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ABSTRACT

Flow Accelerated CorrosionFAC) is defined as a flow enhanced mass transfer
phenomenon that results in pipe wall thinning & fiping system and results in abrupt
failure in some case&AC is controlled by the transport of corrosion sped®m the
wall to the bulk fluid and is determined by the dbdlistribution of the mass transfer
coefficient. The overall objective of this reseaishto investigate the mass transfer in
pipe bends arranged in single and dual S- shapgoostions under single and annular
two phase flow conditions. A novel wall dissolvingass transfer technique was
developed to measure the local mass transferlisivn under a Schmidt numbeic] of
1280, which mimics the level of carbon steel inaevah industrial applications. Flow
field measurements using Particle Image Velocim@ty) and flow visualizations using
laser induced fluorescence were performed to utateighe causal relation between the

mass transfer and the flow dynamics.

The mass transfer in single“d@ends under single phase flow was measured fanger
of Re from 40,000 to 130,000. Three regions of elevateaks transfer rates were
determined in the single bend, (i) near the irdethe bend inner wall, (ii) midway on the
bend inner wall sides and (iii) near the outlethef bend outer wall. The maximum mass
transfer enhancement relative to the upstreampgsefound to occur near the outlet of
the single bend outer wall and spans over the fiast of the downstream pipe with a
magnitude of approximately 1.8. The surface roughnef the test sections were

determined at the end of each experiment and fooihe in the fully rough wall region.



The mass transfer coefficient at the high massstearocations was found to scale as
Re”?2 The maximum enhancement was found to be indeped&e for the range oRe

studied here.

For the dual S- shape bends, tests were perfororedifferent separation distancef

of 0, 1 and 5. Th&/D=0 case were tested for a rangdrefirom 40,000 to 130,000. The

maximum mass transfer enhancement relative to pséream pipe was found to occur
when there was no separation distance betweeretidsbThis maximum occurred at the
transition from the first bend outer wall to thesed bend inner wall with a magnitude
of approximately 3.2. The mass transfer enhancenvastfound to decrease when the
separation distance between the two bends wasas®ile A second region of high mass
transfer enhancement was found to occur midwayhensecond bend inner wall in the

form of two symmetric regions shifted from the @ghhe with a magnitude of 2.8.

The effect of air and water superficial velocitfes annular flow in the range df= 22-
29.5 m/s, and = 0.17- 0.41 m/s on the mass trasnfer in singledarad S- shape bends
was determined. The maximum mass transfer was fdondccur midway on the
centerline of the bend outer wall for the singledease. This location corresponded to
the entrained liquid droplet impingment and anagal high velocity region due to liquid
film thining. A second high mass transfer regiorsvedserved on the latter part of the
bend outer wall. The effect of the air superficilocity on the mass transfer

enhancement was more significant than the effethefvater superficial velocity.
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The maximum mass transfer enhancement in the $edbend geometry under annular
two phase flow was found to always occur on thet fbend outer wall at a similar

location to the single bend case. The mass transtée second bend was lowest for the
zero separation distance between the bends, amdased with an increase in the
separation distance. The maximum mass transfenansécond bend occurred near the
outlet of the second bend outer wall with a magtetof approximately 60% of that in

the first bend when the separation distance was Zdre maximum mass transfer in the
second bend was found to increase with an increaseparation distance to reach
approximately 85% of that in the first bend 10ID=40. The location of the maximum

region was observed to shift in the upstream doecas the separation distance was

increased to approach the location of the singhel lmeaximum neal/D=40.

Flow field measurements showed matching of thesaneth high mean flow velocity on

the inlet portion of the single bend inner wall.eThigh velocity stream was observed to
shift toward the outer wall near the bend outle@nifar features were observed in the first
bend of the S- shape configuration. The flow vedjoancreased significantly near the

transition from the first bend outer wall to thesed bend inner wall of the dual S-shape
bend. High turbulent kinetic energy was measured tiee outlet of the single bend outer
wall and inner wall. Similar kinetic energy disuiion was observed on the first bend of
the S- shape. The turbulent kinetic energy dowasiref the first bend increased to
approximately twice that in the first bend and wéserved to travel from the outlet of
the first bend inner wall to the second bend inmell. For two phase annular flow, the

phase redistribution visualization showed liquidoaation from the core flow and
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deposition on the bend wall. Three locations ofad#pon were observed (a) on the first
bend outer wall neaf; of 50, (b) between the SGnd the outlet of the first bend (c) on

the latter part of the second bend outer wall.
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CHAPTER 1

