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Abstract:

Oil and gas are important resources of the U.S amogn Pipelines are the primary
means of transporting oil and gas in the UnitedeSta Different grades of petroleum
products are sent in the same pipeline as it iseftesctive, which is known as batching.
While two or more fluids are sent as a batch, ngxaccurs at the interface of the two
products known as “Transmix”. Transmix variesendth and time across the length of
the pipeline. Most of the study was done on deyalp the equation for the interface
length and the factors influencing it. Factorsluehcing the transmix volume are
pipeline length, pipe diameter, Reynolds numbengiiatic viscosity of the mixture,
mean flow velocity, friction factor, the type ofofll regime and relative roughness
factors. Software was developed to calculate tlame of the transmix and to predict
how the above factors influence the transmix lendthvas also observed that the elbows
and bends increase the transmix length as thdantak mixing occurs near the bends in
the pipeline. Reducing the axial dispersion lesg&e mixing in the pipeline which in
turn reduces the transmix volume which is cosftcidfit to the oil and gas industry, as

less product is sent for re-refining.
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NOMENCLATURE

A Cross-sectional area of the pipe

C Mean concentration (moles/I)

Co Initial concentration

D Coefficient of molecular diffusiomf/s)
d Diameter (m)

e number of Elbows

F Friction factor

K Axial Dispersion coefficient (is)

KL Loss coefficient

KL,emOW: Loss coefficient for elbows

KL‘unior Loss coefficient for Union, Threaded

KL,teeS Loss coefficient for Tees

KL‘Vah,e Loss coefficient for Valves
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K, Coefficient of diffusion

L Length of the pipe

|e Equivalent length of the pipe
M Mass (KQg)

p Pressure (bar)

Q Volumetric flow rate

r Radius (m)

Re Reynolds number

S Interface length

t number of Tees

T Time

U Mean speed of the flow (m/s)
Uo Maximumvelocity at the center of the pipe (m/s)

Umax  Average velocity

u number of Union, Threaded

\ number of Valves

\ Average velocity



Uglend Viscosity of Transmix

VB%Iem Viscosity Blending Number

VBN , Viscosity blending number of component A
VBN , Viscosity blending number of component B
Vinertae ~ Volume of the Interface

X, Mass fraction of component A

Xq Mass fraction of component B

Greek Letters:

r(r) Tangential stress

D Density (Kg/f)

u Dynamic viscosity
v Kinematic viscosity
n Boltzmann constant

P Absolute Roughness factor



CHAPTER |

INTRODUCTION

Oil and natural gas are important resources ofUlf® economy, accounting for more
than 65 percent of the energy consumed in the UiStates. In the US more than 6000
natural gas producers exist ranging from smallgames to major energy producers and
has over 550 processing plants producing nearlyrilli®n cubic feet of natural gas a
year. The natural gas that is produced in theastplis distributed through the natural
gas pipeline network which runs across the couiatryabout 300,000 miles. About 148
billion cubic feet of natural gas is carried thrauge pipelines from the place where it is

produced to the place where it is used every day.

The pipelines are used for transporting crude peiro and refined petroleum
over long distances. More than 180,000 milesapiiti petroleum pipelines traverse the
United States. Crude oil is moved from the proiduncsite to refineries and from there to
the consumers. These movements take place usingpwrtation by different modes.
Barges and tankers are used to transport crudendilrefined products across the water
while pipelines, trucks or trains are used fortta@sportation of crude oil on the land.
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Pipelines are the most efficient method for thengperting of crude oil and
refined products. Nearly two-thirds of the oil gmetroleum products are transported by
pipelines and are by far, America's most significaatroleum supply line, including
crude oll, refined fuel and raw materials. Mosttloé pipelines that are used today are
manufactured according to the specifications of Aca@ Petroleum Institute (API). The
pipe size depends on the volume of the producththato be transported from the facility
to the refinery or to the consumer where it is usddvaries from 2 in. to 60 in. in
diameter depending on the system and the througieguired. According to API, the
pipelines range in a size of about 2 in. to 60nrOD; gathering systems range from 4 in.
to 12 in. in diameter and the transmission linegag up to 56 in. in diameter. When a
small diameter pipe is used for transporting itureep to be operated at high pressures
and more compression power is required, which tsewonomical. This increases the
capital costs as well as the operating costs. aSpipe with larger diameter at lower
operating pressures decreases the capital costsasmeg the safety of pipeline. A
pipeline design having low pressures and compregsoover is used, as it eliminates the
need for the high pressure valves and has a lomstaliation cost compared to the
alternative cost which is more expensive to oper&@elines are safe and efficient as
most are buried and are unseen. In addition to #f@ciency, pipelines also have

important environmental and safety benefits.

Pipeline Logistics

Crude oll, collected from the field gathering systeis moved to storage tanks where
the oil is measured and tested. The crude oil thableas collected from the gathering

systems is sent to a pump station where the ailelsrered to the pipeline, having



delivery and collection points along the route.ed®ure is maintained in the pipelines
with the help of booster pumps and compressorshwkeeps the oil flowing. Today,
technology allows for the manufacture of large deééan and more efficient pipeline
systems and pump stations that are primarily driweclean electrical power. A huge
guantity of petroleum in the pipeline moves throdgghly automated systems which
has been a major factor in reducing the numbervahgme of pipeline spills. These
automated systems allow the operators to monit@sraf flow, pressures and fluid
characteristics. The operators are alerted andoipelines are shutdown in case of

potential leaks.

Product pipelines ship gasoline and diesel fuelmfrthe refinery to the
distribution facilities. In the refineries crudel @s converted into fuel and other
products, from here it is sent to terminals whereld are transported to retail outlets.
The pipelines connect the producing areas to nefiseand chemical plants while
delivering products, the consumers need. Pipeloprate throughout the year. A
pipeline may handle several types of crude oil snscheduled in such a way that the
right crude oil is sent to the respective destorati Crude oil moves in more than one
pipeline system as it travels from the oil fieldtte refinery. To ensure smooth and
continuous pipeline operation storage systemsaatdd along the pipeline. After the
crude oil is converted into refined products sushgasoline, pipelines are used to
transport these products to terminals for trangpgit to the gasoline stations. Product
pipelines are used in shipping of various productaddition to gasoline. As, many

product pipelines are used to move different prigjubese products are shipped in the



pipelines in batches. Delivery points may be refes® where the oil is processed into

products, or shipping terminals, where the oibasded onto tankers.

Batching is a process where different grades of produces teansported
through the same pipeline. The products are tategp in a series of batches and are
mixed with the adjoining batches where they conte @ontact. This mixture of refined
products while transporting in pipelines is caltednsmix or contamination length.

As a variety of refined products move through thme pipeline, some mixing occurs
where the trailing end of a batch of one productt:i¢he leading edge of the next batch
in the pipeline. The contamination length or transis the blended product that varies

with concentration and which increases while movdog/nstream.

TRANSMIX

. DIESEL JET FUEL CGASOLINE .

Fig 1.1 Interface of two fluids (From alliedenergyg.com)

Even though the contamination length is very shotthe pipeline in which the
products are batched, it is of utmost importancat tihe purity of each product is
maintained. A physical barrier might be used tpasate the products in the batching
process. The difference in density of the two podsl maintains the separation in the

batching process when a physical barrier is nosgire and when the contamination



length is very small. The extent of mixing and fuesition of each batch are monitored
by measuring the density at a particular point.pHsticated monitoring and control is
required to monitor movement when more than onelymbis in the pipeline. Product
pipelines are also operated at higher pressuresttieacrude oil as the material being

transported is lighter than the crude oil.

