSI = MP(I)/6891.1565

PPE = PSI/PRI

XOUT (J) =X

Y10UT (J)=Y (1)

Y20UT (J) =Y (2)

SSOUT (J) =SS

WRITE (*,21) 'For T=',XOUT(J), 'sec:'

FORMAT (1X,A6,F8.5,1X,A4)

WRITE (*,22) 'VF=',6Y1OUT(J),'m/s','LSS=',6Y20UT(J),'m',6 'Driving Pr.=
*',SSOUT(J), 'psi'

FORMAT (1X,A3,F9.4,1X,A3,2X,A,F6.3,1X,A1,2X,A12,F8.4,1X,A3)
WRITE (*,18) 'NODE','PRESSURE RISE (psi)', 'deltaFx (N)',
*'deltaFy (N)'

FORMAT (1X,A4,3X,A19,10X,A11,6X,Al11)

Parameters for the subroutine DVERK defined again
NW=1

N=1

SCST=0.

TOL=0.0001

IND=1

UAVE=Y1O0UT (J)
UAVEST=UAVE/UPR
Q=UAVE*PI*R**2
QST=Q/ (UPR*LPR**2)
TIST=TI/TPR

Calculating the boundary values at the exit of the vertical
extension part.
PAVE (1)=0.
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PAVEST (1) =PAVE (1) / (RO*UPR**2)
PAVMST=0.
FROLST=FROLST+UAVEST*TIST
IF (FROLST.LT.DSCST/2.) THEN
NLFF=0
ELSE IF (FROLST.GE.DSCST/2. .AND.FROLST.LE.LELBW/LPR+DSCST/2.
* AND.DBELST.LE.EMELRT*DBETA) THEN
NLFF=1+INT ( (FROLST-DSCST/2.) /DSCST)
ELSE IF (FROLST.GE.DSCST/2. .AND.FROLST.LT.LELBW/LPR-DSLST1.
*AND .DBELST.GT.EMELRT*DBETA) THEN
NLFF=1+INT (FROLST/DSCST)
ELSE IF (FROLST.GE.LELBW/LPR-DSLST1.AND.FROLST.LT.LELBW/LPR-
*DSLST1/2. .AND.DBELST.GT.EMELRT*DBETA) THEN
NLFF=1+INT ( (FROLST-DSLST1/2.) /DSCST)
ELSEIF (FROLST.GE.LELBW/LPR-DSLST1/2. AND.FROLST.LT.LELBW/
*LPR .AND. DBELST.GT.EMELRT*DBETA) THEN
NLFF=NELBW
ELSE IF (FROLST.GE.LELBW/LPR.AND.FROLST.LT.LTOT/LPR-DSCST/2.
* AND.DSCLST.LT.DSCST*EMELRT) THEN
NLFF=NELBW+INT ( (FROLST-LELBW/LPR) /DSCST)
ELSE IF (FROLST.GE.LELBW/LPR.AND.FROLST.LT.LTOT/LPR-DSCLST/2.
* _AND.DSCLST.GT.DSCST*EMELRT) THEN
NLFF=NELBW+INT ( (FROLST-LELBW/LPR) /DSCST)
ELSE IF (FROLST.GE.LTOT/LPR-DSCST/2. .AND.FROLST.LT.LTOT/LPR
* AND.DBELST.LT.EMELRT*DBETA) THEN
NLFF=NSTOT
ELSE IF (FROLST.GE.LTOT/LPR-DSCLST/2. .AND.FROLST.LT.LTOT/LPR
* AND.DBELST.GT.EMELRT*DBETA) THEN
NLFF=NSTOT
ELSE IF (FROLST.GE.LTOT/LPR) THEN
NLFF=NSTOT+1
ENDIF
DTUAST=(Y1OUT (J) /UPR-Y1OUT (J-1) /UPR) /TIST
C4=-DTUAST
Cc9=C4
Calculations for average pressure are being made by using
backward differences at point IP-1 (at coordinate SCEND on
curve s).

Calculations for deltaFx and deltaFy are being made at point

IP using control volume approach.
DO 220 IP=NLFF,NLBF+1,-1

IND=1

IF (IP.LE.NELBW) THEN

IF ((IP.LT.NELBW.OR.DBELST.LE.EMELRT*DBETA) .AND.IP.EQ.NLBF+1) THEN

SCST=(IP-1) *DSCST+DSCST/2.
SCEDST=(IP-1) *DSCST
DSCST1=DSCST/2.
DBETA1=DSCST1*LPR/RO
CALL UMSTCL (SCST)
IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)
CALL UMSTCL (SCEDST)
CALL INCRAR (SCEDST,UP2ST,MOMFL1)
C6=-LPR**3/ (RO*ACRSS) * (MOMFL2-MOMFL1) /DBETALl
C7=-LPR* (F*PWET/ (8*ACRSS) ) *UAVEST**2-UAVEST**2
BETA=DBETA* (IP-1) +DBETA/2.
C8=LPR*G/UPR**2*SIN (BETA)
SCEND MUST BE SMALLER THAN SC BECAUSE THE COMPUTATION
IS BEING MADE BACKWARDS HERE, ALONG THE 1-D MESH, WITH
SUBROUTINE DVERK.
CALL DVERK (N,PDS1ST,SCST,PAVEST,SCEDST, TOL, IND,C,NW, W)
IF (IP.LE.NSTOT.AND.IP.LT.NLFF) THEN
SCUST=(IP-1) *DSCST
SCMST=(IP-1) *DSCST+DSCST/2.
SCDST=(IP-1) *DSCST+DSCST
SCPST=(IP-1) *DSCST+DSCST+DSCST/2.
PAVUST=PAVEST (1)
CALL PINTER (PAVDST,SCDST,PAVMST, PAVPST, SCMST,SCPST)
CALL DFELBW (DFXST,DFYST)
ENDIF
ELSE IF (IP.LT.NELBW) THEN
SCST=(IP-1) *DSCST+DSCST/2.
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SCEDST=(IP-2) *DSCST+DSCST/2.

DSCST1=DSCST

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)

C6=-LPR**3/ (RO*ACRSS) * (MOMFL2-MOMFL1) /DBETALl
C7=-LPR* (F*PWET/ (8*ACRSS) ) *UAVEST**2-UAVEST**2
BETA=DBETA* (IP-1) +DBETA/2.
C8=LPR*G/UPR**2*SIN (BETA)

CALL DVERK (N,PDS1ST,SCST,PAVEST,SCEDST, TOL, IND,C,NW, W)
IF (IP.LE.NSTOT.AND.IP.LT.NLFF) THEN

SCNST=(IP-2) *DSCST+DSCST/2.

SCUST=(IP-2) *DSCST+DSCST/2.+DSCST/2.

SCMST=(IP-1) *DSCST+DSCST/2.

SCDST=(IP-1) *DSCST+DSCST/2.+DSCST/2.

SCPST=(IP-1) *DSCST+DSCST/2.+DSCST/2.+DSCST/2.

IF (IP.EQ.NELBW-1 .AND.DBELST.GT.EMELRT*DBETA) SCPST=(IP-1)*DSCST+
*DSCST/2.+DSCST/2.+DSLST1/2.

PAVNST=PAVEST (1)

CALL PINTER (PAVUST, SCUST,PAVNST, PAVMST, SCNST, SCMST)
CALL PINTER (PAVDST,SCDST,PAVMST, PAVPST, SCMST, SCPST)
CALL DFELBW (DFXST,DFYST)

ENDIF

ELSE IF (IP.EQ.NELBW.AND.DBELST.LE.EMELRT*DBETA.AND.IP.GT.1l) THEN
SCST=(IP-2) *DSCST+DSCST/2.+DSCST/2.+DSCST/2.
SCEDST=(IP-2) *DSCST+DSCST/2.

DSCST1=DSCST

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFLL1)

C6=-LPR**3/ (RO*ACRSS) * (MOMFL2-MOMFL1) /DBETALl
C7=-LPR* (F*PWET/ (8*ACRSS) ) *UAVEST**2-UAVEST**2
BETA=DBETA* (IP-2)+DBETA/2.+DBETA/2.+DBETA/2.
C8=LPR*G/UPR**2*SIN (BETA)

CALL DVERK (N,PDS1ST,SCST,PAVEST,SCEDST, TOL, IND,C,NW, W)
IF (IP.LE.NSTOT.AND.IP.LT.NLFF) THEN

SCNST=(IP-2) *DSCST+DSCST/2.

SCUST=(IP-2) *DSCST+DSCST/2.+DSCST/2.

SCMST=(IP-2) *DSCST+DSCST/2.+DSCST/2.+DSCST/2.
SCDST=(IP-1) *DSCST+DSCST/2.+DSCST/2.

SCPST=(IP-1) *DSCST+DSCST/2.+DSCST/2.+DSCST/2.
PAVNST=PAVEST (1)

CALL PINTER (PAVUST, SCUST,PAVNST, PAVMST, SCNST, SCMST)
CALL PINTER (PAVDST,SCDST,PAVMST, PAVPST, SCMST,SCPST)
CALL DFELBW (DFXST,DFYST)

ENDIF

ELSE IF (IP.EQ.NELBW.AND.DBELST.GT.EMELRT*DBETA.AND.IP.GT.1l) THEN
SCST=(IP-2) *DSCST+DSCST/2.+DSCST/2.+DSLST1/2.
SCEDST=(IP-2) *DSCST+DSCST/2.
DSCST1=DSCST/2.+DSLST1/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)

C6=-LPR**3/ (RO*ACRSS) * (MOMFL2-MOMFL1) /DBETALl
C7=-LPR* (F*PWET/ (8*ACRSS) ) *UAVEST**2-UAVEST**2
BETA=DBETA* (IP-2)+DBETA/2.+DBETA/2.+DBELST/2.
C8=LPR*G/UPR**2*SIN (BETA)

CALL DVERK (N,PDS1ST, SCST,PAVEST,SCEDST, TOL, IND,C,NW, W)
IF (IP.LE.NSTOT.AND.IP.LT.NLFF) THEN

SCNST=(IP-2) *DSCST+DSCST/2.

SCUST=(IP-2) *DSCST+DSCST/2.+DSCST/2.

SCMST=(IP-2) *DSCST+DSCST/2.+DSCST/2.+DSLST1/2.
SCDST=(IP-2) *DSCST+DSCST/2.+DSCST/2.+DSLST1
SCPST=(IP-2) *DSCST+DSCST/2.+DSCST/2.+DSLST1+DSCST/2.
PAVNST=PAVEST (1)

CALL PINTER (PAVUST, SCUST,PAVNST, PAVMST, SCNST, SCMST)
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CALL PINTER (PAVDST, SCDST, PAVMST, PAVPST, SCMST, SCPST)
CALL DFELBW (DFXST,DFYST)

ENDIF

ENDIF

ELSE IF (IP.EQ.NELBW+1l .AND.DBELST.LE.EMELRT*DBETA.AND.NLFF.NE.
*NELBW+1) THEN

Here, the average pressure value at the last node of the

of the elbow is calculated.

(Point NELBW+1l corresponds to the connection boundary of the
elbow and the vertical extension part as a special case here.)
SCST=LELBW/LPR

SCEDST=LELBW/LPR-DSCST/2.

DSCST1=DSCST/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)

C6=-LPR**3/ (RO*ACRSS) * (MOMFL2-MOMFL1) /DBETA1

C7=-LPR* (F*PWET/ (8*ACRSS) ) *UAVEST**2-UAVEST**2
BETA=DBETA* (IP-1)

C8=LPR*G/UPR**2*SIN (BETA)

PAVUST=PAVEST (1)

CALL DVERK (N,PDS1ST,SCST,PAVEST, SCEDST, TOL, IND,C,NW, W)
IF (IP.LE.NSTOT.AND.IP.LT.NLFF) THEN

SCUST=LELBW/LPR

SCMST=LELBW/LPR+DSCST/2.

SCDST=LELBW/LPR+DSCST

SCPST=LELBW/LPR+DSCST+DSCST/2.

CALL PINTER (PAVDST, SCDST, PAVMST, PAVPST, SCMST, SCPST)
CALL DFEXTN (DFXST,DFYST)

ENDIF

ELSE IF(IP.EQ.NELBW+1l .AND.DBELST.GE.EMELRT*DBETA.AND.NLFF.NE.
*NELBW+1) THEN

Here, the average pressure value at the last node of the

of the elbow is calculated.