Introduction

1.1. Motivation

The tragic accident in 1986 at the nuclear powatiast “Surry-USA” brought attention to Flow
Accelerated CorrosiorFAC). A rupture in one of the condensate system beesidted in four
fatalities and costly repairs and lost revenue (Bpal997). The rupture was attributedRAaC.,
which is a serious safety and reliability probleswihg aging power generation plants, especially
nuclear power plantd\PP). FAC is a slow piping degradation process caused byldéng
fluid damaging or thinning the protective layerpiping components. This phenomenon results
in severe wear and thinning of large areas of gi@nd fittings that can lead to sudden and
catastrophic failures. There are two mechanismporesble forFAC: (i) an electrochemical
process known as corrosion that depends on theistigrof the flowing fluid and its conditions
resulting in a thin porous oxide layer, and (iijn@val of the oxide layer by diffusion to the
adjacent moving fluid. This process continues touodeading to the thinning and failure of the
piping component. The thinning rate and therefbee domponent life time is dependent on the
mass transfer which is primarily dependent on tlwsv fhydrodynamics within the piping

component.

Pipe degradation can be caused=By or Erosion CorrosiongC) wear. InNFAC the removal of

the oxide layer is by diffusion of mass to the flomhile in Erosion-Corrosion it is due to the
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effect of the mechanical surface stresses, (e.garsktresses) created by the moving fluid
(Robinson, 1999) that is able to produce surfacarwi@ many cases the two phenomena can
take place at the same time, especially in two ¢lilasv. However, inFAC the mass transfer is
the rate limiting factor for pipe wall thinning (Rlgson, 1988). There have been numerous studies
of FAC and the parameters affecti®AC, because of the economic importance and safety
considerations of the phenomena. Most studies &mtoa the water chemistry, such as the effect
of the PH level of the flowing water on the rate of corrasiand the control of mass transfer
through the PH level (Dooley, 1997). There have been fewer swtdim the role of

hydrodynamics ifFAC.

1.2. Objectives

The flow hydrodynamics can affect the mass trandfstribution and in turn th&AC. The
objective of the current study is to investigate #ffect of flow hydrodynamics on the mass

transfer in pipe bends. The specific objectives are

1. To develop a mass transfer measurement techniduiggtanto account the surface
development under high Schmidt numifag) (

2. To investigate the detailed mass transfer distigouin single 96 bends under single
and two phase annular flow conditions

3. To investigate the effect of separation distandevéen two bends arranged in a back
to back S-configuration configuration on the masangfer enhancement and

distribution under single and two phase flow coodi
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4. To characterize the flow field in single and baglkback S-configuration bends using
Particle Image VelocimetryP(V) measurements

5. To characterize the two phase redistribution imglgirand back to back bends under
annular flow conditions though flow visualizatiosing Laser Induced Flourscence
(LIF)

6. To elicit the responsible mechanisms for mass tearenhancement for single and

annular two phase flow conditions

1.3. Scope of the work

The collection of articles composing this thesigresents the first experimental study of local
mass transfer in short radius single and dual $eshands using dissolving wall methods. The
study examines the effect of Reynolds number, fer&hge of 40,000 to 130,000, on the mass
transfer distribution and the peak mass transfenaecement. In addition, the current
investigation studied the effect of different ararutwo phase flow conditions on the mass
transfer distribution. The effect of the separatilistance between the bends in the dual S-shape

configuration was also investigated under single taro phase flow conditions.

1.3.1.Experimental investigation of mass transfer in 90 dgree pipe bends

using a dissolvable wall technique

The mass transfer in single®fends and the effect of Reynolds number on thes imansfer is
presented in this article. Experiments were peréatnim the fully rough wall region for Reynolds
number in the range 40,000 to 130,000. The massfeaat the peak locations scaled with

3
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Reynolds number aRe™% The maximum mass transfer enhancement, relativket upstream
pipe, was found to be independent of Reynolds nuniidee relative roughness was observed to

decrease with Reynolds number.

1.3.2.Mass transfer in dual pipe bends arranged in an S-

configuration

The second article examines the mass transfer sh&se dual bend. In particular the effect of
the separation distance between the dual bendsRaydolds number on the mass transfer
distribution was determined. The maximum mass fesarenhancement is found to occur when
there is no separation distance between the bettldgwnagnitude of 3.2 over straight pipe. The
enhancement decreased as the separation distanceinar@ased. The Reynolds number

exponent scaling was found to be similar to thahesingle bend case.

1.3.3.Flow field characteristics in single and S-shape &l bends under

single phase flow

The flow field measurements in single and dual I&apge bends are discussed here. Particle
Image VelocimetryRIV) measurements were performed in different plangke test section to

understand the flow field characteristics and dateeit to the mass transfer distributions. Areas
of high mean and secondary flow velocities werentbtio correspond to those of high mass

transfer. High turbulent kinetic energy regions fmend to correspond to high mass transfer at
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some locations and low mass transfer in other ioieat Highest mean flow velocity is observed
near the inlet to the second bend inner wall inShehape dual bend case which corresponds to

the highest mass transfer location.