Many product pipelines have standard product sipetibns. If two similar
products containing different grades of gasolire teansported in batches, the interface
can be incorporated into the lower-grade produsthen two dissimilar products come
into contact, the mixed product is called transmikjch is collected separately, and then
trucked back to a refinery for reprocessing. Thiged stream may be sent back to a

refinery for re-refining, sold as a lower valuedguct or sold as a mixture.

Some disadvantages of pipelines are that theybearasily damaged, require
significant capital cost and time to build, and less flexible. Geopolitical problems can
be very significant when a pipeline crosses a numife countries. The major
disadvantage of the pipelines which is of majoraswn is the transmix that requires the
product to be sent back for re-refining which irms®es the product cost per gallon and

also the transportation costs to and from the eefin

The wall thickness also plays a major role in dlesign calculations and in the
contamination length. When a pipeline passes gir@icorrosive soil environment at a
given operating pressure a pipeline with greatdf thackness is required. Coating and
wrapping the exterior of pipelines is one of theremmical ways to extend the life of the

pipeline. Coating is used to resist corrosion tlahages the pipeline.



Physical properties of the fluids flowing in thapgine also affect the
contamination length. Some of the parameters waftdtt the contamination length are
pipe diameter, pipe length, specific density, terapge, viscosity, vapour pressure,

Reynolds number and friction factor.

Scope of thisstudy:

Taylor’s (1954) equations can be used at varioeygnBIds numbers in the laminar flow
regime but do not predict accurately for the tuebtiflow regime. A study will be done
on how the equations can be modified to accurgiedgict the turbulent flow regime.
This study mainly focuses on the development of sb&ware for calculating the
interface length. Sensitivity analysis was donetlom parameters such as pipe length,
pipe diameter, average velocity of flow in the pipescosity and mass fractions of the

fluids.

The study will also include the effects that thpgobends and elbows have on the
axial dispersion. Elbows are used to connect tpelipes of short length and to change
the direction of the flow in the pipeline. It ibgerved that the presence of bends and
elbows increases the axial dispersion when comptrdatiat of a straight pipe. The
Reynolds number also has a significant effect agtle of interface. In this study we can

examine how the bends affect the axial dispersmmhl@ngth of interface.

The contributions of this study include a) underdtag the significance of the
interface length b) how the presence of elbowslzerdis effect the axial dispersion and
the interface length in any of the given flow regii the pipelines c) how factors such
as pipeline length, pipe diameter, velocity andessty effect the length of the interface.
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Software will be developed to explain the abovealigtsi and also to reduce the axial
dispersion in the pipelines which in turn becommgificant in reducing the cost of

petroleum.



CHAPTER Il

LITERATURE REVIEW

Investigations by Smith and Schulze (1948), Bir@84(), Taylor (1954), Levenspelil
(1958), Sjenitzer(1958) and Khizligov (1960) on thgread of contamination or the
transmix along the pipeline. Many of them haveiwdel equations taking into
consideration, some of the factors such as, lenfjthe pipeline, inner diameter of the
pipe, average velocity of the flow in the pipelifgynolds number, kinematic viscosity
of the mixture, presence of elbows and bends irpipe, relative roughness and the type
of flow regime. Investigators have used some e§¢hfactors in obtaining the equations
for the interface length. Most of the equationd H#e interface length as a function of

pipe diameter, length of the pipe and Reynolds rermb

Birge (1947) derived an empirical relation in whithe interface length was
directly proportional to a constant power of leng#ccording to Birge (1947) and Smith
and Schulze (1948), pipe diameter was not considasea parameter in calculating the

interface length.



Reynolds number was later included in the empigcplation given by Smith and
Schulze (1948). Most of the investigators haveuded from the experimental and
theoretical studies that the interface length waseasing along the length of the
pipeline. So interface length was directly propmél to the power of length and the
exponent varied from 0.48 to 0.62. According to #uand Palfrey (1964), Birge (1947)
had exponent on length for the gasoline-gasolirtenbto be less than 0.5. This was

explained by the fact that Birge (1947) did notetakto account the pipe diameter.

1075
S= LQGZ( 055+ @] (2.1)

(Equation 2.1) given by Smith and Schulze (1948).
Here, S is the interface length, L is the lengtithefpipe and Re is the Reynolds number.

Smith and Schulze (1948) derived an empirical agoato determine the
interface length with a 2 in. pipe which was clésestraight but was wound into a large
number of coils. According to Taylor (1954), Sméihd Schulze’s (1948) equation
overestimated the interface length in some casésiader-estimated the interface length
in other. This was due to the use of a short pife also the presence of pumps on both
the sides, which had a greater dispersion effedherflow. Austin and Palfrey (1964)
deduced that when a pipe was wound into a largebeurof coils the transition of
Reynolds number from laminar to turbulent regim@eatals on the ratio of radius of
curvature of the colil to the radius of the pipes, &is ratio decreases, Reynolds number
increases, which in turn decreases the interfaogthein the turbulent region. Taylor

(1954), by his experimental studies showed thatpttesence of elbows and bends also



increase the axial dispersion coefficient and bealds results in more friction in both
laminar and turbulent flow regimes. So, Taylor34pdeduced that the interface length
increases when the flow stays in the laminar reggmehen the friction factor increases

in the bends and elbows.
Austin and Palfrey Moddl:

Most investigators have deduced that the interfangth is directly proportional to the
pipe length and Reynolds number. But Austin an@&gal(1964), with their experimental
works deduced that interface length was differemt the laminar and the turbulent
regime. They also explained that the interface tlervgas different in turbulent region
when it was above and below the critical regionont-(Figure 2.1) they explained that at
the lower Reynolds region in the turbulent reginiee axial dispersion coefficient
decreases rapidly as the Reynolds number incredassin the higher Reynolds region
in the turbulent regime, axial dispersion coefintidoes not show a considerable change
with the increase in Reynolds number. Birge (1Y) Weyer (1962) explained earlier
that this was due to the difference in viscositied densities of the two fluids, but they

did not have enough evidence to support this hygsigh

Austin and Palfrey (1964) derived two equationsesbing the phenomena in the
turbulent regime. They also pointed out that thedition region in the turbulent regime

occurs at higher Reynolds number as the diametezases.

If Reynolds number is above the critical valueha turbulent region, then (Equation 2.2)

For Re>10000exp (152/d ) 2.2)
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S=1175Re**/dL

29

When Reynolds number is below the crit value in the turbulent regimethen

(Equation 2.5).

For Re<10000exp(152,/d |

$-18420Re ™ VdLexg(123/d )

(2.4)

(2.5)

Where Re is the Reynolds numbe is the inner diameter of the pipe, S is the lergjt

the interface and L is the length of the p
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Fig. 2.1Relationship between Longitudinal dispersion faetiod Reynolds Numb.

Fromr Austin and Palfrey (1964)

From (Figure2.1) it has been noticedhat the turbulent regime t been divided

above and bels the critical Reynolds numbeBut at a certain Reynolds number, one
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the curve disappears. Austin and Palfrey (1964 gan assumption that it might be due
to the presence of the boundary layer thicknessylof (1954) has already stated that the
axial dispersion plays an important role in ther@éase of the interface length. Udeotek
and Nguyen (2009) proposed a theory on the disagpea of the curve in the above
critical region, stating that the central turbul@otv formed in the turbulent regime stops
the fluid from mixing, which may lead to decreasethe axial dispersion coefficient.
Austin and Palfrey (1964) have deduced that thecaliReynolds number is different for

pipes of different diameters.

Patrachari (2012) has done investigations on tiecteof boundary layer
thickness and the axial dispersion on the interfangth. Researchers have noticed that
when the fluid flows in a pipeline, a laminar salgdr forms near the wall of the pipeline,
which enhances the mixing, leading to an increaseterface length. Viscous sub layer
is an important factor in enhancing of mixing ocriease of the interface length, but
researchers have not found the extent in whiclffeces the interface length. Patrachari
(2012) derived the model equations in which viscewis layer thickness was included as

one of the factors.