SCST=LELBW/LPR

SCEDST=LELBW/LPR-DSLST1/2.

DSCST1=DSLST1/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)

C6=-LPR**3/ (RO*ACRSS) * (MOMFL2-MOMFL1) /DBETA1

C7=-LPR* (F*PWET/ (8*ACRSS) ) *UAVEST**2-UAVEST**2
BETA=DBETA* (IP-3)+DBETA/2.+DBETA/2.+DBELST
C8=LPR*G/UPR**2*SIN (BETA)

PAVUST=PAVEST (1)

CALL DVERK (N,PDS1ST,SCST,PAVEST,SCEDST,TOL, IND,C,NW,W)
IF (IP.LE.NSTOT.AND.IP.LT.NLFF) THEN

SCUST=LELBW/LPR

SCMST=LELBW/LPR+DSCST/2.

SCDST=LELBW/LPR+DSCST

SCPST=LELBW/LPR+DSCST+DSCST/2.

CALL PINTER (PAVDST, SCDST, PAVMST, PAVPST, SCMST, SCPST)
CALL DFEXTN (DFXST,DFYST)

ENDIF

ELSE IF (IP.EQ.NELBW+1l .AND.DBELST.LE.EMELRT*DBETA.AND.NLFF.EQ.
*NELBW+1) THEN

SCST=LELBW/LPR+DSCST/2.

SCEDST=LELBW/LPR

DSCST1=DSCST/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)

C1l0=-LPR**2/ACRSS* (MOMFL2-MOMFL1) /DSCST1
Cl1l=-F*PWET/ (8*ACRSS) *LPR*UAVEST**2

C1l2=G*LPR/UPR**2
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CALL DVERK (N,PDS2ST,SCST, PAVEST , SCEDST, TOL, IND, C,NW, W)
CONTINUE

IND=1

PAV1ST=PAVEST (1)

MOMFL2=MOMFL1

SCST=LELBW/LPR

SCEDST=LELBW/LPR-DSCST/2.

DSCST1=DSCST/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)
CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)

C6=-LPR**3/ (RO*ACRSS) * (MOMFL2-MOMFL1) /DBETA1
C7=-LPR* (F*PWET/ (8 *ACRSS) ) *UAVEST* *2 -UAVEST* *2
BETA=DBETA* (IP-1)

C8=LPR*G/UPR**2*SIN (BETA)

CALL DVERK (N,PDS1ST,SCST, PAVEST, SCEDST, TOL, IND,C,NW, W)
PBOUST=PAVEST (1)

PAVEST (1) =PAV1ST

ELSE IF(IP.EQ.NELBW+1 .AND.DBELST.GE.EMELRT*DBETA.AND.NLFF.EQ.
*NELBW+1) THEN

SCST=LELBW/LPR+DSCST/2.

SCEDST=LELBW/LPR

DSCST1=DSCST/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)
CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)
C10=-LPR**2/ACRSS* (MOMFL2-MOMFL1) /DSCST1
Cl1=-F*PWET/ (8*ACRSS) *LPR*UAVEST**2
C12=G*LPR/UPR**2

CALL DVERK (N,PDS2ST,SCST, PAVEST , SCEDST, TOL, IND, C,NW, W)
CONTINUE

IND=1

PAV1ST=PAVEST (1)

MOMFL2=MOMFL1

SCST=LELBW/LPR

SCEDST=LELBW/LPR-DSLST1/2.

DSCST1=DSLST1/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)
CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)

C6=-LPR**3/ (RO*ACRSS) * (MOMFL2-MOMFL1) /DBETA1
C7=-LPR* (F*PWET/ (8 *ACRSS) ) *UAVEST* *2-UAVEST* *2
BETA=DBETA* (IP-3) +DBETA/2.+DBETA/2 . +DBELST
C8=LPR*G/UPR**2*SIN (BETA)

CALL DVERK (N,PDS1ST,SCST, PAVEST, SCEDST, TOL, IND,C,NW, W)
PBOUST=PAVEST (1)

PAVEST (1) =PAV1ST

ELSE IF (IP.GT.NELBW.AND.IP.EQ.NELBW+2) THEN
SCST=LELBW/LPR+ (IP-NELBW-1) *DSCST+DSCST/2.
SCEDST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.
DSCST1=DSCST

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)
CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)
C10=-LPR**2/ACRSS* (MOMFL2-MOMFL1) /DSCST1
Cl1=-F*PWET/ (8*ACRSS) *LPR*UAVEST**2
C12=G*LPR/UPR**2

CALL DVERK (N,PDS2ST,SCST, PAVEST , SCEDST, TOL, IND, C,NW, W)
IF (IP.LE.NSTOT.AND.IP.LT.NLFF) THEN
SCNST=LELBW/LPR+DSCST/2.

SCUST=LELBW/LPR+DSCST
SCMST=LELBW/LPR+DSCST+DSCST/2.
SCDST=LELBW/LPR+DSCST+DSCST
SCPST=LELBW/LPR+DSCST+DSCST+DSCST/2.
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PAVNST=PAVEST (1)

CALL PINTER (PAVUST, SCUST, PAVNST, PAVMST, SCNST, SCMST)
CALL PINTER (PAVDST, SCDST, PAVMST, PAVPST, SCMST, SCPST)
CALL DFEXTN (DFXST,DFYST)

ENDIF

CONTINUE

IND=1

PAV1ST=PAVEST (1)

MOMFL2=MOMFL1

Calculating the pressure value at the connection point of the

elbow and the vertical extension part.
SCST=LELBW/LPR+DSCST/2.

SCEDST=LELBW/LPR

DSCST1=DSCST/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)

C1l0=-LPR**2/ACRSS* (MOMFL2-MOMFL1) /DSCST1
Cl1l=-F*PWET/ (8*ACRSS) *LPR*UAVEST**2

C1l2=G*LPR/UPR**2

CALL DVERK (N, PDS2ST, SCST,PAVEST, SCEDST, TOL, IND,C,NW, W)
PBOUST=PAVEST (1)

PAVEST (1) =PAV1ST

ELSE IF (IP.LT.NSTOT.AND.IP.GT.NELBW+2) THEN
SCST=LELBW/LPR+ (IP-NELBW-1) *DSCST+DSCST/2.
SCEDST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.
DSCST1=DSCST

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)

C1l0=-LPR**2/ACRSS* (MOMFL2-MOMFL1) /DSCST1
Cl1l=-F*PWET/ (8*ACRSS) *LPR*UAVEST**2

C1l2=G*LPR/UPR**2

CALL DVERK (N,PDS2ST,SCST,PAVEST,SCEDST, TOL, IND,C,NW, W)
IF (IP.LE.NSTOT.AND.IP.LT.NLFF) THEN
SCNST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.
SCUST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.+DSCST/2.
SCMST=LELBW/LPR+ (IP-NELBW-1) *DSCST+DSCST/2.
SCDST=LELBW/LPR+ (IP-NELBW-1) *DSCST+DSCST/2.+DSCST/2.
SCPST=LELBW/LPR+ (IP-NELBW-1) *DSCST+DSCST/2.+DSCST/2.+DSCST/2.
PAVNST=PAVEST (1)

CALL PINTER (PAVUST, SCUST, PAVNST, PAVMST, SCNST, SCMST)
CALL PINTER (PAVDST, SCDST, PAVMST, PAVPST, SCMST, SCPST)
CALL DFEXTN (DFXST,DFYST)

ENDIF

ELSE IF (IP.EQ.NSTOT.AND.DSCLST.LE.DSCST*EMELRT.AND.IP.GT.NELBW+1)
*THEN

SCST=LELBW/LPR+ (IP-NELBW-1) *DSCST+DSCST/2.
SCEDST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.
DSCST1=DSCST

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR (SCEDST,UP2ST,MOMFL1)

C1l0=-LPR**2/ACRSS* (MOMFL2-MOMFL1) /DSCST1
Cl1l=-F*PWET/ (8*ACRSS) *LPR*UAVEST**2
C1l2=G*LPR/UPR**2

CALL DVERK (N, PDS2ST, SCST,PAVEST, SCEDST, TOL, IND,C,NW, W)
IF (IP.LE.NSTOT.AND.IP.LT.NLFF) THEN
SCNST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.
SCUST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.+DSCST/2.
SCMST=LELBW/LPR+ (IP-NELBW-1) *DSCST+DSCST/2.
SCDST=LELBW/LPR+ (IP-NELBW-1) *DSCST+DSCST/2.+DSCST/2.
PAVNST=PAVEST (1)

CALL PINTER (PAVUST, SCUST, PAVNST, PAVMST, SCNST, SCMST)
PAVDST=0.

CALL DFEXTN (DFXST,DFYST)
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ELSE IF (IP.EQ.NSTOT.AND.DSCLST.GT.DSCST*EMELRT.AND.IP.GT.NELBW+1)
*THEN

SCST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.+DSCST/2.+DSCLST/2.
SCEDST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.
DSCST1=DSCST/2.+DSCLST/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR(SCEDST,UP2ST,MOMFL1)

C10=-LPR**2/ACRSS* (MOMFL2-MOMFL1) /DSCST1
Cl1=-F*PWET/ (8 *ACRSS) *LPR*UAVEST**2

C12=G*LPR/UPR**2

CALL DVERK (N,PDS2ST, SCST,PAVEST, SCEDST, TOL, IND,C,NW, W)
IF (IP.LE.NSTOT.AND.IP.LT.NLFF) THEN

SCNST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.
SCUST=LELBW/LPR+ (IP-NELBW-2) *DSCST+DSCST/2.+DSCST/2.
SCMST=LELBW/LPR+ (IP-NELBW-1) *DSCST+DSCLST/2.
SCDST=LELBW/LPR+ (IP-NELBW-1) *DSCST+DSCLST/2.+DSCLST/2.
PAVNST=PAVEST (1)

CALL PINTER (PAVUST, SCUST, PAVNST, PAVMST, SCNST, SCMST)
PAVDST=0.

CALL DFEXTN (DFXST,DFYST)

ENDIF

ELSE IF (IP.EQ.NSTOT+1 .AND.DSCLST.LE.DSCST*EMELRT.AND.IP.GT.
*NELBW+1) THEN

SCST=LTOT/LPR

SCEDST=LTOT/LPR-DSCST/2.

DSCST1=DSCST/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR(SCEDST,UP2ST,MOMFL1)

C10=-LPR**2/ACRSS* (MOMFL2-MOMFL1) /DSCST1
Cl1=-F*PWET/ (8 *ACRSS) *LPR*UAVEST**2

C12=G*LPR/UPR**2

CALL DVERK (N,PDS2ST, SCST,PAVEST, SCEDST, TOL, IND,C,NW, W)
ELSE IF (IP.EQ.NSTOT+1 .AND.DSCLST.GT.DSCST*EMELRT.AND.IP.GT.
*NELBW+1) THEN

SCST=LTOT/LPR

SCEDST=LTOT/LPR-DSCLST/2.

DSCST1=DSCST/2.