1.3.4.Mass transfer in Single bends under annular two phse flow

conditions

This article focuses on the mass transfer in siB@febends under annular two phase air-water
flow conditions. The location of the maximum masansfer is found to agree with existing
predictions in the literature. The air and watepesticial velocities were varied to investigate the
effect of each on the maximum mass transfer enlma@ce The mass transfer was found to
change significantly with the air superficial velygc however, the water superficial velocity

effect was not insignificant.

1.3.5.Mass Transfer in S-shape dual pipe bends under antar two phase

flow conditions

The effect of annular two phase flow conditions raass transfer in S- shape dual bends is
presented here. The effect of separation distart@een the bend on the mass transfer pattern
and distribution is also discussed in this artilee maximum mass transfer is found to always
occur in the first bend under all separation ardaahular flow conditions. The mass transfer

pattern in the second bend was significantly déiferto that in the first bend. Flow visualization
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using laser induced fluorescence was performedn®late the mass transfer pattern to the two

phase redistribution within the bend.

1.4. Thesis outline

This thesis is made up of five journal articleslioed previously that comprise the results
section of the thesis along with other supplemgnthapters which provide a survey of related
literature and context for the research, as welt@glusions and recommendations. Chapter 2
provides a more comprehensive overview of pastiesuth the area of flow accelerated
corrosion and flow dynamics and mass transfer mlbeChapter three contains the first journal
article titled “Experimental investigation of masansfer in 90 pipe bends using a dissolvable
wall technique” which presents the mass transfemsuement methodology and application to
measurements in a single°d@nd. Chapter four is the journal article titleddss transfer in
dual pipe bends arranged in an S-configuration’civigresents the results of the mass transfer in
dual bends arranged in an S- configuration. Thedthournal article titled “Flow field
characteristics in single and dual S- shapel@hds” is presented in chapter five. This chapter
addresses the correlation of the flow field digttibn and the mass transfer topography in single
and dual S- bends. The journal article titled "Méassisfer in single bends under annular two
phase flow conditions” is presented as chapter@ms article focuses on the mass transfer in a
single 90 bend for a range of annular two phase air-waw ftonditions. The article titled
“Mass transfer in dual S- Shape bends under antuaphase flow conditions” is the seventh
and final results chapter. The mass transfer il Hdaads arranged in an S- configuration for

different separation distances and different anmildav conditions are presented in this chapter.
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The correlation of the mass transfer topographthéophase redistribution obtained from Laser
Induced FluorescenceLlf) visualization is also presented here. The commhss and

recommendations for future work are presented iaptdr 8. It also includes a list of the
contributions to the current state of knowledge.pémdix A provides an analysis of the
uncertainty of the experimental measurements peddr during the course of this thesis.
Appendix B provides information about the propertigf the material used to perform the
experiments and material contents. Appendix C ptesa comparison of the mass transfer
coefficient for single and annular two phase floAppendix D outlines the main Matlab data

reduction routines used to obtain mass transfdficamts.

1.5. A note to the Reader

As a result of the editorial requirements of pubhg a series of separate journal articles, there i
some overlap of material contained in this thdsigarticular, the sections of each journal article
pertaining to the experimental facility and measwat methodology contain significant
repetition. The literature review sections of eacficle also contain similar material. However,
each of these review sections is targeted, and clm@sin more specific references related to the
work presented in each paper. In addition, the exy@atal methodology applied in the current
research is described in each article but is ledsildd after the first article. Finally, the

conclusions reached in Chapter 8 are a summaiyeafdnclusions contained of the five articles.
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CHAPTER 2

Literature Review

2.1. Introduction

This section of the thesis provides a comprehenstxgew of the relevant studies in the
literature on Flow Accelerated Corrosion, and flawd mass transfer in pipe bends. The
literature reviewed in each journal article is tielay brief to fit the publication requirements.
To provide more insight and greater context towloek performed in this thesis, a more detailed
literature review is presented in this section. Titeeature is broadly divided into: (i) a review o
factors affecting Flow Accelerated Corrosion, (figss transfer in pipe bends under single phase

and two phase flows.