The higher mixing rates in the lower Reynolds regeb the turbulent regime has
been explained by the presence of viscous bounkdger. According to Patrachari
(2012) the central turbulent core that is forme@rnde boundary layer has been a
contributing factor to the axial dispersion. Fréime mathematical model it was derived
that shear stress that is exerted on the fluidrissalt of the pressure drop and the axial
dispersion. So the equations that are valid fesgure drop can be used in the axial

dispersion approximations with some modifications.

12



% _ [1_éj(%]i 4 {1_(1_%ﬂ(357\/? ) (2.6)

RA 192D )¢

Ke is the steady state effective dispersion of thaigit pipe, o is the thickness of th

viscous region is the radius of the pipe, D isrti@ecular diffusion coefficien u;,corr is

corrected velocity. Athe viscous regiorU is the average flowelocity, fis the friction

factor, dis the diameter of the pif

ploii] 100000 1000a0n
Reynalds Number

i} 100000
Hi"'l'll!lmi Mumbiar

Fig 2.2 Reynolds number vs axial dispersion coeffickumstin & Palfrey (1964) an

Patrachari (201). From Patrachari (2012)

From the (Figure 2.2 Patrachari (2012) explained that the curvature tiea
critical Reynolds region of turbulent regime shoveesimooth curve rather than an abi
change as viscous boundary layer was taken intgideration and a sharp ce by
Austin andPalfrey (1964 equation as they used two different equations for the reg
in the turbulent regime.t was inferred from the experiments Bwatrachari (2012that
the pipes with diameters 0.123” and 0.313” ovenestes the contaminan length, due

to the fact that these were shorter pipes wherelimgum was not achieved by tt
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convective and diffusive transport mechanisms. t8e, model equation proposed by
Patrachari (2012) was not applicable for pipes wdthmeter less than 0.3”. Further
studies need to be done on how the interface leisgiffected by the differences in

density and viscosity, pipe roughness.

In summary factors that influence the Transmix lteng

1) Inner diameter of the pipe

2) Average velocity of flow in the pipeline

3) Distance travelled by the transmix.

4) Kinematic viscosity of the fluids.

5) Friction coefficient of the pipe.

6) Relative roughness of the pipe

7) Presence of bends and elbows in the pipe.

8) Strength of turbulence.

Viscosity of mixture:

Viscosity of the fluid plays an important roletime growth of the interface length across
the pipe. Viscosity plays a vital role in the nmlar diffusion between the layers of
flow by momentum. Diffusion of the molecules isatitly proportional to the movement
of the molecules and inversely proportional tolseosity. As the viscosity gets higher,

diffusion is reduced.

According to Birge (1947), when gasoline-gasolimel aliesel-diesel products
were sent through a pipeline, the diesel-diesellbéssker transmix when compared to the
gasoline-gasoline mix, even though the relativeosgies of the two gasoline and the

14



two diesel batches were the same. The interfacgtHewas greater in the gasoline-
gasoline mix as the absolute viscosity was grdategasoline. Birge (1947) also stated
that the difference in density between the prodisct&dso a factor on the interface length.
A fluid with greater density has more gravitatiofi@ice which influences the spread of
contamination. When two fluids of different derestare sent in a pipeline, the higher
density fluid overruns the lower density fluid whitncreases the amount of transmix.
But after a while, the interface has almost theesaensity as the higher density liquid,

so the contamination rate decreases.

So, it's important to calculate the viscosity mpewof the two fluids to know the
interface length. The Viscosity of mixture can lstiraated using the Refutas equation.
The Refutas equation uses kinematic viscosity 8t)(and mass fraction of the fluids that
are sent in the pipeline. The kinematic viscosityeach fluid is attained at the same

temperature.

VBN=14.534In[In (v + 08)]+10.975 (2.7)

WhereVBN is the Viscosity blending number of each componmetite mixture flowing

in the pipeline.

VBN s=(X, # VBN, ) + (x5 * VBN, ) (2:8)
VBN, is the viscosity blending number of component A.

VBN is the viscosity blending number of component B.

X, andxg are the mass fractions of component A and B resedy.

15



From (Equation 2.7) and (Equation 2.8) we haveytbeosity of the mixture

VB -10.975
UBIend = exp[exp( NBde534 j J - 08 ZQ)

Ugeng 1S the viscosity mixture of the two fluids senttire pipeline.

Inner diameter of the pipe:

Inner diameter of the pipe plays an important roldirectly in the spreading of the
interface length. The diameter of pipe has beebnrporated with Reynolds number in
most of the equations. Many of the investigatoishsas Jablonski (1946), Taylor (1954)
and Sjentitzer (1958) have given empirical equatiarinich have the interface length
proportional to the diameter of the pipe. Accogdio Austin and Palfrey (1964) the
interface length is directly proportional to theuate root of the diameter of the pipe.
Austin and Palfrey (1964) have given two equatimnghe interface length depending on
the critical Reynolds number. From the equation®miby Austin and Palfrey (1964) it
has been deduced that the interface length is higihlwwer Reynolds number than the

higher Reynolds number when the diameter is kepstemt.
Reynolds number:

Investigators have determined that the interfacatle is a function of the Reynolds
number. From the empirical formulas of most of theestigators such as Jablonski
(1946), Taylor (1954) and Sjentitzer (1958), it ¢@nincurred that the Reynolds number
is inversely proportional to the interface lengiccording to Austin and Palfrey (1964)

and Patrachari (2012), the effect of Reynolds nunbalifferent for the laminar and
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turbulent regions. The turbulent region showed liegerface length compared to the
laminar region. The region below the above Reymoldmber showed a greater interface

length when compared to the one below the criiR®lnolds number.

vd
Re:p_ :E
Y2 L

(2.10)

Where Re is the Reynolds number,is the density of the fluid, V is the average eélp
of the fluid, d is the inner diameter of the pipeis the dynamic viscosity and is the

kinematic viscosity of the mixturex can be calculated using (Equation 2.9).
L ength of the pipe:

The interface length in a pipe is dependent orlehgth of the pipeline. According to the
investigators such as Jablonski (1946), Taylor 41%nd Austin &Palfrey (1964) the
interface length is directly proportional to theuate root of the pipe length. Interface
length increases as the fluids travels down the pepgth. So longer pipes have more
transmix than the shorter pipes. Pipelines alsasists of bends and elbows. The
presence of the bends and elbows increases theaénti length of the pipe and also

increases the mixing of the fluid. Mixing in tunctreases the transmix.
Friction factor:

One of the factors which influence the interfacagtld is Friction factor. Relative

roughness is expressed %s, whereé¢ is the roughness of the pipe and d is the inner

diameter. According to Taylor (1954), pipes witlgth relative roughness show an

increase in the interface length. So, pipes witlals diameter show an increasing
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interface length compared to large diameter pipdaylor (1954) also deduced that
friction factor increases with the presence of lseadd elbows in the pipeline due to
mixing of the fluid. According to the Moody chasthen Reynolds number is plotted
against the friction factor, the laminar region d@atbulent show a definite pattern. As
the Reynolds number increases the friction factmreiases. The prediction of friction
factor is inconsistent in the transition region arad many investigations are done in this
region. Colebrook (1939) has developed an equatiaalculate the friction factor. But

the equation worked only for the turbulent flowMany investigators have developed
equations basing on the Colebrook equation. Swalage(1976) gave an approximation
to the Colebrook equation which can be applieditcutar pipe and the result had less
error. Another investigator Serghides (1984) datian equation which was used for a

high range of Relative roughness and Reynolds numbe

Friction factor was calculated using the (Equadhl) given by Swamee-Jain (1976).