DBETA1=DSCST1*LPR/RO

CALL UMSTCL (SCST)

IF (IP.EQ.NLFF) CALL INCRAR (SCST,UP2ST,MOMFL2)

CALL UMSTCL (SCEDST)

CALL INCRAR(SCEDST,UP2ST,MOMFL1)

C10=-LPR**2/ACRSS* (MOMFL2-MOMFL1) /DSCST1
Cl1=-F*PWET/ (8 *ACRSS) *LPR*UAVEST**2

C12=G*LPR/UPR**2

CALL DVERK (N,PDS2ST, SCST,PAVEST, SCEDST, TOL, IND,C,NW, W)
ENDIF

MOMFL2=MOMFL1

IF (IP.EQ.1) PAVE (1)=PAVEST (1) *RO*UPR**2

IF (IP.LE.NELBW+1.AND.IP.GE.1l) THEN

IF (IP.GT.1l) THEN

DSCST1=DSCST

DBETA1=DSCST1*LPR/RO

SCST values are recalculated here because above application of

the subroutine DVERK changes the value of this variable.
SCST=DSCST/2.+DSCST* (IP-1)

CALL UMSTCL (SCST-DSCST1)

UM2ST=UMST

RM2ST=RMST

TC2=TC

CALL UMSTCL (SCST)

UM1ST=UMST

RM1ST=RMST
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40

44

43

41

TC1=TC

IF (IP.EQ.NELBW.AND.IP.GE.2 .AND.DBELST.GE.EMELRT*DBETA) THEN

DSCST1=DSLST1/2.+4+DSCST/2.
DBETA1=DSCST1*LPR/RO
SCST=DSCST/2.+DSCST* (IP-2) +DSCST/2.+DSLST1/2.
CALL UMSTCL (SCST-DSCST1)

UM2ST=UMST

RM2ST=RMST

TC2=TC

CALL UMSTCL (SCST)

UM1ST=UMST

RM1ST=RMST

TC1l=TC

ENDIF

PAVE (1) =PAVEST (1) *RO*UPR**2
PCVXST (1) =PAVEST (1)

MLD=MLPRSS-1

DRDIST=(R/LPR) /MLD

DO 40 IPD=1,MLD

RDIST=RO/LPR+DRDIST* (IPD-1)
RDEDST=RDIST+DRDIST

SCSTCP=SCEDST

IND=1

CALL DVERK (N,PCTFST,RDIST,PCVXST,RDEDST, TOL, IND,C,NW, W)
CONTINUE

PCNVX (1) =PCVXST (1) *RO*UPR* *2

PDOUT (J,IP-1)=PCNVX (1)

ENDIF

IF (IP.LT.NLFF.AND.IP.NE.NSTOT+1l) THEN
DFXOUT (J, IP) =DFXST*RO*UPR* *2*LPR**2

DFYOUT (J, IP) =DFYST*RO*UPR**2*LPR**2
FXST=FXST+DFXST

FYST=FYST+DFYST

ENDIF

IF (IP.NE.NELBW+1l) THEN

IF (IP.EQ.NMAXP-1 .OR.IP. EQ.NMAXP-2) THEN
WRITE (*,249) IP,PDOUT(J,IP)/6891.1565, 'cnvx. (ind.)',
*DFXOUT (J,IP) ,DFYOUT (J,IP)

GOTO 44

ENDIF

WRITE (*,250) IP,PDOUT(J,IP)/6891.1565, 'cnvx."',
*DFXOUT (J,IP) ,DFYOUT (J,IP)

ELSE IF (IP.EQ.NELBW+1l) THEN

IF (IP.EQ.NMAXP-1 .OR.IP. EQ.NMAXP-2) THEN
WRITE (*,249) IP,PDOUT(J,IP)/6891.1565, 'cnvx. (ind.)',
*DFXOUT (J,IP) ,DFYOUT (J,IP)

GOTO 44

ENDIF

WRITE (*,251) IP,PDOUT(J,IP)/6891.1565, " 'avg.",
*DFXOUT (J,IP) ,DFYOUT (J,IP)

ENDIF

CONTINUE

IF (IP.EQ.1l) THEN

FX=FXST*RO*UPR**2*LPR**2
FY=FYST*RO*UPR**2*LPR**2

WRITE (*,43) FX,FY

FORMAT (32X, 'FX=',F9.2,1X,'N' ,3X,'FY=',F9.2,1X,'N")
FXOUT (J) =FX

FYOUT (J)=FY

ENDIF

IF (IP-1 .EQ.NMAXP.AND.IP+1l .LT.NLFF) THEN
SNMST=SCEDST

PNMST=PDOUT (J,IP-1) / (RO*UPR**2)
PNM1ST=PDOUT (J, IP) / (RO*UPR**2)
PNM2ST=PDOUT (J, IP+1) / (RO*UPR**2)

CALL PEAKCL (SNMST,DSCST,PNMST, PNM1ST, PNM2ST, SCMAX , PPEAST)

PPEAK=PPEAST*RO*UPR**2

WRITE (7,41) X,PPEAK/6891.1565

FORMAT (1X,F10.5,5X,F12.2)

ENDIF

ELSE IF (IP.GT.NELBW.AND.IP.GE.2) THEN
IF (IP.LT.NLFF.AND.IP.NE.NSTOT+1) THEN
DFXOUT (J, IP) =DFXST*RO*UPR* *2*LPR**2
DFYOUT (J, IP) =DFYST*RO*UPR* *2*LPR**2
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FXST=FXST+DFXST

FYST=FYST+DFYST

ENDIF

PAVE (1) =PAVEST (1) *RO*UPR**2

PDOUT (J,IP-1)=PAVE (1)

IF (IP.LT.NSTOT+1) THEN

WRITE (*,251) IP,PDOUT(J,IP)/6891.1565, 'avg.",

*DFXOUT (J,IP) ,DFYOUT (J,IP)

ENDIF

IF (IP-1 .EQ.NMAXP) WRITE(7,42) X,PDOUT(J,IP-1)/6891.1565

42 FORMAT (1X,F10.5,5X,F12.2)

ENDIF
249 FORMAT (1X,I5,3X,F8.2,1X,A12,2X,F12.2,5X,F12.2)
250 FORMAT (1X,I5,3X,F8.2,1X,A5,9X,F12.2,5X,F12.2)
251 FORMAT (1X,I5,3X,F8.2,1X,A4,10X,F12.2,5X,F12.2)

PAVPST=PAVMST

PAVMST=PAVEST (1)

IF (IP.EQ.NELBW+2 .OR. (IP.EQ.NELBW+1l .AND.NLFF.EQ.NELBW+1))

*PAVEST (1) =PBOUST
220 CONTINUE

QPTSST=QST

WRITE (*,*) " "

c _________________________________
c ____________
ITSTP=J
IF (ITSTP.EQ.1) THEN
WRITE (2,296) 'Output for the Pressure Distribution at each Time St
*ep:'
296 FORMAT (1X,A55)
ENDIF

WRITE (2,291) 'For T=',XOUT (ITSTP), 'sec:'
291 FORMAT (1X,A6,F8.5,1X,A4)
WRITE (2,292) 'VF=',6Y1OUT (ITSTP),'m/s','LSS=',6Y20UT (ITSTP),'m',
*'Driving Pr.=',6SSOUT (ITSTP), 'psi’'
292 FORMAT (1X,A3,F9.4,1X,A3,2X,A4,F6.3,1X,A1,2X,A12,F8.4,1X,A3)
WRITE (2,294) 'NODE','PRESSURE RISE (psi)', 'deltaFx (N)',
*'deltaFy (N)'
294 FORMAT (1X,A4,3X,A19,10X,A11,6X,A11)
DO 300 INPTS=NLBF,NSTOT
IF (INPTS.LE.NELBW) THEN
IF (INPTS .EQ.NMAXP-1 .OR.INPTS. EQ.NMAXP-2. AND.INPTS.NE.O) THEN
WRITE (2,249) INPTS,PDOUT (ITSTP,INPTS)/6891.1565, 'cnvx. (ind.)',
*DFXOUT (ITSTP, INPTS) ,DFYOUT (ITSTP, INPTS)
GOTO 308
ENDIF
IF (INPTS.NE.O) WRITE(2,250) INPTS,PDOUT (ITSTP,INPTS)/6891.1565, 'c
*nvx.',DFXOUT (ITSTP, INPTS) ,DFYOUT (ITSTP, INPTS)
308 CONTINUE
ELSE IF (INPTS.GT.NELBW) THEN
WRITE (2,251) INPTS,PDOUT (ITSTP,INPTS)/6891.1565, 'avg."',
*DFXOUT (ITSTP, INPTS) ,DFYOUT (ITSTP, INPTS)
ENDIF
IF (INPTS.EQ.NSTOT) THEN
WRITE (2,299) FXOUT (ITSTP) ,FYOUT (ITSTP)
299  FORMAT (32X, 'FX=',6F9.2,1X,'N',3X,'FY=',6F9.2,1X,'N")
WRITE (8,306) XOUT (ITSTP) ,FXOUT (ITSTP) ,FYOUT (ITSTP)
306 FORMAT (1X,F10.5,5X,F9.2,5X,F9.2)

ENDIF
300 CONTINUE
WRITE (2,%) ' '
307 CONTINUE
c ________________________________
(o] Here a ratio Rs, expressing the stability of the slug, is used
(o] in the criteria to stop the simulation.
Y1ST=Y (1) /UPR
Y2ST=Y (2) /LPR
PBST=PB/ (RO*UPR**2)
RS=ABS ( (-F*Y2ST*LPR*ACRSS*Y1ST**2/ (2*D) +
*PBST*ACRSS-PAVEST (1) *ACRSS) / (PBST*ACRSS) )
c ________________________________
IF (RS.LT.0.15 .AND.NLFF.GT.NELBW) THEN
WRITE (*,303)
WRITE (2,303)
303 FORMAT (//,1X," Now the driving and the retarding forces ac
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*ting on the slug",/,1X," has become very close to each other and s
*imulation stopped",/,1X," to leave calculations with unstable osci
*1llations!",/)

GO TO 19

ELSE IF (Y(2).LE.0.05) THEN

WRITE (*,11)

WRITE (2,11)

11 FORMAT (1X,' THE SLUG HAS EXITED HORIZONTAL PIPE!'//)
GO TO 19
ENDIF

16 CONTINUE

Commmmmme

C-———-

C-———-

19 CONTINUE

WRITE (*,310)
310 FORMAT (/,1X,' Hope this was a pleasant simulation for you!')
WRITE (2,305)
305 FORMAT (/,1X,' This is the end of output data file.')
CLOSE (UNIT=2)
CLOSE (UNIT=7)
CLOSE (UNIT=8)

STOP

END
c _________________________________________________________________________

SUBROUTINE FCN2 (N,X,Y,YPRIME)

INTEGER N

REAL*8 Y (N) ,YPRIME (N),X,C1l,C2,C3,PB,RO,PAVE (1) ,MU

COMMON/ COEFFS/ C1, c2, C3

COMMON/ CONST/PB,RO, PAVE,MU

YPRIME (1) = -Cl*Y(1l)**2 + PB/(RO*Y(2))-PAVE (1) /(RO*Y(2))

YPRIME (2) = -Y(1)

RETURN

END
c _________________________________________________________________________
Cmmmmmmmmmmm oo SUBROUTINE LINEAR-—————— ===
c _________________________________________________________________________

C GIVEN ARRAYS T AND PL, EACH LENGTH N, AND GIVEN A VALUE T, THIS
C ROUTINE RETURNS A VALUE PL, BY LINEAR INTERPOLATION.

N: AN INTEGER FOR THE DIMENSION OF ARRAYS;

T(I): N-DIMENSIONAL INDEPENDENT VARIABLE ARRAY;
PL(I): N-DIMENSIONAL DEPENDENT VARIABLE ARRAY;
ALPHA: A T VALUE AT WHICH VALUE OF PL IS DESIRED.

SUBROUTINE LINEAR(T,PL,N,ALPHA,S)
IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION T(10010),PL(10010)

REAL*8 H,ALPHA,S

CALL LOCATE (T,N,ALPHA,J)

H=T (J+1) -T (J)

S=PL (J) + (ALPHA-T (J) ) * (PL (J+1) -PL(J) ) /H
WRITE (3,1)J,ALPHA,S

WRITE (*,1)J,ALPHA,S

FORMAT (2X, ' INTEGER=',I4,5X, 'ALPHA=',2X,F9.7,3X, 'PRES. IS =',6F10.0)
RETURN

END

[eNeoNoNeoNoNeNoNe]

QO

Q

SUBROUTINE LOCATE (T,N,ALPHA,J)
Given an array T of length N, and given a value ALPHA, returns a value J
such that ALPHA is between T(J) and T(J+1l). T must be monotonic, either
increasing or decreasing. J=0 or J=N is returned to indicate that ALPHA
is out of range.

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION T (10010)

REAL*8 ALPHA

[eloNeNe]

JL=0 'Initialize lower
JU=N+1 'and upper limits
10 IF((JU-JL) .GT.1) THEN 'if we are not yet done,
JM= (JU+JL) /2 'compute a midpoint,

IF((T(N).GT.T(1)) .EQV. (ALPHA.GT.T (JM) ) ) THEN

242



JL =JM 'and replace either the lower limit
ELSE
Ju = JM 'or the upper limit, as appropriate.
ENDIF
GO TO 10 'Repeat until
ENDIF 'the test condition 10 is satisfied
J=JL 'Then set the output
RETURN 'and return.