2.2. Flow Accelerated Corrosion

Flow accelerated corrosiorAC) is affected by a complex interplay between sdviaetors,

such as the flow chemistry, material propertieswfconditions (single and two phase) and the
flow hydrodynamics. The available information 6AC rates are mostly based on industrial
observations and statistical studies of pipe walhring inspections. Numerous experimental

studies orFAC were focused on the cycle chemistry (Dooley, 199/ flow chemistry such as
8
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the PH level in the water affects the rate of the eledtemnical corrosion process and so affects
the FAC process. The watétH level can be optimized for minimufAC rate (Dooley, 1997).
Corrosion inhibitors such as chromates and niti@itekigh concentrations which act as passive
inhibitors have been tested and proven to limitidie of FAC (Postlethwaite, 1979). Several
studies addressed the effect of the material ptiege(Dooley, 1997). The addition of a very
small percentage [<1%] of chromium to the carb@elstesulted in drastic reductions in the rate
of FAC; however, this is more suitable for newly desigpé&hts (Elliot, 2004), since the piping
components in older plants have predominantly carbteel pipe with variable unknown
Chromium content. Computer codes were developeddbas this data as well as the plant
inspection data to predict the most susceptiblasaasd develop plans for inspection; however,
FAC is still not reliably predicted and can cause pband severe damage to piping components

(Pietralik 2008)

FAC is classified as piping degradation resulting frorass dissolution of the wall protective
corrosion layer and is limited by the wall masssfar rates. Although flow hydrodynamics
plays an important role in the mass transfer ratethusFAC, very few investigations have been
devoted to study its effects #tAC. Among the different flow parametefSAC is found to be
dependent on:
a) Mean flow velocity and shear stress near the wdlich affects the boundary layer and
mass removal rate.
b) Turbulence intensity; which is reported to sigrafitly affectFAC in both single and two
phase flows as it enhances mixing and transpoes raetween the wall layer and bulk

flow (Poulson, 1999).
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The effect of turbulence intensity is still unclesince it was reported to reach a peak at

intermediateRe where thd=AC continues to increase (Poulson, 1993).

Repeated Nuclear Power Plant inspections arounaidiniel have shown that piping components
located downstream of pipe singularities, suchuaslen expansion/contractions, orifices, valves
and bends are most proneRAC. This is attributed to the severe changes in fingction as
well as the development of secondary flow instabgi downstream of these singularities (Chen
et. al, 2006). Pipe bends, of interest here, agaadly one of the most common components in
piping systems exhibitin§AC problems, and are the principal focus of this gtuithere have
been only a few studies of mass transfer in pipelbeainder single phase flows. There is even
less research to understand the mass transfer wwdephase flow conditions. In order to
understand the mass transfer in bends, the flovardycs under single and two phase flows in

bends are also reviewed.

2.3. Mass transfer

2.3.1. Mass transfer measurement methods
The mass transfer is represented by the non-dimeasiSherwood numbeiSf) which is a
function of Reynolds numbeR¢) and Schmidt numbe&¢). Mass transfer can be obtained from
either analogy with heat transfer or through expental measurements which are typically
performed using electrochemical methods or diseglwall methods. The Chilton - Colburn
analogy has been used to relate heat and massetralaga as summarized by Coney (1980).
Despite the similarity of the two phenomena, maaasfer results in a change in the surface

morphology which in turn changes the mass transiiers and results in discrepancies between

10
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the heat and mass transport rates (Poulson, 1988)other key drawback is the difference in
the ratio of the thickness of the boundary layelesat transfer experiments are usually performed
at Prandtl numberd() less than about 10, while for mass transfer ttlen®dt number &) is

typically in the range 100 to 3000 (Poulson, 1986).

Electrochemical methods, known as the limiting entrdensity techniqueLCDT), have been
used to measure mass transfer in different geosse{fPoulson, 1983). Among the different
geometries that have been studied are rotating iitating cylinder, impinging jet, straight pipe
and downstream of an orifice. The mass transfeetairons developed in these studies are listed
in Table 2.1. The applicability of theCDT technique is limited to simple geometries as a
uniform distribution of the applied current is eepquisite for the success of this technique,
which is difficult to attain in complex geometrids. addition this technique doesn’t allow for
surface development to mimic some practical massster applications.