1 £ 574

& is the absolute roughness of the pipe, d is therimiameter of the pipe , f is the

friction factor and Re is the Reynolds number.
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CHAPTER Il

EQUATIONS FOR INTERFACE LENGTH

Pipelines are used in transporting the fluids ftbemgathering systems to the point where
it has to be delivered. So almost the same pipglare used in transporting the fluids of
different qualities and characteristics in a seria&hen the fluids are sent in series,
mixing occurs at the interface diminishing the dgyabf the liquid with high grade.

Following equations are used to calculate the veloftransmix.

When two fluids having different viscosities arentsen series forming an
interface, the viscosity of the transmix must beedained. The Viscosity of mixture can
be estimated using the Refutas equation. The Reégaation uses kinematic viscosity in
(cSt) and mass fraction of the fluids that are senihe pipeline. The kinematic viscosity

of each fluid is attained at the same temperature.

VBN=14.534In[In (v+08)]+ 10975 (3.1)

WhereVBN is the Viscosity blending number of each compomeittie mixture flowing

in the pipeline.
VBNgeng = (X4 * VBN, ) + (x5 * VBN ) (3.2)
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VBN, is the viscosity blending number of component A.
VBN is the viscosity blending number of component B.
X, and x; are the mass fractions of component A and B reés@éy

From (Equation 2.7) and (Equation 2.8) we haveytbeosity of the mixture as:

Vgieng = ex;{exp( VBN;ieng — 10975 j j - 08 (3.3)

14534

Ugieng 1S the viscosity mixture of the two fluids senttive pipeline.

Reynolds number:

Reynolds number of a fluid flowing in the pipelirsegiven by (Equation 3.4).

Re:p_\/d:\/_d
2] L

(3.4)

Where Re is the Reynolds number,is the density of the fluid, V is the average eélp
of the fluid, d is the inner diameter of the pipeis the dynamic viscosity and is the

kinematic viscosity of the mixturex can be calculated using (Equation 3.3).

Average Velocity:

Average velocity of the fluid flowing in the pipek is calculated using (Equation 3.5).
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v-2.9Q (3.5)
A

V is the average velocity of the fluid flowing ihd pipeline, Q is the volumetric flow

rate, A is the cross-sectional area of the pipedaisdthe inner diameter of the pipe.
Equivalent Length:

Pipelines consist of bends and elbows which ard ts&hange the direction of flow of
the fluid in a pipeline. Volume of transmix incses due to bends and elbows as the
mixing enhances. So, it is important to calculde eéquivalent length of pipeline. It is

given by (Equation 3.6).

(3.6)

|e Is the equivalent length of the pipe, d is theemdiameter of the pipe and f is the

friction factor.k, is calculated using (Equation 3.7).

KL = KL,erOV\£e) + KL,teegt) + KL,unior(u) + KL,valve V) (3-7)

K, Is the loss coefficient.

KL,e|bw is the loss coefficient of the elbows

Kuee: Is the loss coefficient of the tees.

KL,unior is the loss coefficient of the union Threaded .

KL‘VaNe is the loss coefficient of the valves.
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e is the number of elbows , t is the number of,teessnumber of union threaded and v is

the number of valves in the pipe.
Friction factor:

Colebrook (1939) has developed an equation to lz&uhe friction factor. But the
equation worked only for the turbulent flows. Sweawlain (1976) gave an
approximation to the Colebrook equation which canapplied to circular pipe and the

result had less error.

Friction factor was calculated using (Equation 3&en by Swamee-Jain (1976).

1 g 574
F = —2|Og(—37d + —Reo'gj (38)

& is the absolute roughness of the pipe, d is timeri diameter of the pipe ,f is the

friction factor ,Re is the Reynolds number.
Interface Length:

For the software development of the present studstiA and Palfrey (1964) equation
was used in calculating the interface length. @figm 3.9) represents the critical
Reynolds number .If the Reynolds number is aboeectitical (Equation 3.10) and if

Reynolds number is below the critical (Equatior23\iere used respectively.

For Re> 10000exp( 152,/d | (3.9)
S=1175Re % /dL (3.10)
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For Re < 10000exp( 152,/d ) (3.12)

S=1842(Re*® JdLexp| 121/d ) (3.12)

Re is the Reynolds number, S is the interface lerdjis the inner diameter of the pipe

and L is the length of the pipeline.
Volume of Transmix:

Volume of the transmix is calculated using Equafi®i3)

rd?
\/Interface :T S (313)

Vinertac 1S the volume of the interface, d is the innandéter of the pipe and S is the

interface length.
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CHAPTER IV

SOFTWARE DEVELOPMENT

The software developed in this study calculatedehgth and volume of the interface of
two fluids sent as a batch along the length ofpelpie. In the present study, Masse and
Johannes (2002) program was improved, errors wareaed and was made more user
friendly. The Masse and Johannes (2002) progrdaulesed the interface length using
the equation developed by Smith and Schulze (198)he present study, equations
developed by Austin and Palfrey (1964) were usechtoulate the interface length as it
has the diameter included in the equation ,whichise a secondary parameter effecting

the increase or decrease of the interface length.

A maximizing and minimizing button was includedtime program as it was a
tough task for the user to access the excel shkehwhe program was running, using
Masse and Johannes (2002) software. The presahy atso facilitates the ability to
change the mass fraction of the fluids, apart fiterdefault value of 50:50 mix. The

main drawback of Masse and Johannes (2002) softmasehaving too many Userforms,
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which may confuse the user in the beginning. Titesgnce of bends and elbows play a
significant role in the increase of transmix volynwhich was not included in the
software by Masse and Johannes (2002). The presdtware has a provision to

calculate the equivalent length added from thewethwalves and tees.

A graph of interface volume along the length of thipeline in Masse and
Johannes (2002) code gave a straight line and @ease in the length of the interface
along the length of the pipeline with a slope nea&dual to 0.5, but did not show the
transmix volume of the particular length enteredthy user. In this study a mark with
red dot had been created to show the volume ointieeface for the user entered value.

So, Userforms were improved, made error free aedfuendly.

Flowchart:

C ST1 RT )

Enter the value of

two fluids in the
batch. (Upstream
and Downstream)

!

Input the values of

density, Dynamic and

kinematic viscosities

and mass fractions of
two fluids.

l
O
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Is mass
fraction 50:50
mix of
Transmix

Enter the Pipe

No

Change the
mass fraction

data

Enter the length
of pipeline and
volumetric
flowrate

Calculate the Viscosity of
mixture using Refutas Equation
and the average velocity of flow

in the pipe.

l

Enter the number of
bends and elbows with
respective K, factors to

calculate the
equivalent length.
|

Calculate Reynolds number,

Equivalent length.
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Friction factor using
Swamee-Jain equation and 4’0




Is Reynolds

- number -
Use Equation Use Equation
greater than
(2.5) L (2.5)
Critical

Reynolds.

Calculate Total length of the

1 pipe, Interface length and

Interface volume using Austin
&Palfrey (1964) equation

|
@

Fig 4.1 Flowchart

Fluid Properties User For m:

1) The main UserForm was divided with tabs includingdduction, Fluid Properties,
Pipe data, Pipe line data, Equivalent length anduCations.

2) Figure 4.2 shows the Fluid properties tab whichthasprovision to add the upstream
and the downstream fluids from the database. Tha&bdae is set up in the “Fluid
Properties” tab of the worksheet. Downstream isléagling liquid and upstream is

trailing liquid.
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3) As the user selects the upstream or the downstfeachfrom the combo box,
automatically addghe density (lb. bbl.), dynamic viscosity (cP) and kineme
viscosity (cSt) of that fluid with respective units the textboxes. Thconversions
that are usedithe petroleum industry f density, dynamic and kinematic viscos
have been added.

4) Mass factions of the fluic are by default taken as 50:50 mix of the interféThe

user can manually input the mass fractions by usimgcommand button “chan

mass fraction”.