END

SUBROUTINE BISECT (X,XL,XU,NB, IER,F)
(o] This subroutine is given in Antia,2002. Numerical Methods for
(o] Scientists and Engineers. Birkhauser, Verlag.

IMPLICIT REAL*8 (A-H,0-2Z)

IF(NB.LE.O) THEN
IER=401
RETURN

ENDIF

FL=F (XL)
FU=F (XU)
IER=-1
Cc If the function value is zero at either point then quit
IF(FL.EQ.0.0) THEN
X=XL
RETURN
ELSE IF(FU.EQ.0.0) THEN
X=XU
RETURN
ENDIF

IF(FL.GT.0.0.EQV.FU.GT.0.0) THEN

Cc If the function has the same sign at both end points then quit
IER=421
RETURN
ENDIF
(o] Loop for bisection

DO 1000 K=1,NB
X= (XL+XU) /2.
FX=F (X)

(o] If function is zero then quit
IF(FX.EQ.0.0) RETURN
IF(FX.GT.0.0.EQV.FU.GT.0.0) THEN

XU=X
FU=FX
ELSE
XL=X
FL=FX
ENDIF
1000 CONTINUE

(o] linear interpolation between XL and XU
X= (XL*FU-XU*FL) / (FU-FL)
IER=0
END

SUBROUTINE FCAL (UAVE1l,RO1,MUl,EPSLN1,D1,F1)
IMPLICIT REAL*8 (A-H,0-2)

REAL*8 UAVE1l,RO1,MUl,EPSLN1,D1,RE1l,F1
RE1=RO1*UAVE1*D1/MU1

F1=1.325/ (LOG (EPSLN1/ (3.7*D1)+5.74/RE1**(0 . 9)) **2
RETURN

END

SUBROUTINE TFCAL (UAVE)
IMPLICIT REAL*8 (A-H,0-2)
REAL*8 EPSLN,D

REAL*8 PB,RO,PAVEST,MU
REAL*8 R,TC,TF,QST,PI

REAL*8 UAVE,F,RE

REAL*8 YW,TAU,TAUO,LMX, FRSLP

243



[eNeoNe]

[eNeNe]

COMMON /PRMTS1/ R,TC,TF,QST,PI
COMMON /PRMTS14/ EPSLN,D,F
COMMON/ CONST/PB,RO, PAVEST,MU
RE=RO*UAVE *D /MU
F=1.325/ (LOG (EPSLN/ (3.7*D)+5.74/RE**(0.9) ) **2
TAUO=1/8.*F*RO*UAVE**2
The ratio of 1/250. below was selected such that the distance
YW=R* (1/250.) is very close to the pipe wall.
YW=R/250.
TAU=TAUO* (1.-YW/R)
LMX=0.4*YW
FRSLP=1./LMX* (TAU/RO) ** .5
TF=ATAN (FRSLP)
RETURN
END

SUBROUTINE UMSTCL (SCST)

IMPLICIT REAL*8 (A-H,0-2)

REAL*8 R,TC,TF,QST,PI,RMST,UMST,LPR,UPR,TPR, SCST

COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR

COMMON /TERMS4/ DRDIST,MLD

CALL TCCAL (SCST)

UMST=-1/UPR* (- ( ( (3*QST*UPR*LPR**2/PI) -R**3*TAN (TF) ) *TAN (TF) **2% (
*TAN (TC) ~TAN (TF) ) **2/ (TAN (TC) +TAN (TF) ) **2) ) ** (1. /3) +R/UPR*TAN (TF)
RMST=R/LPR-UMST/ (TPR*TAN (TF) )

RETURN

END

FUNCTION UST (KSIST,SCST,ETA)

This subprogram calculates UST at a cross-section of the elbow
or the extension part, where angle BETA or location on the
S-curve, S, is constant.

IMPLICIT REAL*8 (A-H,0-Z)

REAL*8 R,TC,TF,QST,PI,RMST,UMST,LPR,UPR,TPR,KSIST,SCST,ETA
REAL*8 Y1ST,H1ST,Y2ST,H2ST

COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR

CALL TCCAL (SCST)

Y1ST=1./LPR* (UMST*UPR-R*TAN (TF) ) * (TAN (TC) +TAN (TF) ) / (TAN (TF) * (TAN
* (TC) -TAN (TF) ) )

H1ST= (UMST*UPR-R*TAN (TF) ) / (TAN (TC) -TAN (TF) ) *2*TAN (TC) /LPR
Y2ST= (2*R*TAN (TC) *TAN (TF) ~-UMST*UPR* (TAN (TC) +TAN (TF) ) ) / (TAN (TF) * (
*TAN (TC) -TAN (TF) ) *LPR)

H2ST=Y2ST*TAN (TF)

IF (KSIST.LT.Y1ST) THEN

UST=TPR/ (Y1ST**2-RMST**2) * (YIST**2*H1ST+Y1ST**2*H2ST-
*RMST**2*H2ST-RMST*H1ST*KSIST*SIN (ETA) -
* (=2 .*Y1ST**2*H1ST**2*RMST*KSIST*SIN (ETA) +
*RMST**2*Y]1ST**2*H1ST**2-
* (RMST**2*H1ST**2-Y1ST**2*H1ST**2) *COS (ETA) **2*KSIST**2+
*Y1ST**2*H1ST**2*SIN (ETA) **2*KSIST**2) ** 5)

ELSE IF (KSIST.GE.Y1ST) THEN

UST=LPR/UPR* (R/LPR-KSIST) *TAN (TF)

ENDIF

END

FUNCTION UP2ST (KSIST,SCST,ETA)

This subprogram calculates U**2 at a cross-section of the elbow
or the extension part, where angle BETA or location on the
S-curve, S, is constant.

IMPLICIT REAL*8 (A-H,0-Z)

REAL*8 R,TC,TF,QST,PI,RMST,UMST,LPR,UPR,TPR,KSIST, SCST,ETA
REAL*8 Y1ST,H1ST,Y2ST,H2ST

COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR

CALL TCCAL (SCST)

Y1ST=1./LPR* (UMST*UPR-R*TAN (TF) ) * (TAN (TC) +TAN (TF) ) / (TAN (TF) * (TAN
* (TC) -TAN (TF) ) )

H1ST= (UMST*UPR-R*TAN (TF) ) / (TAN (TC) -TAN (TF) ) *2*TAN (TC) /LPR

Y2ST= (2*R*TAN (TC) *TAN (TF) ~-UMST*UPR* (TAN (TC) +TAN (TF) ) ) / (TAN (TF) * (
*TAN (TC) -TAN (TF) ) *LPR)

H2ST=Y2ST*TAN (TF)

IF (KSIST.LT.Y1ST) THEN
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UST=TPR/ (Y1ST**2-RMST**2) * (Y1ST**2*H1ST+Y1ST**2*H2ST-
*RMST**2*H2ST-RMST*H1ST*KSIST*SIN (ETA) -

* (-2, *Y1ST**2*H1ST**2*RMST*KSIST*SIN (ETA) +
*XRMST**2*Y1ST**2*xH1ST**2—

* (RMST**2*H1ST**2-Y1ST**2*H1ST**2) *COS (ETA) **2*KSIST**2+
*Y1ST**2*H1ST**2*SIN (ETA) **2*KSIST**2) x* 5)

ELSE IF (KSIST.GE.Y1ST) THEN

UST=LPR/UPR* (R/LPR-KSIST) *TAN (TF)

ENDIF

UP2ST=UST**2

END

SUBROUTINE TCCAL (SCST)

IMPLICIT REAL*8 (A-H,0-2)

REAL*8 R,TC,TF,QST,PI

REAL*8 RMST,UMST,LPR,UPR,TPR

REAL*8 TCMAX, SCMAX,SCELB

COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR
COMMON /PRMTS7/ TCMAX,SCMAX,SCELB

COMMON /PRMTS14/ EPSLN,D,F

IF (SCST.LT.SCMAX/LPR) THEN
TC=TCMAX+TCMAX/ (SCMAX+75*D) * (SCST*LPR-SCMAX)
ELSE IF (SCST.GE.SCMAX/LPR) THEN
TC=TCMAX-TCMAX/ (SCELB+75*D~-SCMAX) * (SCST*LPR-SCMAX)
ENDIF

RETURN

END

SUBROUTINE INCRAR (SCST,FNCTN, INTEG)
IMPLICIT REAL*8 (A-H,0-2Z)

INTEGER MR,MC,ML, ICRAR,JCRAR
REAL*8 R,TC,TF,QST,PI,RMST,UMST,LPR,UPR,TPR,DKSIST,DETA
REAL*8 RO,DBETA,DSCST

REAL*8 KSIST,SCST,ETA,KSISTM, ETAN,INTEG,INTEGL, INTEG2
REAL*8 W1,W2,W3,SPRC,TPRC

REAL*8 G1PR,G2PR,G3PR,G4PR,G5PR,G6PR,G7PR,G8PR,G9PR
COMMON /PRMTS1/ R,TC,TF,QST,PI
COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR
COMMON /PRMTS3/ DKSIST,DETA

COMMON /PRMTS4/ RO,DBETA,DSCST
COMMON /PRMTS5/ MR,MC,ML

INTEG1=0.

INTEG2=0.

W1l=25./81

W2=40./81

W3=64./81

SPRC=(3./5)**.5

TPRC=(3./5)**.5

DO 10 ICRAR=2,MR
KSISTM=DKSIST/2+DKSIST* (ICRAR-1)

DO 10 JCRAR=1,MC

ETAN=DETA/2+DETA* (JCRAR-1)
KSIST=KSISTM+DKSIST/2*SPRC
ETA=ETAN+DETA/2*TPRC
G1PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM

ETA=ETAN+DETA/2*TPRC
G2PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM-DKSIST/2*SPRC
ETA=ETAN+DETA/2*TPRC
G3PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM+DKSIST/2*SPRC
ETA=ETAN
G4PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM

ETA=ETAN
G5PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM-DKSIST/2*SPRC
ETA=ETAN
G6PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM+DKSIST/2*SPRC
ETA=ETAN-DETA/2*TPRC
G7PR=FNCTN (KSIST, SCST,ETA) *KSIST
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KSIST=KSISTM
ETA=ETAN-DETA/2*TPRC
G8PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM-DKSIST/2*SPRC
ETA=ETAN-DETA/2*TPRC
G9PR=FNCTN (KSIST, SCST,ETA) *KSIST
INTEG1=INTEG1+ (DKSIST*DETA/4) * (Wl* (G1PR+G3PR+G7PR+G9PR) +W2* (G2PR+
*G4PR+G6PR+G8PR) +W3*G5PR)

10 CONTINUE

(o] For the central point of the circular domain

KSISTM=DKSIST/2
DO 20 JCRAR=1,MC
ETAN=DETA/2+DETA* (JCRAR-1)
KSIST=KSISTM+DKSIST/2*SPRC
ETA=ETAN+DETA/2*TPRC
G1PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM
ETA=ETAN+DETA/2*TPRC
G2PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM-DKSIST/2*SPRC
ETA=ETAN+DETA/2*TPRC
G3PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM+DKSIST/2*SPRC
ETA=ETAN
G4PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM
ETA=ETAN
G5PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM-DKSIST/2*SPRC
ETA=ETAN
G6PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM+DKSIST/2*SPRC
ETA=ETAN-DETA/2*TPRC
G7PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM
ETA=ETAN-DETA/2*TPRC
G8PR=FNCTN (KSIST, SCST,ETA) *KSIST
KSIST=KSISTM-DKSIST/2*SPRC
ETA=ETAN-DETA/2*TPRC
G9PR=FNCTN (KSIST, SCST,ETA) *KSIST
INTEG2=INTEG2+ (DKSIST*DETA/4) * (Wl* (G1PR+G3PR+G7PR+G9PR) +W2* (G2PR+
*G4PR+G6PR+G8PR) +W3*G5PR)

20 CONTINUE
INTEG=INTEG1+INTEG2
END

FUNCTION DBUST (KSIST,SCST,ETA)
IMPLICIT REAL*8 (A-H,0-2Z)

REAL*8 R,TC,TF,QST,PI,RMST,UMST,LPR,UPR,TPR,R0,DBETA,DSCST
REAL*8 KSIST,SCST,ETA

REAL*8 DSCST1,DBETAL

REAL*8 UM1ST,UM2ST,RM1ST,RM2ST,TC1l,TC2
COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR
COMMON /PRMTS4/ RO,DBETA,DSCST

COMMON /PRMTS16/ DSCST1,DBETAl

COMMON /PRMTS17/ UM1ST,UM2ST,RM1ST,RM2ST,TC1l,TC2
UMST=UM1ST

RMST=RM1ST

TC=TC1l

UST1=UST (KSIST,SCST+DSCST1,ETA)
UMST=UM2ST

RMST=RM2ST

TC=TC2

UST2=UST (KSIST,SCST,ETA)
DBUST=(UST1-UST2) /DBETAL

RETURN

END

SUBROUTINE INTLIN(KSIST,SCST,ETA,FNCTNL, INTEGL)
(o] This subprogram takes an integral along a straight line between
(o] given boundaries by using 3-point Gauss Quadrature.