Dissolving wall methods using sections made of aated with a dissolvable material in some
specific solution have been used to measure massfér. Typical material-fluid combinations
were Transcinnamic acid in Water, Benzoic acid igc&rin/Water mixtures (Poulson 1988),
Naphthalene in Air (Sparrow et. al, 1986) and Flastf Paris in water. Wilkin et. al. (1983)
utilized the dissolution of Plaster of Paris in @rato investigate the mass transfer in straight
pipes and in 90bends. Test sections were cast out of Plastea$ With water as the working
fluid. The dissolution rate of Calcium Sulfatéa80,) into water is higher than the transport by
diffusion into the bulk solution (Raines and Dewer897), thus it provides diffusion controlled
mass transfer environment. Since the mass tramsfeteel pipes is also considered to be a

transport controlled phenomenon, the dissolutioBatium Sulfate in water was used to mimic

11
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Table 2.1: Geometries investigated using electrochmecal methods-adapted (Poulson 1983)

Rotating discs

Shymoot=0.6205 RE&° SP-33

Levich (1962)

Shougi=0.0078 RE® S

Mohr (1976)

Shymoot=0.079 R87 SP-3%¢

Eisenberg (1954)

W
Rotating @
cylinder 3 Shoug=[1.25+5.76*l0g(d¢)] >’ Re SE%° Kappesser (1971)
dly
o f H Shya=1.12 R&° SE3{H/d)*** Tsang (1978)
Impinging Jet | o 1
S=emesz=2 X | Shy,=0.65 R& (x/d) ™ Trass (1976)
Wj W
Shya=0.27 RE%7 533
Nozzle or 3[ g, | | ShiShipe1+A[1+B,(R€0.0165*RE**21) Coney (1980)
. d, d
Orifice /\*ﬂ ]&x ' l Where: A, B, are constants, depend on distance
E— from the orifice
Shya=0.286 R&% P33 Poulson (1986)
Shymoot=0.0165 RE&® 5P Berger (1977)
H H T 82 33
Straigh pipe d Shymoor=0.026 R8s Poulson (1986)
0----L---~ o

Shougi=0.02 R&%S&%

Wilkin (1983)

12
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FAC. The surface of Plaster of Paris was found tolremcjuasi-steady roughness pattern in a
short period of time (Blumberg 1970). The roughnastsern obtained with Plaster of Paris was

found to be similar to that observed in steel pipasdustrial applications, (Pietralik 2012).

2.3.2. Mass transfer in straight pipes

Numerous studies have been performed to measumadhks transfer in straight pipes. Some of
the obtained mass transfer correlations are surmethm table 2.2. The mass transfer process is
always accompanied with a change in the surfacghmess of the test specimen and thus a
change in the mass transfer rate. The roughneksis@function of the Reynolds number of the
flow, as shown in figure 2.1. The increase in tbeghness scale results in an increase in the
mass transfer coefficienS{) until it reaches the fully rough region where t8e becomes
independent of the roughness scale and followsatant Reynolds number exponent (Dawson
and Trass, 1972). Tih for a fully rough pipe is found to be 2 to 4 tintke mass transfer rate
for smooth pipes (Postlethwaite and Lotz, 1988)w&mn and Trass (1972) investigated the
effect of surface roughness on the developmentott the hydrodynamic and mass transfer
profiles under different relative roughnegf)) and Schmidt numbeSf). Generally, forSc>1

the Reynolds number required for surfaces to besidened fully rough from the hydrodynamic
point of view is larger than that required for thearbe considered fully rough from the diffusion
point of view and becomes even greater with inenggSc. Above a certain Reynolds number,
referred to as critical Reynolds number, the walktonsidered fully rough and the mass transfer
coefficient is found to be independent of the rawags heighe/D (Dawson and Trass, 1972)

The dimensionless roughness s@&ilat which

13
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Table 2.2: Summary of the mass transfer correlatios for fully developed pipes

Smooth wall

Shhoot=0.0165 R& 5@

Berger (1977)

Smooth wall

Shhoot=0.026 R&%2 533

Poulson (1986)

Rough wall

Shug=0.02 R8° S

Wilkin (1983)

Rough wall

Shug=0.005 Re St*

Blumberg (1970)

Rough wall

Shug=0.007 R&%°S*

Postlethwaite and Lotz (1982}3)

Figure 2.1: Surface morphology change with increasie Reynolds number (a)2x18 (b)

7x10 (c) 3x1d (Poulson, 1993)

14
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straight pipes are considered fully rough is fouade approximately 10 to 30 (Dawson and

Trass, 1972, Postlethwaite and Lotz, 1988).

2.3.3. Mass transfer in bends under single phase flow

The mass transfer in bends is affected by a numbfactors including the bend radius relative
to the pipe diameter/D), angle of curvatured), flow Reynolds numberRg) and Schmidt
number §&). Mass transfer studies on long radius bends (Za@80, Wilkin et. al, 1983) and
short radius bends (Achenbach 1976) and (SparravCinysler, 1986) have been performed
under turbulent flow conditions. The results areagreement on the location and shape of the
peak mass transfer regions, with the maximum masssfer occurring near the outlet of the
bend outer wall. The enhancement was reportedd®ase as/D was decreased, which was
attributed to the fact that increasing the bendeamss would result in higher turbulence levels
and in turn higher mass transfer.