Introduction Fluid Properties | Pipe Data | Pipeline Data | Equivalent Length | Calculations | «|»

TUPSTREAM FLUID ’ﬁ DOWNSTREAM FLUID ’—L|
Mass fraction ’7 Mass fraction ’7
Density | | Ib/bbl j Density | | Ib/bbl j
Dynamic Viscasity | | p j Dynamic Viscasity | | cp j
Kinematic Viscosity | | cstokes j Kinematic Viscosity | | cstokes j

1) The mass fraction's can be entered by the user or it takes the default value of
the interface to be 30:50 mix.
2) The value of the kinematic viscocity emetered has to bein centistokes
(estokes) for further caleulations. Change Mass Fraction

CLOSE BACK ‘ NEXT |

Fig. 4.2 Fluid Properties

5) The kinematic viscosity enteréhas to be in cSt (centistokesy the equation used

calculatingthe kinematic mixture requirehe kinematic viscosity in c.
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6) The properties of the upstream and downstream tnidhe UserForm are direci
input to the “Fluid Data” tab of the workshe

7) Next commandbutton is used in forward navigation of the p

8) Back command button is used for backward navige

9) Close command button unloads thserform.

Pipe Data Userform:

Introduction | Fluid Properties Pipe Data ‘Pipeline Data | Equivalent Length | Calculations | <|»

PIPE. TYPE I—L| Area of Metal (in)*2 ’7
; A
oniaalPpeSte nche ] Transverse intemal area @)*2 [
E Transverseinternal area (92 [
Pipe Iientification/ScheduleNo. [ <] e ——
0.D (inches) Ii et pipe (00
1D (inches) — Weight of water (bsperftofpipe) [

Wall Thickness (&) (in) Ii External Surface (ft"2 per ft of pipe)

Section Modulus (2 L0.D)

i

All Pipe Data excerpted from " Flow of Fluids Through Absolute Roughness (e) (in)
Valves, Fittings, and Pipe " Crane, 25th Edition, 1990

CLOSE BACK ‘ NEXT ‘

Fig. 4.3Pipe Data excerpted from the “Flow of fluids thrbuglves

fittings and pipes by Crane (1990)

Figure 4.3represents the pipe data excerpted from Cranes. Database of “Ste,
Stainless Steel and Iron pipe” have been includThe nominal pipe sizes range frc

1/8' to 36" Steel, Stainless Steel and Iron pipes have thepective pipe identificatior
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or theSchedule numbers. Iron pijis identified by STD, XS or XXSSteel pipe by 2!
30, 40, 60, 80, 10120 140 and 160; Stainless steel by 5S, 14& and 80! The
database of the pipe properties have been set upeirigipe datatable” tab of the
worksheet. Absoluteoughness factoiof different pipe types hawdso been adde The

Pipe data from the UserForis input to the “Pipe Properties” tabthe workshee

Pipeline Data Userform:

Introduction ] Fluid Properties ] Pipe Data Pipeline Data | Equivalent Length ] Calculations ] 3

UPSTREAM FLUID
DOWNSTREAM FLUID

Length | | Miles j
Vel flw rate | | gal/min j

Viscosity of Transmix centistokes
Velocity ’7 ft/s

1) Enter the value for Length and Voelumetric flowrate. 2) Click

on CALCULATE. 2) Click NEXT. CALCULATE

CLOSE ABOUT BACK ‘ NEXT

Fig. 4.4 Pipeline Data

1) Figure 4.4allows input of pipeline data. extboxes of upstream and downstre

fluid shows the fluidsselectedy the user in the Fluid Properties 1
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2) Length and volumetric flow raterequired inputs by the use€onversions for lengt
and volumetridlow rates are availak in the softwareViscosity of the transmix ar
the average velocity of the fluid flowing in theopline are calculate

3) Viscosity of the transmix or the nture can be calculated usinEquation 3.3).
Viscosity of the mixture carbe estimated using the Refutas equation. Re
equation uses the kinematic viscosity in (cSt) arass fraction of the fluids sent
the pipeline. The kinematic viscosity of each fligdattained at the same tempera

4) Average velocity of the fluidiowing in the pipelines calculated usinEquation 3.5.

Equivalent length Userform:

Introduction ] Fluid Properties] Pipe Data ] Pipeline Data Equivalent Length Calculations] 3

EQUIVALENT LENGTH Elbows

T
ELBOWS ‘ TEES ‘ o
UNION, Threaded
UNION , Threaded ‘ VALVES ‘
Valves
CLOSE ABOUT BACK NEXT

Fig. 4.5 Equivalent Length
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Elbows and bends present in the pipe represergguealent length of the pipe. Mixir
of the fluid increases due to the presence of band elbows increasg the length of th
interface. Four types of fittings have been added in the @dsalsuch as Elbows, Te
Union threaded and Valv. (Figure 4.5) represents the equivalent lengtiberms ol

bends and elbows.

Types of Ellows are diplayed in (Figure 4.6)he first column of textboxe
represent the Kfactors of the fittings and the second column repnés the number «
elbows of that particular typeUser needs to check the boxes to the left of tpe tf

elbows to add it in theatculation of equivalent leng:

KL Nao. of Elbows

Regular 90°, flanged

Regular 90°, threaded |
Long radius 907, flanged |

Long radins 457, flanged |

a4 1 O O O

|
|
|
Long radius 907, threaded | |
|
|

Regular 45, threaded |

SAVE ‘ CLOSE ‘

Fig. 4.6 Types of Elbows

Typesof Tees are shown in (Figure ). The wser can check the box to adt
particular type of Tee.lf the check box is not selected, textboxes ar&dddrom use
entering the dataSave command button on the userform calculatetodgecoefficien

factors of the fitting.The dose command unloads the userform.
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KL No. of Tees

Line flow, flanged |

Branch flow, flanged |

1 1 O

|
Line flow, threaded | |
|
|

Branch flow, threaded |

SAVE | CLOSE ‘

Fig. 4.7 Types of Tees

KL Mo. of Elbows

Globe , fully open | |

Angle , fully open | |

Gate , fully open | |

Gate , 1/4 closed | |

Gate , 172 closed | |

Gate . 34 closed | |

Swing check , forward flow | |

Ball valve , fully open | |

Ball valve , 1/3 closed | |

1 0 OO0 o0 O o0 00 o OO

Ball valve , 2/3 closed | |

SAVE CLOSE

Fig. 4.8 Types of Valves

Types of Vales are shown in (Figure 4.8)The user can checthe box to add

particular type of Valve.
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KL No. of Union's

™ UNION Threaded | |

SAVE ‘ CLOSE ‘

Fig. 4.9 Types of Union Threaded

Types of Union Threaded are stn in (Figure 4.9). Theser can check the bdo add

the Union threaded typex, factor was calculated using (Equation 3.7).

Calculations User Form:

Introduction ] Fluid Properties] Pipe Data ] Pipeline Data ] Equivalent Length Calculations l »

Viscosity of Transmix f~2)s
Velocity ft/s

Reynold's number ’—

Relative Roughness (e/D) ’—

Friction factor ’—
Eguivalent Length ’— in

1) Click NEXT. ‘

CLOSE ABOUT BACK NEXT

Fig. 4.10 Calculations

Figure 4.10shows the calculations Userform that summarizesdh=ilatior of Reynolds
number, relative roughness factor, frictiontor and equivalent lengtused to estimate

the interface length.
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1) Viscosity of the transmix or mixture calculated time Pipeline Data tab has been

2
converted from centistokes toc—for the calculation of the Reynolds number.

2) Reynolds number of the flow is determined usingu@opn 3.4).
3) Friction factor was calculated using the (EquaBd) given by Swamee-Jain (1976).

4) Equivalent length of the pipe was calculated ugiguation 3.6).