IMPLICIT REAL*8 (A-H,0-2Z)

INTEGER MR,MC,ML,MLNEW, IML
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REAL*8 R,TC,TF,QST,PI,RMST,UMST,LPR,UPR,TPR,DKSIST,DETA
REAL*8 RO,DBETA,DSCST,EMELRT,DRST,RST
REAL*8 H1PRST,H2PRST,H3PRST

REAL*8 W1l,W2,APRC,RSTR,ZST,RSTL

REAL*8 KSIST,ETA,INTEGL

REAL*8 DRCLST (2000)

REAL*8 SPLGST,DRSTP

COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR
COMMON /PRMTS3/ DKSIST,DETA

COMMON /PRMTS4/ RO,DBETA,DSCST

COMMON /PRMTS5/ MR,MC,ML

COMMON /PRMTS6/ EMELRT

COMMON /PRMTS15/ DRCLST

INTEGL=0.

W1l=5./9

W2=8./9

APRC=(3./5)**.5
RSTR=R0O/LPR+KSIST*SIN (ETA)
ZST=-KSIST*COS (ETA)
RSTL=RO/LPR- (R**2 /LPR**2-ZST**2) ** 5
SPLGST=0.

IML=0

SPLGST=SPLGST+DRCLST (IML+1)

IF (SPLGST.LE.RSTR-RSTL) THEN

IML=IML+1

GOTO 30

ENDIF

MLNEW=IML

SPLGST=SPLGST-DRCLST (MLNEW+1)

DO 10 ILINT=1,MLNEW

IF (ILINT.EQ.1l) THEN

RST=RSTL+DRCLST (ILINT) /2

DRST=DRCLST (ILINT)

ELSE
RST=RST+DRCLST (ILINT-1) /2+DRCLST (ILINT) /2
DRST=DRCLST (ILINT)

ENDIF

KSIST=(ZST**2+ (RST-DRST/2*APRC-RO/LPR) **2) ** 5
CALL ETAC (ZST,RST-DRST/2*APRC,ETA)
H1PRST=FNCTNL (KSIST, SCST,ETA)
KSIST=(ZST**2+ (RST-RO/LPR) *¥*2) ** 5

CALL ETAC (ZST,RST,ETA)
H2PRST=FNCTNL (KSIST, SCST,ETA)
KSIST=(ZST**2+ (RST+DRST/2*APRC-RO/LPR) **2) ** 5
CALL ETAC (ZST,RST+DRST/2*APRC,ETA)
H3PRST=FNCTNL (KSIST, SCST,ETA)
INTEGL=INTEGL+ (DRST/2) * (W1*H1PRST+W2*H2PRST+W1*H3PRST)
IF (((RSTR-RSTL)-SPLGST)/DRST.GT.EMELRT .AND.ILINT.EQ.MLNEW)
*THEN

DRSTP=DRST

DRST= (RSTR-RSTL) -SPLGST
RST=RST+DRSTP/2+DRST/2

MLNEW=MLNEW+1

GOTO 20

ENDIF

CONTINUE

RETURN

END

SUBROUTINE MCLSTR (R,ML,CLSTRT,DRCLST)

IMPLICIT REAL*8 (A-H,0-2)

REAL*8 R,CLSTRT,DRCL(2000) ,DRCLST (2000)

INTEGER N4,ML

REAL*8 RMST,UMST,LPR,UPR, TPR

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR

DO 10 I=1,ML+2

DRCL (I)=2*R* (CLSTRT-1) / (CLSTRT**ML-1) *CLSTRT** (I-1)
DRCLST (I)=DRCL(I) /LPR
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RETURN
END

SUBROUTINE PDS1ST(N,SCST,Y,YPRIME)
IMPLICIT REAL*8 (A-H,0-2)

REAL*8 Y (N) ,YPRIME (N) ,SCST,C4,C6,C7,C8
INTEGER N

COMMON/ TERMS2/ C4,C6,C7,C8
YPRIME (1) =C4+C6+C7+C8

RETURN

END

SUBROUTINE PDS2ST (N,SCST,Y,YPRIME)
IMPLICIT REAL*8 (A-H,0-2)

REAL*8 Y (N),YPRIME (N),SCST,C9,C10,C11,C12
INTEGER N

COMMON/ TERMS3/ C9,C10,C11,C12

YPRIME (1) =C9+C10+C11+C12

RETURN

END

SUBROUTINE PCTFST (N,RDIST,Y,YPRIME)
IMPLICIT REAL*8 (A-H,0-2)

REAL*8 Y (N) ,YPRIME (N) ,SCEDST,C13,C14,C15,C17,C18,C19,C20,C21
REAL*8 YPR1l,YPR2,YPR3,YPR4,YPR5,YPR6,YPR7,YPR8,YPR9,YPR10
REAL*8 KSIST,KSISTM,ETA,RDIST,RDISTM,SCSTL,ETAN, ZST,6 ZSTK,DZST
REAL*8 RMST,UMST,LPR,UPR,TPR,RO,MU,SCMAX,AS,BS,HS,BETA
REAL*8 R,TC,TF,QST,PI

REAL*8 Q1ST,QPTSST

REAL*8 PAVE (1)

REAL*8 EPSTST,El1l1,El12,E21,E22,E31,E32
REAL*8 UM1ST,UM2ST,RM1ST,RM2ST,TC1l,TC2
INTEGER N,NUM

EXTERNAL DBUST,ust

COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR
COMMON /PRMTS4/ RO,DBETA,DSCST

COMMON /PRMTS7/ TCMAX,SCMAX,SCELB
COMMON /PRMTS13/ QPTSST,TIST

COMMON /PRMTS16/ DSCST1,DBETAl

COMMON /PRMTS17/ UM1ST,UM2ST,RM1ST,RM2ST,TC1l,TC2
COMMON /PRMTS21/ SCEDST

COMMON /TERMS4/ DRDIST,MLD

COMMON/ CONST/PB,RO, PAVE,MU

COMMON /TERMS6/ BETA,G

COMMON /W/ C15

COMMON /DBDVR/ IP,IPD

DZST=DRDIST

ZST=0.

ZSTK=ZST

RDISTM=RDIST

KSISTM= (ZSTK**2+ (RDISTM-RO/LPR) **2) ** 5
CALL ETAC (ZSTK,RDISTM, ETAN)

SCSTL=SCEDST

CALL UMSTCL (SCSTL)

UM2ST=UMST

RM2ST=RMST

TC2=TC

CALL UMSTCL (SCSTL+DSCST1)

UM1ST=UMST

RM1ST=RMST

TC1l=TC

CALL INTLIN (KSISTM,SCSTL,ETAN,DBUST,C13)
Q1ST=QST

QST=QPTSST

KSISTM= (ZSTK**2+ (RDISTM-RO/LPR) **2) ** 5
CALL ETAC (ZSTK,RDISTM, ETAN)

SCSTL=SCEDST

CALL UMSTCL (SCSTL)

UM2ST=UMST

RM2ST=RMST

TC2=TC

CALL UMSTCL (SCSTL+DSCST1)

UM1ST=UMST
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RM1ST=RMST

TC1=TC

CALL INTLIN(KSISTM,SCSTL,ETAN,DBUST,C14)
QST=Q1ST

ZSTK=ZST

RDISTM=RDIST+DRDIST

KSISTM= (ZSTK**2+ (RDISTM-RO/LPR) **2) ** 5
CALL ETAC(ZSTK,RDISTM,6ETAN)
SCSTL=SCEDST

CALL UMSTCL (SCSTL)

UM2ST=UMST

RM2ST=RMST

TC2=TC

CALL UMSTCL (SCSTL+DSCST1)

UM1ST=UMST

RM1ST=RMST

TC1=TC

CALL INTLIN(KSISTM,SCSTL,ETAN,DBUST,C15)
ZSTK=ZST

RDISTM=RDIST

KSISTM= (ZSTK**2+ (RDISTM-RO/LPR) **2) ** 5
CALL ETAC(ZSTK,RDISTM,ETAN)
SCSTL=SCEDST+DSCST1

CALL UMSTCL (SCSTL)

UM2ST=UMST

RM2ST=RMST

TC2=TC

CALL UMSTCL (SCSTL+DSCST1)

UM1ST=UMST

RM1ST=RMST

TC1=TC

CALL INTLIN (KSISTM,SCSTL,ETAN,DBUST,C16)
ZSTK=ZST

RDISTM=RDIST

KSISTM= (ZSTK**2+ (RDISTM-RO/LPR) **2) ** 5
CALL ETAC(ZSTK,RDISTM,6ETAN)
SCSTL=SCEDST

CALL UMSTCL (SCSTL)

C21=UST (KSISTM, SCSTL,ETAN)

Calculation of the terms in the differential ordinary
differential equation to be used for the calculation of the
impact pressure at the outer-most point at the convex side of the
elbow.

YPR1=1./RDIST* (C13-C14) /TIST

ZSTK=ZST

RDISTM=RDIST

KSISTM= (ZSTK**2+ (RDISTM-RO/LPR) **2) ** 5
CALL ETAC (ZSTK,RDISTM,ETAN)
SCSTL=SCEDST

CALL UMSTCL (SCSTL)

CALL EDDY (KSISTM,SCSTL,ETAN,EPSTST)
YPR8=EPSTST/RDIST**3*C13

ZSTK=ZST

RDISTM=RDIST

KSISTM= (ZSTK**2+ (RDISTM-RO/LPR) **2) ** .5
CALL ETAC (ZSTK,RDISTM, ETAN)
SCSTL=SCEDST

CALL UMSTCL (SCSTL)

CALL EDDY (KSISTM,SCSTL,ETAN,EPSTST)
YPR9=2*EPSTST/RDIST**2* (C16-C13) /DBETA1

YPRIME (1) =YPR1+YPR2+YPR3+YPR4+YPR8-YPR9+YPR10
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RETURN
END

SUBROUTINE ETAC (ZST,RCST,ETA)

IMPLICIT REAL*8 (A-H,0-2)

COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UM,LPR,UPR,TPR

COMMON /PRMTS4/ RO,DBETA,DSCST

REAL*8 ZST,RCST,ETA

REAL*8 R,TC,TF,QST,PI,RMST,UMST,LPR,UPR,TPR,R0O,DBETA,DSCST
IF (ZST.EQ.0. .AND. RCST-RO/LPR.EQ.0) THEN
ETA=PI/2

ELSE IF (ZST.EQ.0. .AND. RCST-RO/LPR.GT.0) THEN
ETA=PI/2.

ELSE IF (ZST.EQ.0. .AND. RCST-RO/LPR.LT.0) THEN
ETA=3*PI/2.