The angle of curvature of the bend affects the ldgweent of the swirling flow structure and
consequently the mass transfer enhancement. Téet eff the bend angle of curvature on mass
transfer was studied by Sprague et. al (1985) émdbangles of 4590 and 180 with anr/D =
2.72. The location of the maximum mass transfer feaad to be midway through the bend on

the outer wall for the #5and 90 bends, and on the outer wall near the exit forl®@ bend.

Poulson (1988) investigated the mass transfer @ h8nds using.CDT, as shown in figure 2.2.
The wear topology was in the form of crosswisedsagirected toward the midline. In this study,
the bends were manufactured from straight coppeinguresulting in significant geometry

changes and variations in wall thickness duringagreding process.

15
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Figure 2.2: FAC examples of copper models 180end single-phase flow - Poulson (1988)

In this study, tests were run until pipe wall fadoccurred. The overall mass transfer rate was
determined by measuring the pipe weight before atet the test. The local mass transfer was
evaluated by ultrasonic wall thickness measuremeespecially at the failure locations.
However, failure at a specific location may be daethe initial pipe wall thickness at this

location and not because of a high local massfeatesel.

The transition to a fully rough wall, where tBe becomes independent of roughness height, was
found to occur at approximateRe=30,000 for the 180bend and alRe=50,000 for the 45bend
(Sprague, 1985). The scaling of tBewith Re was investigated by few studies as summarized in
table 2.3. The averaggh over the entire bend section figb=8 was found to scale &%
(Wilkin et. al, 1983), while the&h at the peak location for short radius bend®%£1.5) was
found to scale aRe”® (Achenbach, 1976). Théh at the peak location for long radius 280
bends (/D of 2.5 and 7.3) was reported by Poulson (1993ctde afRe™® for the smooth wall

case andRe* for the rough wall case.

16
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Table 2.3: Summary of the mass transfer correlatios for bends

Smooth wall (mass deposition) She,=0.018 R&%* S (Single bend) Achenbach (1976)
Rough wall (mass removal) | Shyeragz0.00923 R&%*S@*  (Single bend) Wilkin (1983)
Smooth wall (mass removal) | Shye,=0.01 Ré S¢** (U- shape dual bend) Pouslor8§)9
Rough wall (mass removal) | Shy,=0.028 R&%° S (U- shape dual bend) Pouslon (1988)

The scaling of the mass transfer enhancement,atkfis the local Sherwood number relative to
that in a fully developed pipe for the same flowndition, with Reynolds number has been
studied (Poulson, 1988, Coney, 1980, Wang and 8h2@01). There is a discrepancy in the
results from the different studies since the meamsster was normalized using either numerical,
smooth or rough wall results. The enhancement wasd to be independent of Reynolds
number when normalized by the smooth wall resisu{son, 1988) and (Coney, 1980) and
scaled a®.71Re™*? for the rough wall results (Poulson, 1988). Andrse scaling with Reynolds

numbers was reported by Wang and Shirazi (200Ingusumerical results. In bends, the
Sherwood number scales with Reynolds number withigher exponent than that of straight
pipes. Therefore, the enhancement scaling with 8dgnnumber is expected to increase or at

least remain constant with Reynolds number, whrehcantrary to the numerical results.

Computational studies have been performed on sioghel under single phase flow conditions
(Homicz, 2004). This study was oriented towardghediction ofFAC in pipe bends. ThBNG-

(K-g) model was used, but was not coupled to the nnassfer equations. The mass transfer was

17
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claimed to correlate only to the mean shear suessbution with minor effect for turbulence
kinetic energy. However, the effect of turbulenméiic energy is found to be as important as the
shear stress (Poulson, 1993). EI-Gammal et. al))2pdrformed numerical simulations on single
bends usingRSM) turbulence model and standard wall functionstli@ near-wall zone. There
were some discrepancies between the mass trangeicied by simulations and those from
experimental data, especially in the separatioronsg This can be attributed to the difficulty of
resolving the near wall region, especially for thigusion boundary layer. Two locations of high
mass transfer were reported: (i) near the inléhéobend inner wall and (ii) near the outlet of the
bend outer wall for a Pend, (Pietralik, 2013). In this study, the massigfer obtained from
numerical simulations was in good agreement in patern and locations of the maxima

obtained from the industrial measurement.