Transmix User Form:

Fluid Properties] Pipe Data ] Pipeline Data ] Equivalent Length ] Calculations Transmix I 1

Total Length Miles SHOW GRAPH

Interface Length | | j
Volume | | j

1) Press CALCULATE TRANSMIX . 2) Click on SHOW GRAPH.
Minimize the userform to see the graph

CLOSE ABOUT BACK NEXT

Fig. 4.11 Transmix

Transmix length and volume calculations are shown(Rigure 4.11). Total miles
comprises of the length of the pipeline and theivadent length of the pipeline. The
equation given by Austin and Palfrey (1964) waddugsecalculating the interface length.

(Equation 3.9) represents the critical Reynolds loeim If the Reynolds number is above
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the critical (Equation 3.10) and if Reynolds numlisebelow the critical (Equation 3.12)

were used respectively. Volume of the transmix eadsulated using Equation (3.13)

The Show Graph command button plots the graphtefface volume along the
pipe length. “Transmix” tab on the worksheet shdhes value of the interface volume
for the pipe length ranging from 1 to 1000 milé&raph lines” tab on the worksheet are
used in setting the horizontal and vertical minoes$ on the graph in “Chartl” tab of the
worksheet. The blue line on “Chartl” represenésplot of interface volume for the pipe
length ranging from 1 to 1000 miles, where in thd point is the interface volume that

the user has calculated for a particular length.

Graph Information User Form:

GRAPH

Pipe Identification

Reynold's Number | |

Pipe Length (Miles)
Contamination (bbls)

EXIT

Fig. 4.12 Graph Information

Figure 4.12 shows the graph information availablemf the “Chartl” tab of the

worksheet.
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I mprovements:

Major improvements of this software were, it wasdmaser friendly, the UserForm was
improved and the errors were corrected from théwso€é developed by Masse and
Johannes (2002). Some other improvisations incagltkng the code for the calculation
of equivalent length, changes in the graph, maagtitms and adding minimizing and

maximizing buttons.

Masse and Johannes (2002) used Smith and SchudZe)(1Equation 4.1) for the

calculation of interface length.

(4.1)

S= LO'GZ( 055+ 1075]

R e087

Where S is the interface length, Re is the Reynaoldsber and L is the length of the
pipeline. Smith and Schulze (1948) is independd#ninner diameter but Austin and

Palfrey (1964) equation deduced that the interfeogth changes with the diameter.
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CHAPTER V

SENSITIVITY ANALYSIS

Based on the investigations done by the reseaiclieeslength of the interface is

dependent on the parameters such as pipe lengir, diameter, Reynolds number and
average flow velocity of the pipe. The secondaayameters are viscosity, density and
mass fraction of the transmix mixture. The presmiftware was developed using the
equation given by Austin and Palfrey (1964). Modt tbe researchers developed
equations and experimentally proved that the iaterflength increases along the length
of pipeline. The plot of interface volume with tleagth of pipe gives a straight line with

a slope nearly 0.5 on a semi-log graph.

For Re> 10000exp( 152,/d | (5.1)
S=1175Re ™ dL (5.2)
Re < 10000exp( 152,/d ) (5.3)
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S=18420Re® dL exp( 121/d ) (5.4)

Re is the Reynolds number, S is the interface kerdyiis the inner diameter of the pipe
and L is the length of the pipeline. In the pressftware sensitivity analysis was done
on the pipe length, pipe diameter, kinematic viggasf the fluids, average velocity flow

of the pipe and mass fractions of the transmix omext Tests were run using different

parameters to study the effect on the interfacgtten
Sensitivity on length of the pipeline:

A pipe with 22” diameter was used as a test casesporting gasoline and kerosene with

a volumetric flow rate of 4500 gal/min along a pipe length ranging from 1 to 10,000

miles.
Length Vs Transmix Volume

100000
10000 g st
K2 —
Q
2 Sal
& —
% /’/
£ 1000 _
5 =
< 7
o ]
@) "

100

10

1 10 100 1000 10000

Pipe Length (Miles)
Fig. 5.1 Graph of Length Vs Transmix volume
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The graph in (Figure 5.1) is a plot of the volunfetransmix along the length of the
pipeline. Most of the researchers have predidtetl the interface length along the pipe
can be stated by the power law, power ranging f@o48 to 0.62. Austin and Palfrey
1964) has the power of length as 0.5. It can beriadl from (Figure 5.1) that the volume
of interface increases with the increase in lergftithe pipeline. As mixing of fluids
increases along the length of the pipeline, axispetsion increases which results in the

increase of the transmix volume.
Sensitivity on average velocity of flow in the pipeline:

A sensitivity test was run to study the effect wémge velocity of flow of the fluids on
the interface length. A pipe with 20" diameter wesed to send gasoline and kerosene
along the length of the pipe line ranging from 106100 miles. The test was conducted
to determine if the volume of interface changes mwiiee average velocity of flow
changes in the pipe at constant diameter. The g®evalocity of the pipelines in the

petroleum industry ranges from 3 to 8 ft /s. Théofeing results were obtained:

, =100 | L=200| L=300| L=400
Velocity (ft/s) Volume of Interface(bbl.)

3.30 1066 1507 1846 2132
3.97 1046 1480 1813 2093
4.30 1038 1468 1798 2077
4.63 1030 1457 1785 2061
5.40 1015 1435 1758 2030
5.85 1007 1424 1744 2014
6.51 996 1409 1725 1992
6.95 989 1399 1714 1979
7.28 985 1393 1706 1970

Table 5.1 Volume of interface with velocity
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From (Figure 5.2) it can be inferred that the vaduof interface is decreasing as the
average velocity of fluid is increasing when thamndeter of the pipe is kept constant.
The boundary layer thickness of the fluid increasbh ensues the decrease in velocity
of the fluid. So, the downstream fluid at the eerdf the pipe moves with a different
velocity leaving the fluid at the boundary or watkavelling at a lower velocity. This
trailing liquid in turn mixes with the upstream iffuresulting in more contamination of
the fluid. So a pipe with average velocity of fl¢a/to 7) ft /s would be recommended to

reduce the volume of transmix.

Velocity Vs Transmix volume (diameter- 20 in)
2400

2200

—¢—100 miles
2000 k.-"""l-l-.._“ —e— 200 miles

" 1800 M —a— 300 miles
o
—— 400 miles
£ 1600
Qo M
€ 1400
=)
S 1200
x 3.
"= 1000 > NV
=
2 800
«
|-
F 600
400
200
0
0 1 2 3 4 5 6 7 8 9 10

Velocity (ft/s)

Fig. 5.2 Graph of Velocity vs Transmix volume
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Mass fractions of the Transmix mixture (Similar Viscosities):

A sensitivity test has been done on the fluidspstteam and downstream, changing the
mass fractions. The leading fluid is known asdbe/nstream fluid and trailing is called
the upstream fluid. Software developed in this gtatiows the user to enter the mass
fractions or it takes the default value to be &B0mix. A pipe with 18” diameter was
used in transporting diesel and kerosene at a Wglot4.4 ft /s. Diesel and Kerosene
have kinematic viscosities of 2.6 and 2.71 ceritestorespectively. Kerosene is a high

viscous fluid among the two fluids.