ELSE

ETA=ATAN ( (RO/LPR-RCST) /ZST)

IF (RCST-RO/LPR.LT.0. .AND. ZST.LT.0.) THEN
ETA=ETA+2*PI

ELSE

IF (ZST.GT.0.) ETA=ETA+PI

ENDIF

ENDIF

RETURN

END

SUBROUTINE PEAKCL (SNMST,DSCST, PNMST, PNM1ST, PNM2ST, SCMAX, PPEAST)
IMPLICIT REAL*8 (A-H,0-2Z)
REAL*8 SNMST,DSCST,PNMST,PNM1ST,PNM2ST , SCMAX , PPEAST
REAL*8 RMST,UM,LPR,UPR,TPR
COMMON /PRMTS2/ RMST,UM,LPR,UPR,TPR
Finite difference method with second order forward differences
were used here.
PPEAST=PNMST+ (-3*PNMST+4*PNM1ST-PNM2ST) / (2*DSCST) * (SCMAX/LPR
*-SNMST)
RETURN
END

SUBROUTINE PINTER (PST,SCST,P1ST,P2ST,SCLST,SC2ST)
IMPLICIT REAL*8 (A-H,0-Z)
REAL*8 PST,SCST,P1ST,P2ST,SC1ST, SC2ST
This subroutine is used for calculating the average presssure
values at the intermediary faces of the volume elements, along the
elbow and the vertical extension part.
PST=P2ST+ (P2ST-P1ST) / (SC2ST-SC1ST) * (SCST-SC2ST)
RETURN
END

SUBROUTINE DFELBW (DFXST,DFYST)

IMPLICIT REAL*8 (A-H,0-2Z)

REAL*8 DFXST,DFYST,LPR,R0O,DBETAV,QST,QPTSST, TIST
REAL*8 BETAU,BETAM,BETAD, IBUST,IBDST, PAVUST, PAVDST,ACRSS
REAL*8 PAVNST, PAVMST, PAVPST

REAL*8 SCUST, SCDST,SCNST,SCMST, SCPST

EXTERNAL UP2ST

COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR

COMMON /PRMTS4/ RO,DBETA,DSCST

COMMON /TERMS6/ BETA,G

COMMON /PRMTS13/ QPTSST,TIST

COMMON /PRMTS18/ PAVUST, PAVDST

COMMON /PRMTS19/ SCUST,SCMST, SCDST

COMMON /PRMTS20/ ACRSS

BETAU=SCUST*LPR/R0O

BETAM=SCMST*LPR/R0O

BETAD=SCDST*LPR/R0O

DBETAV=BETAD-BETAU

CALL UMSTCL (SCUST)

CALL INCRAR (SCUST,UP2ST,IBUST)

CALL UMSTCL (SCDST)

CALL INCRAR (SCDST,UP2ST,IBDST)
DFXST=-1./LPR*¥RO*DBETAV*COS (BETAM) * (QST-QPTSST) /TIST+
*COS (BETAU) *IBUST-COS (BETAD) *IBDST+
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*1 . /LPR**2*PAVUST*COS (BETAU) *ACRSS -

*1 . /LPR**2*PAVDST*COS (BETAD) *ACRSS
DFYST=1./LPR*RO*DBETAV*SIN (BETAM) * (QST-QPTSST) /TIST-
*SIN (BETAU) *IBUST+SIN (BETAD) *IBDST-

*]1 . /LPR**2*PAVUST*SIN (BETAU) *ACRSS+

*]1 . /LPR**2*PAVDST*SIN (BETAD) *ACRSS-
*G*RO*DBETAV*ACRSS/ (LPR**2*UPR**2)

RETURN

END

SUBROUTINE DFEXTN (DFXST,DFYST)
IMPLICIT REAL*8 (A-H,0-2Z)

REAL*8 DFYST,LPR,R0,DSCVST,QST,QPTSST, TIST
REAL*8 ISUST,ISDST,PAVUST,PAVDST,ACRSS
REAL*8 PAVNST, PAVMST, PAVPST

REAL*8 SCUST, SCDST,SCNST,SCMST, SCPST
EXTERNAL UP2ST

COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR
COMMON /PRMTS4/ RO,DBETA,DSCST

COMMON /TERMS6/ BETA,G

COMMON /PRMTS13/ QPTSST,TIST

COMMON /PRMTS18/ PAVUST, PAVDST

COMMON /PRMTS19/ SCUST,SCMST, SCDST
COMMON /PRMTS20/ ACRSS
DSCVST=SCDST-SCUST

CALL UMSTCL (SCUST)

CALL INCRAR (SCUST,UP2ST,ISUST)

CALL UMSTCL (SCDST)

CALL INCRAR (SCDST,UP2ST,ISDST)
DFXST=0.

DFYST=DSCVST* (QST-QPTSST) /TIST-
*ISUST+ISDST-

*1./LPR**2*PAVUST*ACRSS+
*1./LPR**2*PAVDST*ACRSS-
*G*RO*DSCVST*ACRSS/ (LPR**2*UPR**2)
RETURN

END

SUBROUTINE EDDY (KSIST,SCST,ETA,EPSTST)

This subroutine calculates Eddy Viscosity at any point in the
elbow by using Mixing Length Theory given in Chen, C. J. and Yaw
S. Y. 1997. Fundamentals of Turbulence Modeling. Taylor and
Francis Ltd. New York.

IMPLICIT REAL*8 (A-H,0-2Z)

REAL*8 KSIST,SCST,ETA,EPSTST,GM,LPR,R,LMST,DKSXST
COMMON /PRMTS1/ R,TC,TF,QST,PI

COMMON /PRMTS2/ RMST,UMST,LPR,UPR,TPR

COMMON /TERMS4/ DKSXST,MLD

GM=KSIST*LPR/R

LMST=R/LPR* (0.14-0.08*GM**2-0.06*GM**4)
EPSTST=LMST**2*ABS ( (UST (KSIST+DKSXST, SCST,ETA) -UST (KSIST, SCST,
*ETA) ) /DKSXST)

RETURN

END

[eloNeNe]

subroutine dverk (n, fcn, x, y, xend, tol, ind, c, nw, w)
integer n, ind, nw, k
double precision x, y(n), xend, tol, c(24), w(nw,9), temp
c
% K ke de de e e e e e e e e e e e e e e e e g g g g g g g g o ko ko ok ok ok ok ke ke e e e e e e e g e o e o o o o o o o o ok ok ok ok

note added 11/14/85.
if you discover any errors in this subroutine, please contact

kenneth r. jackson

department of computer science
university of toronto

toronto, ontario,

canada m5s la4

phone: 416-978-7075

ocoocoo000000000
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electronic mail:

uucp: {cornell , decvax,ihnp4,linus,uw-beaver}!utcsri'krj
csnet: krj@toronto
arpa: krj.toronto@csnet-relay

bitnet: krj%torontolcsnet-relay.arpa
dverk is written in fortran 66.

the constants dwarf and rreb -- c(10) and c(11l), respectively -- are
set for a vax in double precision. they should be reset, as
described below, if this program is run on another machine.

the c array is declared in this subroutine to have one element only,
although more elements are referenced in this subroutine. this
causes some compilers to issue warning messages. there is, though,
no error provided c is declared sufficiently large in the calling
program, as described below.

the following external statement for fcn was added to avoid a
warning message from the wunix £77 compiler. the original dverk
comments and code follow it.

nooooo0o0o0000000Q0C0Q0Q00Q000000DO0

*
*
*
*
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*
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*
*
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*
*
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c
external fcn

c
Chkkkkkhkhhkhkhkhkhkhkhkhhkhkhhkkhkhkhhkhhkhkhkhhhkhkhkhkhhhkhkhhhkhhhhkhhhhkhhhkhkhkkhkhkkhkhkkkkkhkrk

purpose - this is a runge-kutta subroutine based on verner's
fifth and sixth order pair of formulas for finding approximations to
the solution of a system of first order ordinary differential
equations with initial conditions. it attempts to keep the global
error proportional to a tolerance specified by the wuser. (the
proportionality depends on the kind of error control that is used,
as well as the differential equation and the range of integration.)

various options are available to the user, including different
kinds of error control, restrictions on step sizes, and interrupts
which permit the user to examine the state of the calculation (and
perhaps make modifications) during intermediate stages.

the program is efficient for non-stiff systems. however, a good
variable-order-adams method will probably be more efficient if the
function evaluations are very costly. such a method would also be
more suitable if one wanted to obtain a large number of intermediate
solution values by interpolation, as might be the case for example
with graphical output.

hull-enright-jackson 1/10/76

nooooo0n0o000000Q00Q0O00Q0000000AO0

Chkkkkkhkkhkhkhkhhkhkhhhkhkhhkkhkhkhkhkhhhkhkhhhkhkhhkhkhhhhkhhhkhhhhkhkhhkhkhkhhkhkhhhkhkhkkhkhkkhhkkk

use - the user must specify each of the following
n number of equations

fcn name of subroutine for evaluating functions - the subroutine

itself must also be provided by the user - it should be of
the following form

subroutine fen(n, x, y, yprime)

integer n

double precision x, y(n), yprime(n)

*k*k atg **x*x

and it should evaluate yprime, given n, x and y

x independent variable - initial value supplied by user

y dependent variable - initial values of components y(1), y(2),
., y(n) supplied by user

xend value of x to which integration is to be carried out - it may
be less than the initial value of x

% Ok ok ok Ok ok ok ok R Ok ok ok Ok Ok Ok ok ok ok Ok F Ok ok Ok ok % Ok ok ok Ok O ok ok ok Ok H F O ok ok * F F * * * *
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tol tolerance - the subroutine attempts to control a norm of the
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local error in such a way that the global error is
proportional to tol. in some problems there will be enough
damping of errors, as well as some cancellation, so that
the global error will be less than tol. alternatively, the
control can be viewed as attempting to provide a
calculated value of y at xend which is the exact solution
to the problem y' = f(x,y) + e(x) where the norm of e(x)
is proportional to tol. (the norm is a max norm with
weights that depend on the error control strategy chosen
by the user. the default weight for the k-th component is
1/max(l,abs(y(k))), which therefore provides a mixture of
absolute and relative error control.)

ind indicator - on initial entry ind must be set equal to either

1 or 2. if the user does not wish to use any options, he
should set ind to 1 - all that remains for the user to do
then is to declare c and w, and to specify nw. the user
may also select various options on initial entry by
setting ind = 2 and initializing the first 9 components of
c as described in the next section. he may also re-enter
the subroutine with ind = 3 as mentioned again below. in
any event, the subroutine returns with ind equal to

3 after a normal return

4, 5, or 6 after an interrupt (see options c(8), c(9))

-1, -2, or -3 after an error condition (see below)

c communications vector - the dimension must be greater than or
equal to 24, unless option c(l) = 4 or 5 is used, in which
case the dimension must be greater than or equal to n+30

nw first dimension of workspace w - must be greater than or
equal to n

w workspace matrix - first dimension must be nw and second must
be greater than or equal to 9

the subroutine will normally return with ind = 3, having
replaced the initial values of x and y with, respectively, the value
of xend and an approximation to y at xend. the subroutine can be
called repeatedly with new values of xend without having to change
any other argument. however, changes in tol, or any of the options
described below, may also be made on such a re-entry if desired.

three error returns are also possible, in which case x and vy
will be the most recently accepted values -

with ind = -3 the subroutine was unable to satisfy the error
requirement with a particular step-size that is less than or
equal to hmin, which may mean that tol is too small

with ind = -2 the value of hmin is greater than hmax, which
probably means that the requested tol (which is used in the
calculation of hmin) is too small

with ind = -1 the allowed maximum number of fcn evaluations has
been exceeded, but this can only occur if option c(7), as
described in the next section, has been used

there are several circumstances that will cause the calculations
to be terminated, along with output of information that will help
the user determine the cause of the trouble. these circumstances
involve entry with illegal or inconsistent values of the arguments,
such as attempting a normal re-entry without first changing the
value of xend, or attempting to re-enter with ind less than zero.

ok % ok Ok ok ok Ok Ok Ok ok ok ok ok Ok ok Ok ok Ok Ok ok Ok ok Ok ok Ok Ok ok ok Ok F ok ok ok ok % Ok 2k ok Ok O Ok 2k Ok Ok ok F Ok ok Ok ok F 2k Ok Ok F F Ok F %k * *
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options - if the subroutine is entered with ind = 1, the first 9
components of the communications vector are initialized to zero, and
the subroutine uses only default values for each option. if the
subroutine is entered with ind = 2, the user must specify each of
these 9 components - normally he would first set them all to zero,
and then make non-zero those that correspond to the particular
options he wishes to select. in any event, options may be changed on
re-entry to the subroutine - but if the user changes any of the
options, or tol, in the course of a calculation he should be careful
about how such changes affect the subroutine - it may be better to
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c restart with ind = 1 or 2. (components 10 to 24 of c are used by the
c program - the information is available to the user, but should not
c normally be changed by him.)