2.3.4. Mass transfer in bends under two phase flow

Two phase liquid — gas flows are more frequent avgr generation applications, where it
usually occurs at high temperaturE&C is usually higher in two phase flow than singlagh
flows (Dooley 1997). The highrAC level under two phase high temperature flow can be
attributed to the decrease in the boundary layekniess which results in an increase in the mass
transfer in addition to the effect of liquid degami and bubble entrainment which promote the
turbulence level. The comparison of mass transfstraight pipes under annular two phase flow
and single phase flow at an equivalent surfacersttesss yielded an enhancement of 1- 1.6 for
the two phase flow over single phase flow (Pouls®91). The mass transfer enhancement for
slug two phase flow relative to single phase flawgimilar Reynolds number was reported to be

approximately 3 times (Wang et. al, 2002). Thisaardement was attributed to the effect of the
18
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entrained bubbles and the effect of liquid slugsenohancing the near wall turbulence and thus
mass transfer.

The mass transfer in bends under liquid-gas tweseHbw was found to increase with an
increase in the void fraction due to the significafiect of the phase redistribution (Pecherkin,
2011). ThusFAC studies were mostly focused on annular two phiase donditions. The mass
transfer in a 180bend under a range of annular flow conditions stadied by (Poulson, 1991).
The location of maximum wear, which correspondsntximum local mass transfer rate, was
found at approximately 430 50 from the bend inlet on the outer wall side as shiawfigure
2.3. The mass transfer maximum was attributeddcetfect of entrained droplet impingement on
the bend outer wall. Mass transfer by erosion mster test sections was reported by Poulson
1991 for gas superficial velocity of 60 to 70 mf&e droplets impingement is reported to have
significant effect on erosion without any film asthe case in mist flow systems (Malloy et. al,
2013). In the case of annular flow with sufficiefiitn thickness the film tends to play a
cushioning role in attenuating the effect of thepiinging droplet on the mass transfer. The gas
velocity threshold above which erosion contributesthe mass transfer is identified by
Deffenbaigh and Buckingham (1989) and Hatori (2Gd®e in the range of 70 to 125 m/s. The
air superficial velocity had a significant effeah the mass transfer but the role of the water
velocity is unclear in the results of (Poulson, 1I9%howing it had a minor effect on the mass
transfer (Koshizuk, 2010). The location of the mmaxin mass transfer along the bend is found to
depend on the bend tightnes&)) and a correlation was proposed by Poulson (1961redict
the location. The maximum mass transfer was foenthéve downstream when the radius of

curvature of the bend was reduced. Numerical sitimunaf two phase flow is
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Sightseeing
Location

Smm

Figure 2.3: FAC examples of copper models 18bend two-phase annular flow

(Reproduced from Poulson, 1991)

significantly more challenging than for single phaows. One of these challenges is to
accurately capture the discontinuous interfacianamenon, which may result in complex flow

patterns and scales.

2.4. Flow characteristics in bends:

2.4.1. Flow characteristic for single phase flow

The flow in bends is significantly different to tha straight pipes since the flow is subjected to
significant change in the flow direction, which dwecentrifugal forces leads to the development
of secondary flows, and flow separation. Weskeak{1948) reported the flow dynamics in a
sharp 90 bend under turbulent flow. The flow in sharp bemglaffected by centrifugal forces

that move the flow toward the outside radius thiotlte center region of the flow. The pressure
gradient due to this centrifugal force drives tlmwvfagain toward the inner radius. These two
flows form double counter rotating vortices withilme cross section of the bend, as shown

schematically in figure 2.4. Meanwhile, the advepsessure gradient along the inner radius may
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lead to flow reversal and separation from the witle dynamics of the double counter rotating
vortices is highly sensitive to the upstream cadodg. Similar flow features were observed by

Dean (1928) under laminar flow conditions.

Weske et. al (1948) reported shedding of the sé@pardubble downstream of the bend.
However, this shedding was mainly driven by theta®® angle of the bend interior radius.
Similar swirling vortices oscillation was reportegt Tunstall and Harvey (1968). Ritten et. al
(2005) performed large eddy simulations of flowdi@¥ bends and observed flow unsteadiness
which they termed the “swirl switching” phenomentbat occurs within the bend curvature and
lead to shedding of the separation bubble downstrefathe bend exit, as shown in figure 2.5.
The inlet flow condition in this study was unsteaggusoidal velocity upstream of the bend
inlet. The secondary flow structure is quite sewsito the upstream condition (Weske, 1948);
therefore the reported flow unsteadiness in thellzam its downstream may have been initiated
by the entrance sinusoidal flow velocity distrilauti The secondary flows induce a pressure drop
along the bend that can significantly increasenh# mean and oscillatory shear stresses as well
as the oscillatory pressure loads along the bertd(itassan, 1998). The secondary flows can
also promote turbulence close to the wall and #misance the rate of mass transfer at the wall
(Chen, 2006; Poulson, 1999).