Upstream Downstream _
Fluid Fluid Transmix
Diesel Kerosene volume(bbls)

0.1 0.9 1224.3
0.5 0.5 1221.1
0.9 0.1 1220.2

Table 5.2 Sensitivity with mass fractions (SimNascosities 1)

Upstream Downstream
Fluid Fluid Transmix
Kerosene Diesel volume(bbls)
0.1 0.9 1220.2
0.5 0.5 12211
0.9 0.1 1224.3

Table 5.3 Sensitivity with mass fractions (SimNascosities 2)

From (Table 5.2) and (Table 5.3) it can be infertieat the transmix volume remains
about the same if the transmix is a 50:50 mieneW the upstream and the downstream
fluids are interchanged. When a fluid with higsogsity is selected as the downstream

fluid, it travels slowly resulting in mixing withhe upstream fluid, which slightly
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increases the volume of transmix. So, the massidres have only a minor effect on the

calculation of the transmix amount if the viscastare almost similar.
Mass fractions of the Transmix mixture (Differencein Viscosities):

In this test gasoline and kerosene are sent adca lba the fluids have difference in
viscosities. A pipe with 20” diameter was usedransporting gasoline and kerosene at a
velocity of 4.5 ft/s. Gasoline and kerosene haveekiatic viscosities of 0.64 and 2.71

centistokes respectively. Kerosene is a high visé¢mid among the two fluids.

Upstream Downstream | Transmix
Fluid Fluid Volume

Gasoline Kerosene (bbls)
0.1 0.9 1099
0.5 0.5 1030
0.9 0.1 980

Table 5.4 Sensitivity of mass fractions (Differemcé/iscosities 1)

Upstream Downstream | Transmix
Fluid Fluid Volume

Kerosene Gasoline (bbls)
0.1 0.9 980
0.5 0.5 1030
0.9 0.1 1099

Table 5.5 Sensitivity of mass fractions (Differemeé/iscosities 2)

From (Table 5.4) and (Table 5.5) it can be infertieat the transmix volume remains
about the same if the transmix is a 50:50 migne the upstream and the downstream
fluids are interchanged with fluids having similar difference in viscosities. When a

fluid with high viscosity is selected as the doweam fluid with high mass fraction, it
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travels slowly resulting in mixing with the upstredluid, which significantly increases
the volume of transmix. So, the mass fractionsehawajor effect on the calculation of

the transmix amount if there is difference in visities.

Sensitivity on Viscosity of the fluids:

A sensitivity analysis was performed to know how thariation in viscosity changes the
volume of the interface. A pipe with 20" diameteartsporting gasoline and kerosene

have viscosities 0.64 and 2.71 respectively in:&®@ansmix.

Gasoline |  Kerosene | Transmix
Viscosity (cSt) volume(bbls)

0.64 2.30 1429.7

0.64 2.71 1438.6

0.64 2.78 1439.8

Table 5.6 Sensitivity with Viscosity

Increasing the viscosity of the fluid results i ftuid to move slowly and overrun by the
fluid with lesser viscosity, leading to an increasehe transmix volume. From (Table
5.6) it can be inferred that if viscosity of a fluis decreased, it results in reducing the
volume of the transmix. So, changing viscositytteé fluid effects the volume of the

transmix.

Validating the software:

A pipe with 22" diameter transporting gasoline &edosene in a 50: 50 mix was used in
validating the software. When the program rundjrictly takes the values of kinematic

viscosity of gasoline and kerosene from the dawmba3he volume of transmix is
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calculated at a velocity of 4.5 ft/s. For validatipurpose the kinematic viscosity of
gasoline and kerosene are directly entered forutalon, which produced the same
results as to that of volume of transmix with thalues directly entered from the

database.

Validation of the transmix length equation givenAuystin and Palfrey (1964) in
their published paper and from the code of thegmestudy: Gasoline and Kerosene are

sent as a batch, having the following specification

Pipe diameter = 16 inches

Distance travelled by interface = 1,000,000 ft.

Austin and Palfrey Austin and Palfrey
(code) (graph)
Reynolds number 354081 350000
Interface length (ft.) 3691 3600
Interface volume (gal 35023 35000

Table 5.7 Validation at 16” diameter
Pipe diameter = 12 inches

Distance travelled by interface = 5,000,000 ft.

Austin and Palfrey Austin and Palfrey
(code) (graph)
Reynolds number 338155 335000
Interface length (ft.) 7355 7400
Interface volume (gal 43214 42000

Table 5.8 Validation at 12" diameter

(Table 5.7) and (Table 5.8) give almost the sanhgegafor the interface length.
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CHAPTER VI

CONCLUSIONS

When two fluids, upstream and downstream are flgwma batch, mixing occurs at the
leading end of one batch and trailing end of theeotThis is called transmix. Transmix
varies in concentration along the length of theejpe. Austin and Palfrey (1964) have
established an equation to estimate the interfacgth along the length of pipeline. The
turbulent region given by Austin and Palfrey (1964uation can be divided based on the
critical Reynolds number of the turbulent regima. the region above the critical
Reynolds number in the turbulent regime, interfdergth increases slowly with
increasing Reynolds number, where as in the rebelow critical Reynolds number,

interface length decreases rapidly with increagbeénReynolds number.

The equation given by Austin and Palfrey (1964épendent on some of the
parameters such as distance travelled in the pgepipe diameter, Reynolds number,
average velocity of flow of the fluid in the piped, kinematic viscosity, maggction
and density. In the present study software wasldped to estimate the transmix volume

and a sensitivity analysis was performed to dis¢enw the above parameters affect the
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transmix volume. The following facts have beeraklsthed performing the sensitivity

analysis, they are:

1. Volume of transmix and length of the interface @ases along the length of the
pipeline. As mixing increases along the length giepne, the axial dispersion
coefficient increases resulting in an increaseangmix volume.

2. When a fluid is sent in a pipe with constant diaandength of the interface decreases
with the increase in the velocity of the fluid flowg in the pipeline. This can be
attributed to the boundary layer thickness neamtak of the pipeline which results
in the increase of the transmix volume when thalfla flowing at low velocities. A
velocity of the fluids at 5 ft/s to 7 ft/s is recamended to decrease the amount of
transmix volume in the pipeline.

3. Transmix volume of the batch remains constantefrfixture is taken as 50:50 mix
even though the leading and trailing fluids areicbhanged. If a high viscous liquid is
flowing downstream, it moves slowly resulting inxmig with the leading end of the
other batch increasing the transmix volume. Masdida of the high viscous
downstream fluid should be less to decrease tmerirex volume.

4. When the downstream fluid is a high viscous flurdjume of transmix increases
slightly when the viscosities of fluids in the batare similar and increases rapidly
when there is a difference in viscosities.

5. Transmix volume of the batch increases with angase in viscosity of one fluid.

For future studies secondary factors such as dnctoefficient, difference in density,

absolute roughness can also be attributed to tleease in transmix volume.

47



REFERENCES

Aris, R. (1956). “On the dispersion of a solute anfluid flowing through a tube”,
Proceedings of the Royal Society of London, Setiedvathematical and Physical
Sciencewol (235), No. (1200), pp. 67-77.

Aunicky, Z. (1968). “The longitudinal mixing of ligds in bends”, The Canadian
Journal of Chemical Engineeringo. (46), pp. 27-31.

Austin, J.E. and Palfrey, J.R. (1964),”Mixing ofsuible but dissimilar liquids in serial
flow in a pipeling, Proceedings /Institution of Mechanical Engineetds (178), pp.377-
395.

Anirudh R.Patrachari. (2012),”A conceptual framekvorto model interfacial
contamination in multiproduct petroleum pipelineBiternational Journal of Heat and
Mass Transfewol (55), pp. 4613-4620.

Birge, E.A. (1947).”"Contamination control in prodyupelines”, Oil and Gas Journal
vol (46), pp. 176.

Crane (1990),”Flow of fluids through valves, figsnand pipes'Crane Company
Ekambara, K. and Joshi, J.B. (2003),”Axial miximgpipe flows: turbulent and transition

regions”,Chemical Engineering Scienvgel (58), pp.2715-2724.

48



Fowler, F.C. and Brown, G.G. (1943),”Contaminatlmnsuccessive flow in"American
Institute of Chemical Engineew®l (39), pp. 491-516.