(o}

c (1)

c(2)

c(3)

c(4)

c(5)

c(6)

c(7)

c(8)

c(9)

nooooo00o00o000Q000Q0COQOO0OQOC0O0Q0COQOO00O000Q00OQ0O00OOOOQOOQOOOOOOOOQOOQOOOOOOOOOOOOOOO0O0O0OOO0O0O0O00O00O0000DG0DAONO

error control indicator - the norm of the local error is the
max norm of the weighted error estimate vector, the
weights being determined according to the value of c(1l) -
if c(1)=1 the weights are 1 (absolute error control)
if c(1)=2 the weights are 1l/abs(y(k)) (relative error
control)
if c¢(1)=3 the weights are 1/max(abs(c(2)),abs(y(k)))
(relative error control, unless abs(y(k)) is less
than the floor value, abs(c(2)) )
if c(1)=4 the weights are 1l/max(abs(c(k+30)) ,abs(y(k)))
(here individual floor values are used)
if c(1)=5 the weights are 1/abs(c(k+30))
for all other values of c(l), including c(1l) = 0, the
default values of the weights are taken to be
1/max(1l,abs(y(k))), as mentioned earlier
(in the two cases c(l) = 4 or 5 the user must declare the
dimension of c to be at least n+30 and must initialize the
components c(31), c(32), ..., c(n+30).)

floor value - used when the indicator c(l) has the value 3

hmin specification - if not zero, the subroutine chooses hmin
to be abs(c(3)) - otherwise it uses the default value
10*max (dwarf, rreb*max (weighted norm y/tol,abs(x))),
where dwarf is a very small positive machine number and
rreb is the relative roundoff error bound

hstart specification - if not zero, the subroutine will use
an initial hmag equal to abs(c(4)), except of course for
the restrictions imposed by hmin and hmax - otherwise it
uses the default value of hmax* (tol)**(1/6)

scale specification - this is intended to be a measure of the
scale of the problem - larger values of scale tend to make
the method more reliable, first by possibly restricting
hmax (as described below) and second, by tightening the
acceptance requirement - if c(5) is zero, a default value
of 1 is wused. for 1linear homogeneous problems with
constant coefficients, an appropriate value for scale is a
norm of the associated matrix. for other problems, an
approximation to an average value of a norm of the
jacobian along the trajectory may be appropriate

hmax specification - four cases are possible
if c(6).ne.0 and c(5).ne.0, hmax is taken to be
min (abs(c(6)),2/abs(c(5)))
if c(6).ne.0 and c(5).eq.0, hmax is taken to be abs(c(6))
if c(6).eq.0 and c(5).ne.0, hmax is taken to be
2/abs (c(5))
if c(6).eq.0 and c(5).eq.0, hmax is given a default value

of 2
maximum number of function evaluations - if not zero, an
error return with ind = -1 will be caused when the number

of function evaluations exceeds abs(c(7))

interrupt number 1 - if not =zero, the subroutine will
interrupt the calculations after it has chosen its
preliminary value of hmag, and just before choosing htrial
and xtrial in preparation for taking a step (htrial may
differ from hmag in sign, and may require adjustment if
xend is near) - the subroutine returns with ind = 4, and
will resume calculation at the point of interruption if
re-entered with ind = 4

interrupt number 2 - if not =zero, the subroutine will
interrupt the calculations immediately after it has
decided whether or not to accept the result of the most
recent trial step, with ind = 5 if it plans to accept, or
ind = 6 if it plans to reject - y(*) is the previously
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accepted result, while w(*,9) is the newly computed trial
value, and w(*,2) is the unweighted error estimate vector.
the subroutine will resume calculations at the point of
interruption on re-entry with ind = 5 or 6. (the user may
change ind in this case if he wishes, for example to force
acceptance of a step that would otherwise be rejected, or
vice versa. he can also restart with ind = 1 or 2.)
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summary of the components of the communications vector

prescribed at the option determined by the program
of the user

c(10) rreb(rel roundoff err bnd)
c(l) error control indicator c(1l1l]) dwarf (very small mach no)
c(2) floor value c(1l2) weighted norm y
c(3) hmin specification c(13) hmin
c(4) hstart specification c(14) hmag
c(5) scale specification c(15) scale
c(6) hmax specification c(16) hmax
c(7) max no of fcn evals c(1l7) xtrial
c(8) interrupt no 1 c(18) htrial
c(9) interrupt no 2 c(19) est
c(20) previous xend
c(21) flag for xend
c(22) no of successful steps
c(23) no of successive failures
c(24) no of fcn evals

if c¢c(1l) = 4 or 5, c(31), c(32), ... c(n+30) are floor values

nooon0oo00o000000Q0COQ000Q00000000DQ0

% K ke ke g g de e e e e e e e e e e e e e g g g g g g g g e e e e e e e e e e e e e e e g g g e g o o o o o ok ok ok ok ok ok ok ok ok ok ok ok ok
c an overview of the program

c begin initialization, parameter checking, interrupt re-entries
c ...... abort if ind out of range 1 to 6
cases - initial entry, normal re-entry, interrupt re-entries
. case 1 - initial entry (ind .eq. 1 or 2)
A2 abort if n.gt.nw or tol.le.O
if initial entry without options (ind .eq. 1)
set c(1) to c(9) equal to zero
else initial entry with options (ind .eq. 2)
make c(l) to c(9) non-negative
make floor values non-negative if they are to be used
end if
initialize rreb, dwarf, prev xend, flag, counts
. case 2 - normal re-entry (ind .eq. 3)
......... abort if xend reached, and either x changed or xend not
re-initialize flag
case 3 - re-entry following an interrupt (ind .eq. 4 to 6)
v transfer control to the appropriate re-entry point.......
end cases
end initialization, etc.

nooon0o000000an
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loop through the following 4 stages, once for each trial step
stage 1 - prepare
ck***kkkkkkk**error return (with ind=-1) if no of fcn evals too great
c . calc slope (adding 1 to no of fcn evals) if ind .ne. 6
c . calc hmin, scale, hmax
ck***kkkkkkk**error return (with ind=-2) if hmin .gt. hmax
c . calc preliminary hmag
ck*kkkkkk*k**jinterrupt no 1 (with ind=4) if requested....... re-entry.v
calc hmag, xtrial and htrial
. end stage 1
v stage 2 - calc ytrial (adding 7 to no of fcn evals)
stage 3 - calc the error estimate
stage 4 - make decisions
. set ind=5 if step acceptable, else set ind=6
ck*xkkkkkkk**jinterrupt no 2 if requested.............. ... ... re-entry.v
c . if step accepted (ind .eq. 5)
c . update x, y from xtrial, ytrial
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c . add 1 to no of successful steps *
c . set no of successive failures to zero *
ckkkkkkkkkkk*k**return(with ind=3, xend saved, flag set) if x .eq. xend *
c . else step not accepted (ind .eq. 6) *
c . add 1 to no of successive failures *
ckkkkkkkkkkk*k**error return (with ind=-3) if hmag .le. hmin *
c end if *
c end stage 4 *
c end loop *
c . *
c begin abort action *
c output appropriate message about stopping the calculations, *
c along with values of ind, n, nw, tol, hmin, hmax, x, xend, *
c previous xend, no of successful steps, no of successive *
c failures, no of fcn evals, and the components of y *
c stop *
c end abort action *
c *
Chhhhhhhhhhhhhhhhhhhhhdhhhhdhhhdhhhhhhhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkkkkkkkkkkkkkkkx
c
c E2 2 222222 22222222 2222222222222 22 2 22222222 222222222222 222222222222
c * begin initialization, parameter checking, interrupt re-entries *
c % Je Je % K K d kK K Kk Kk Kk Kk ke kK Kk gk kK ke gk ok ke ke sk ok ke gk ok ke sk ok ke e ok ke ke e ok ok ke ke gk ok ok ke ke ke ke ke ke ok ke ke ke
c
c ...... abort if ind out of range 1 to 6
if (ind.l1t.1 .or. ind.gt.6) go to 500
c
c cases - initial entry, normal re-entry, interrupt re-entries
go to (5, 5, 45, 1111, 2222, 2222), ind
c case 1 - initial entry (ind .eq. 1 or 2)
C e abort if n.gt.nw or tol.le.O
5 if (n.gt.nw .or. tol.le.0.d0) go to 500
if (ind.eq. 2) go to 15
c initial entry without options (ind .eq. 1)
c set c(1) to c(9) equal to O
do 10 k =1, 9
c(k) = 0.d0
10 continue
go to 35
15 continue
c initial entry with options (ind .eq. 2)
c make c(l) to c(9) non-negative
do 20 k =1, 9
c(k) = dabs(c(k))
20 continue
c make floor values non-negative if they are to be used
if (c(1l) .ne.4.d0 .and. c(l).ne.5.d0) go to 30
do 25k =1, n
c(k+30) = dabs(c(k+30))
25 continue
30 continue
35 continue
c initialize rreb, dwarf, prev xend, flag, counts
c(10) = 2.d0**(-56)
c(11) = 1.d-35
c set previous xend initially to initial value of x
c(20) = x
do 40 k = 21, 24
c(k) = 0.d0
40 continue
go to 50
c case 2 - normal re-entry (ind .eq. 3)
C e abort if xend reached, and either x changed or xend not
45 if (c(21) .ne.0.d0 .and.
+ (x.ne.c(20) .or. xend.eq.c(20))) go to 500
c re-initialize flag
c(21) = 0.d0
go to 50
c case 3 - re-entry following an interrupt (ind .eq. 4 to 6)
c transfer control to the appropriate re-entry point..........
c this has already been handled by the computed go to
c end cases v
50 continue
c
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end initialization, etc.
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* loop through the following 4 stages, once for each trial step *
* until the occurrence of one of the following *
* (a) the normal return (with ind .eq. 3) on reaching xend in *
* stage 4 *
* (b) an error return (with ind .1lt. 0) in stage 1 or stage 4 *
* (c) an interrupt return (with ind .eq. 4, 5 or 6), if *
* requested, in stage 1 or stage 4 *
hhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhkhkhhhkhkhhhkhkhkhhhkhhkhkhkhkhhhkhkhkhkhkhkhkhkhkhkkkhkhkhkhkhkkkkhkhkhkkk

continue

% % J Je % K K Kk Kk Kk Kk Kk Kk ok ok gk kK Kk Kk ok ok ok gk K Kk ke ok ok e e ok ok ok ok gk ek ke ke ok ok ok ke ke ke ke ke ke ok ok ok ke ke ke
* stage 1 - prepare - do calculations of hmin, hmax, etc., *
* and some parameter checking, and end up with suitable *
* values of hmag, xtrial and htrial in preparation for taking *

* an integration step. *
% % J % kK Kk Kk Kk Kk ok kK gk ok kK ke ok ke gk ke g ok ke ke sk ok ke ke e ok ok ke ke %k ok ok ke ok ok ke ke gk ok ok ke ke ok ok ke ke ke ok ok

ck**kkkkkkk**error return (with ind=-1) if no of fcn evals too great

100

105

110

115

120

125

130

135

140

145

150

if (c(7).eq.0.d0 .or. c(24).1lt.c(7)) go to 100
ind = -1
return

continue

calculate slope (adding 1 to no of fcn evals) if ind .ne. 6
if (ind .eq. 6) go to 105

call fen(n, x, y, w(l,1))

c(24) = c(24) + 1.d0
continue

calculate hmin - use default unless value prescribed
c(13) = c(3)
if (c(3) .ne. 0.d0) go to 165

calculate default value of hmin

first calculate weighted norm y - c(12) - as specified
by the error control indicator c(1)
temp = 0.d0

if (c(1) .ne. 1.d0) go to 115
absolute error control - weights are 1
do 110 k =1, n
temp = dmaxl (temp, dabs(y(k)))
continue
c(1l2) = temp
go to 160
if (c(1) .ne. 2.d0) go to 120
relative error control - weights are 1/dabs(y(k)) so
weighted norm y is 1
c(12) = 1.d0
go to 160
if (c(1) .ne. 3.d0) go to 130
weights are 1/max(c(2),abs(y(k)))
do 125 k =1, n
temp = dmaxl (temp, dabs(y(k))/c(2))
continue
c(1l2) = dminl (temp, 1.d0)
go to 160
if (c(1) .ne. 4.d0) go to 140
weights are 1/max(c(k+30) ,abs(y(k)))
do 135 k =1, n
temp = dmaxl (temp, dabs(y(k))/c(k+30))
continue
c(1l2) = dminl (temp, 1.dO0)
go to 160
if (c(1) .ne. 5.d0) go to 150
weights are 1/c(k+30)
do 145 k =1, n
temp = dmaxl (temp, dabs(y(k))/c(k+30))
continue
c(1l2) = temp
go to 160
continue
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c default case - weights are 1l/max(1l,abs(y(k)))
do 155 k =1, n
temp = dmaxl (temp, dabs(y(k)))