Flint, L.F. and Eisenklam, P. (1970),’Dispersionmétter in transitional flow through
straight tubes, Proceedings of the Royal Society of London, &eA, Mathematical and
Physical Sciencesol (315), pp. 519-533

Hull, D.E and Kent, J.W. (1952),”"Radioactive trax@¢o mark interfaces and measure
intermixing in pipeliney Industrial and Engineering Chemistmol (44), pp.2745-2750.
Levenspiel .O. (1958),”Longitudinal mixing of flusd flowing in circular pip€$
Industrial and Engineering Chemistwl (50), No. (3), pp. 343-346.

Masse and Johannes (2002), Copywrited Softwaraltwlate the Interface Length using
Smith and Schulze (1948) equation.

McCall, D.W., Douglass, D.D and Anderson, E.W,’D#fon in liquids”, Journal of
Chemistry and Physiaosol (31), pp. 1155.

Interface between two fluidbttp://.alliedenergycorp.com/transmix-processing

Robert E. Maples (2000).Petroleum Refinery Pro&essmomics (2nd edition.). Pennwell
Books.

Smith, S.S.and Schulze, R.K. (1948),”Interfaciakkimg characteristics of products in
product pipelines’The Petroleum Engine&ol (20), pp. 330-337.

Sjenitzer, F. (1958) “How much do products mix ipipeline?”"The Petroleum Engineer
vol (30), pp. 31-34.

Swamee, P.K. and Jain.A.K (1976),”Explicit equasidar pipe flow problems”Journal

of Hydraulics Divisiorvol (102), pp .657-664

49



Taylor, G.l. (1954)."The dispersion of matter inrdulent flow through in a pipe”,
Proceedings of the Royal Society of London, Setiedvathematical and Physical
SciencedNo. (223), pp. 446-468.

Taylor, G.l. (1953)."Dispersion of soluble matter solvent flowing slowly through a
tub€’, Proceedings of the Royal Society of London, &eA, Mathematical and Physical
Sciencewol (219), No. (237), pp. 186-203.

Weyer, M. (1962),” The intermixing of successiveowbk in pipeline§ Brennst-
Warmekerwol (14), pp. 267.

Udoetok, E.S. and Nguyen, A.N. (2009),”A disc pi@deal for estimating the mixing
volumes between the product batches in multi-proghygelines, Journal of pipeline

Engineeringvol (8), pp. 195-204.

50



APPENDIX A

MODEL EQUATIONS FOR INTERFACE LENGTH
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Pipelines are used in transporting the fluids ftbegathering systems to the point where
it has to be delivered. So almost the same pipelame used in transporting the fluids of
different qualities and characteristics in a seri&en the fluids (1 and 2) are sent in
series, mixing occurs at the interface diminishthg quality of the liquid with high

grade.

According to Taylor (1954) two fluids (1 and 2) Imr&y equivalent viscosities and
fluidl is primarily sent into the circular pipe t&f a certain time period fluid 2 is sent
into the circular pipe. Fluid 1 is the downstredud and fluid 2 is the upstream fluid. At
time t = 0 fluid 2 enters the pipe at one end x and pushes fluid 1 along the circular
pipe. At a particular length in the circular pigaids start mixing. According to Taylor
(1954),

The mass diffusion equation is:

2
c_ Fc

(A.1)

a ok
Where C is the concentration, K is the axial disjwer coefficient, x is the length of the
pipe and t is the time.

Solving the second order PDE, (Equation A.1)

Boundary conditions are:

Atallt: x=0:C=@ (A.2)

X =0: C =0 (A.3)

Defining a new variable to solve (Equation A.1)

77=m (A.4)

Where x is the length of the pipe, K is the axigpérsion coefficient and t is time.
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Replacingr from (Equation A.4) in (Equation A.1), we get

2 2
d_C(a_’?j _d°c (iﬂj (A.5)
dn \ ot dn?  ox

Solving (Equation A.5), using the differential pfw.r.t x and t in Equation (A.4), we get

2
d (2:+277d—C:O (A.6)
dn dn

(Equation A.6) represents the conversion of seayddr PDE (Equation A.1) to second
order ODE (Equation A.4)

The boundary conditions given by (Equation A.2) éaduation A.3) are converted to
At n=0:C=G (A.7)
n=0:C=0 (A.8)
Defining a new variable y to convert the seconaofDE to first order ODE.

dC

Let —=Y (A.9)
dn

Substituting (Equation A.9) in (Equation A.6)

d
&, 2y=0 (A.10)
dr

Or d—;/ =—2(dn)

Solving (Equation A.10), we get

Iny—Ina=-p
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y=a exp(-7) (A.11)
Where a is a constant.

Substituting (Equation A.9) in (Equation A.11)

3—;: = a.exd—nz) (A.12)

Solving the differential (Equation a.12), we get

i
C= a.j exp(-7°)dn + m (A.13)
0

Applying the boundary condition given by (Equatii”) and (Equation A.8)

At n=0

C,=a exp(—nz)dn+m (A.14)

ot—o0o

C, =k

At 7 =o0: -G, :a.jzexp(—nz)dn (A.15)
0

Where G is the initial concentration, a and m are constant

Error functionerf (x) can be defined by:

2 X
erf (x) = — | exp(-=x*)dx (A.16)
(== j p(-x°)
Substituting (Equation A.16) in (Equation A.14)uks in,
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a= (A.17)
Jr
"
Substituting the value of a in (Equation A.15)
c-—%o ]Zexp(—nz)dn +C, (A.18)
Jr / >
2

Substituting the error function (Equation A.16)Equation A.18) we get,

C [%]erf (7) +C, (A.19)

_ =G

Tz
s

Solving (Equation A.19)

C=G d—erf(n)) (A.20)

X
Substituting 7=—=—in (Equation A.20)
V4Kt

c=C {1—erf( X D (A.21)
0 \/m

Assuming that the length of the interface to béeofyth S/2 for the fluid ranging from
0.01 < C <0.98. Letthe concentration of theriiaige be 0.5.

Equation 3.44 can be written as

001= 0.5(1— erf ( \/‘:(WD (A.22)

Solving for (Equation A.22)

S
098= [erf {mjj (A.23)
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From the table of error functiogy (1.645) = 098 (A.24)

Substituting (Equation A.24) in (Equation A.23), get

=164~ (A.25)

Al

S= 658VKt

S= 658‘/&
U

Where S is the length of the interface, K is thHéudion coefficient is the total residence

time of the fluids in the pipe at a length of L aackrage velocity of U.
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APPENDIX B

EMPIRICAL CORREATIONS FOR INTERFACE LENGTH



Jablonski (1946)

S= %0 [1.5169+ 202811) ng(p ) (B.1)
Re ) Min(p,, p;)

Where S is the length of interface, d is the indi@meter of pipe, Re is the Reynolds

number 2, is the density of fluid a and}, is the density of fluid b.

Birge (1947)

For a gasoline — gasoline interface:

S = 0.9944345 %% (B.2)
For a gasoline-kerosene interface:

S =1.10288 L% (B.3)

Smith and Schulze (1948)

(B.4)

S= LOGZ( 055+ 1075j

R

Taylor (1954):

S = 6.59998Re %%, /dL (B.5)



Sjentitzer (1958)
S=245999d ** L%’ Rg ™ (B.6)

Austin and Palfrey (1964)

For Re>10000exp(152,/d | (B.7)
S=1175Re® \/dL (B.8)
For Re < 1000Gexp| 152,/d ) (8.9)
S=1842(Re* JdLexp(121/d | (B.10)

Udoetok & Nguyen (2009)

n=

1 (B.11)
N .

n signifies the effect of pipe roughness on intfaxtent at the walls.

w is an experimental constant and has a value @50lased on the field data by

Udoetok and Nguyen.
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