155 continue
c(1l2) = dminl (temp, 1.d0)
160 continue

c(13) = 10.d0*dmaxl (c(11l),c(10) *dmaxl (c(12) /tol,dabs(x)))
165 continue

c
c calculate scale - use default unless value prescribed
c(15) = c(5)
if (c(5) .eq. 0.d0) c(15) = 1.d0O
c
c calculate hmax - consider 4 cases
c case 1 both hmax and scale prescribed
if (c(6).ne.0.d0 .and. c(5) .ne.0.d0)
+ c(1l6) = dminl(c(6), 2.d0/c(5))
c case 2 - hmax prescribed, but scale not
if (c(6) .ne.0.d0 .and. c(5).eq.0.d0) c(16) = c(6)
c case 3 - hmax not prescribed, but scale is
if (c(6).eq.0.d0 .and. c(5).ne.0.d0) c(16) = 2.40/c(5)
c case 4 - neither hmax nor scale is provided
if (c(6).eq.0.d0 .and. c(5).eq.0.d0) c(16) = 2.d0
c
ck***kkkkkkk**error return (with ind=-2) if hmin .gt. hmax
if (c(13) .le. c(16)) go to 170
ind = -2
return
170 continue
c
c calculate preliminary hmag - consider 3 cases
if (ind .gt. 2) go to 175
c case 1 - initial entry - use prescribed value of hstart, if
c any, else default
c(14) = c(4)
if (c(4) .eq. 0.d0) c(l4) = c(16)*tol**(1./6.)
go to 185
175 if (c(23) .gt. 1.d0) go to 180
c case 2 - after a successful step, or at most one failure,
c use min(2, .9* (tol/est)**(1/6))*hmag, but avoid possible
c overflow. then avoid reduction by more than half.
temp = 2.d0*c(14)
if (tol .1lt. (2.d0/.9d0)**6*c(19))
+ temp = .9d0* (tol/c(19))**(1./6.)*c(14)
c(14) = dmaxl (temp, .5d0*c(14))
go to 185
180 continue
c case 3 - after two or more successive failures
c(14) = .5d0*c(14)
185 continue
c
c check against hmax
c(14) = dminl(c(14), c(16))
c
c check against hmin
c(14) = dmaxl(c(14), c(13))
c

ck*kkkkkk*k**jnterrupt no 1 (with ind=4) if requested
if (c(8) .eq. 0.d0) go to 1111

ind = 4
return
c resume here on re-entry with ind .eq. 4 ........ re-entry..
1111 continue
c
c calculate hmag, xtrial - depending on preliminary hmag, xend
if (c(14) .ge. dabs(xend - x)) go to 190
c do not step more than half way to xend
c(14) = dminl(c(14), .5d0*dabs(xend - x))
c(1l7) = x + dsign(c(14), xend - x)
go to 195
190 continue
c hit xend exactly

c(1l4) = dabs(xend - x)
c(17) = xend
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195

200

205

210

+

215
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220

+ 4+ + +

225

+ 4+ 4+ +

230

continue

calculate htrial
c(18) = c(17) - x

end stage 1
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* stage 2 - calculate ytrial (adding 7 to no of fecn
* w(*,2), ... w(*,8) hold intermediate results needed

evals). *

in *

* stage 3. w(*,9) is temporary storage until finally it holds *

* ytrial.

*

% % % % K J Kk Kk kK Kk Kk Kk g Kk ok Kk ok Kk kg Kk gk Kk ok Kk ok %k sk Kk ok Kk ok ok ek Kk sk Kk ok ek ek ek ok ke ke ok ke ke ok ke ok ke ok ke ok

temp = c(18)/1398169080000.4d0

do 200 k =1, n
w(k,9) = y(k) + temp*w(k

continue

call fen(n, x + c(18)/6.4d0,

do 205 k =1, n
w(k,9) = y(k) + temp*(
+
continue

,1)*233028180000.d0

w(l,9), w(l,2))

w(k,1)*74569017600.d0
w(k,2)*298276070400.d0

call fen(n, x + c(18)*(4.d0/15.d0), w(1,9), w(1,3))

do 210k =1, n
w(k,9) = y(k) + temp*(
+
continue

w(k,1)*1165140900000.d0
w(k,2)*3728450880000.d0
w(k,3)*3495422700000.d0

call fen(n, x + c(18)*(2.d0/3.d0), w(1,9), w(l,4))

do 215k =1, n
w(k,9) = y(k) + temp*(

+ 1+ 1

continue

w(k,1)*3604654659375.d0
w(k,2)*12816549900000.d0
w(k,3)*9284716546875.d0
w(k,4)*1237962206250.d0

call fen(n, x + c(18)*(5.40/6.d0), w(1,9), w(1,5))

do 220k =1, n
w(k,9) = y(k) + temp*(

+ 1+ 1

continue

w(k,1)*3355605792000.d0
w(k,2)*11185352640000.d0
w(k,3)*9172628850000.d0
w(k,4)*427218330000.d0
w(k,5)*482505408000.d0

call fcn(n, x + c(18), w(1,9), w(l,6))

do 225 k =1, n
w(k,9) = y(k) + temp*( -

w(k,1)*770204740536.d0

+ w(k,2)*2311639545600.d0

w(k,3)*1322092233000.d0
w(k,4)*453006781920.d0

+ w(k,5)*326875481856.d0

continue
call fen(n, x + c(18)/15.d0

do 230k =1, n
w(k,9) = y(k) + temp*(

+ 4+ 1+

continue

, w(l,9), w(l,7))

w(k,1)*2845924389000.d0
w(k,2)*9754668000000.d0
w(k,3)*7897110375000.d0
w(k,4)*192082660000.d0
w(k,5)*400298976000.d0
w(k,7)*201586000000.d0

call fcn(n, x + c(18), w(1,9), w(1,8))

)

)

)

)

calculate ytrial, the extrapolated approximation and store

in w(*,9)
do 235k =1, n
w(k,9) = y(k) + temp*(

w(k,1)*104862681000.d0

259



[ole}

nooooo000000000a0n

(o}

235

300

305

310

315

320

325

330

335

340

345

350

355
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w(k,3)*545186250000.d0
w(k,4)*446637345000.d0
w(k,5)*188806464000.d0
w(k,7)*15076875000.d0
w(k,8)*97599465000.d0 )

++ + + +

continue

add 7 to the no of fcn evals
c(24) = c(24) + 7.d0

end stage 2
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stage 3 - calculate the error estimate est. first calculate
the unweighted absolute error estimate vector (per unit
step) for the unextrapolated approximation and store it in
w(*,2). then calculate the weighted max norm of w(*,2) as
specified by the error control indicator c(1l). f£finally,
modify this result to produce est, the error estimate (per
unit step) for the extrapolated approximation ytrial.

* %k ok X Ok *

khkkhkhkhkhkhkhkhkhkhkhkhkhkhkdhkhkhhkhkhkhkdhkhkhkhkhkhkhkhkhkhkhkkhkhkhkhkhkhkkhkhkhkhkhkhkhkhkkhkhkhkhkhkkkkkkk

calculate the unweighted absolute error estimate vector
do 300 k =1, n

w(k,2) = ( w(k,1)*8738556750.d0
w(k,3)*9735468750.d0
w(k,4)*9709507500.d0
w(k,5)*8582112000.d0
w(k,6)*95329710000.d0
w(k,7)*15076875000.d0
w(k,8)*97599465000.40) /1398169080000.d0

L+

continue

calculate the weighted max norm of w(*,2) as specified by
the error control indicator c(1)
temp = 0.d0
if (c(1) .ne. 1.d0) go to 310
absolute error control
do 305 k =1, n
temp = dmaxl (temp,dabs(w(k,2)))
continue
go to 360
if (c(1) .ne. 2.d0) go to 320
relative error control
do 315k =1, n
temp = dmaxl (temp, dabs(w(k,2)/y(k)))
continue
go to 360
if (c(1) .ne. 3.d0) go to 330
weights are 1/max(c(2),abs(y(k)))
do 325 k =1, n
temp = dmaxl (temp, dabs(w(k,2))
/ dmaxl(c(2), dabs(y(k))) )
continue
go to 360
if (c(1) .ne. 4.d0) go to 340
weights are 1/max(c(k+30) ,abs(y(k)))
do 335 k =1, n
temp = dmaxl (temp, dabs(w(k,2))
/ dmaxl (c(k+30), dabs(y(k))) )
continue
go to 360
if (c(1) .ne. 5.d0) go to 350
weights are 1/c(k+30)
do 345 k =1, n
temp = dmaxl (temp, dabs(w(k,2)/c(k+30)))
continue
go to 360
continue
default case - weights are 1l/max(1l,abs(y(k)))
do 355 k =1, n
temp = dmaxl (temp, dabs(w(k,2))
/ dmax1(1.d0, dabs(y(k))) )
continue
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360 continue

calculate est - (the weighted max norm of w(*,2))*hmag*scale
- est is intended to be a measure of the error per wunit
step in ytrial

c(19) = temp*c(14)*c(15)

end stage 3

khkkdkkdkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkdhkhkhkhkhkhkhhkhkhkhkkhkhkhkhkhkhkkhkkhkhkhkhkhkhkkkkkkk

* stage 4 - make decisions. *
L2222 222 222222222222 2222222222222 2 2222222222222 2222222222222 222

set ind=5 if step acceptable, else set ind=6
ind = 5
if (c(19) .gt. tol) ind = 6

ck*kkkkkk*k**jinterrupt no 2 if requested

(o}

if (c(9) .eq. 0.d0) go to 2222
return
resume here on re-entry with ind .eq. 5 or 6 ...re-entry..

2222 continue

if (ind .eq. 6) go to 410

step accepted (ind .eq. 5), so update x, y from xtrial,
ytrial, add 1 to the no of successful steps, and set
the no of successive failures to zero

x = c(17)

do 400 k =1, n
y(k) = w(k,9)

400 continue
c(22) = c(22) + 1.d0
c(23) = 0.d0

ckkkkkkkkkkk*k**return(with ind=3, xend saved, flag set) if x .eq. xend

c
c

if (x .ne. xend) go to 405
ind = 3
c(20)
c(21)
return
405 continue
go to 420
410 continue
step not accepted (ind .eq. 6), so add 1 to the no of
successive failures
c(23) = c(23) + 1.d0

xend
1.40

ckkkkkkkkkkkk**error return (with ind=-3) if hmag .le. hmin

(o}

o0a0

if (c(14) .gt. c(13)) go to 415

ind = -3

return
415 continue
420 continue

end stage 4

go to 99999
end loop

begin abort action
500 continue

write(6,505) ind, tol, x, n, c(13), xend, nw, c(16), c(20),
+ c(22), c(23), c(24), (y(k), k =1, n)

505 format( /// 1h0, 58hcomputation stopped in dverk with the followin
+g values -

+ / 1h0, 5hind =, i4, 5x, 6htol =, 1pd13.6, 5x, llhx =,
+ 1pd22.15

+ / 1h , 5hn =, i4, 5x, 6hhmin =, 1pd13.6, 5x, llhxend =,
+ 1pd22.15

+ / 1h , 5hnw =, i4, 5x, 6hhmax =, 1pdl3.6, 5x, llhprev xend =,
+ 1pd22.15

+ / 1h0, 14x, 27hno of successful steps =, 0pf8.0

+ / 1h , 14x, 27hno of successive failures =, 0p£f8.0

+ / 1h , 14x, 27hno of function evals =, 0p£f8.0

+ / 1h0, 23hthe components of y are
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+ // (1h , 1p5d24.15)
stop
end abort action

end
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