The flow in dual bends is more complex than in Ergends, due to the interaction of the flow
dynamics within the two bends (Taylor et. al, 1984Jhis interaction in different dual bend

orientations, e.g. U-, out of plane- and S- confagjons, were studied by several investigators.
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(a) (b)

Extrados

Station (a) Station (b) Station (c)

Figure 2.4: Secondary flow structure generated byhe bend geometry,

(reproduced, Weske (1948))

Figure 2.5: Secondary flow structure generated byhe bend geometry Re=5000,
Rutten et. al (2001)

22



Ph.D. Thesis- Hazem Mazhar McMaster University ecihnical Engineering

The highest turbulence level and pressure drop etserved for the S- shape configuration
compared to the U and out of plane dual bend cordigpons for turbulent flow conditions

(Rudolf and Desova, 2007). This is likely due te guperimposition of the two acceleration
motions, one due to shift of the high velocity céan the first bend inner wall to the outer wall

near the inlet and another due to the acceleratioihe second bend inner wall near the inlet.

The curvature direction of the bends is the santherlJ- shape and partially the same in the out
of plane configurations, which develops another phvortices in the same direction of the first
bend vortices and allows for quicker velocity fielecovery compared to the S configuration.
Twin vortices are generated within the first befithe S configuration, similar to that in a single
bend. These are stretched along the curvaturegeasog in diameter and increasing in strength.
Similar secondary flows are developed within theosel bend, but in the opposite direction; the
strength of the secondary flow in each bend witedaine the prevailing flow structure in the
entire S dual bend. The strength of these swirlsdepend on the angle of curvature of each
bend. Small angles of curvature resulted in sugprasof the swirling structure in the second
bend since the curvature is not large enough fersétond bend to recover from the first swirl
and develop its secondary vortices, for the cadaroinar flow (Taylor et. al, 1984; Niazmand
and Jaghargh, 2010). In this case two pairs oflswirning in opposite directions were observed
in the second bend and downstream of the dual b&fety large angles could result in very
strong vortices in the second bend that can dimithe intensity of vortices in the first bend. In
dual 90 S-shape bends, the second bend could generatedsegcstructures that are able to
overcome those generated in the first bend (Daamty Sherwin, 2009). The effect of separation

distance between the S- dual bends on the turbailllavel was investigated by Yoshida et. al
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(2008). The average turbulence level measuredvatraelocations downstream of an S shape
dual bend configuration is found to decrease wiktraasing separation distance from 0 to 1
diameter. The flow velocity field was found to bscilating non-symmetrically in the cross

section downstream of the dual bend shape. Thisagyry was attributed to the undeveloped

flow admitted at the inlet to the S-bend.

2.4.2. Flow characteristics for two phase flow
Since the annular two phase flow is one of the noashmon flow regimes in power plant
applications and is more prone to mass transferF#@@l as discussed in the preceding section,
this section will be mainly focused on the dynami¢sannular flows. Depending on the flow
velocity of the liquid and gas constituents of th phase flow, different flow regimes are
obtained. The main gas liquid two phase flow reginmea horizontal piping system (Taitel and
Duckler, 1976) are:
Bubbly flow: high liquid flow rates and relatively small airof rates usually results in
numerous discrete bubbles in the continuous ligtrieam.
Slug flow: increasing gas void fraction bubbles collide andlesce and form larger gas voids
which are comparable in dimension to the pipe diameThese masses of gas voids are
separated by slugs of liquid.
Wavy flow: for further increase in gas flow rate and voictfien, stratified flow forms where
the bottom side of the pipe contains the liquid #meltop side contains the gas flow. The gas
tends to drag the surface of the liquid phase tieguin waviness in most cases and in this case

the flow regime is called stratified wavy.
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Annular flow : relatively high gas velocity results in high irfecial shear; once this shear force
supersedes the gravity effect, the liquid is exguefrom the core of the pipe toward the walls
forming a film of liquid while the high velocity gais flowing in the core region. Liquid
entrainment and deposition between the film and ghs continuously occur resulting in
entrained droplets of liquid in the gas core. Tlhghlvelocity air core tends to create waviness in
the liquid which in addition to the droplets depimsi results in high turbulence level in the
liquid film.

The hydrodynamics of two-phase liquid-gas flowdémds is more complex than in single-phase
flows (Kim, 2007). This is because of the phasestadution and the complex interactions
between the gas phase and the liquid turbulenaectstes (Crawford, 2007). The latter
mechanism plays a major role in the mass, momen&mnd, energy transfer between the two
phases (Kim, 2007). The two-phase inlet flow regimk affect the phase redistribution and in
turn affect the flow dynamics within the bends. Emample, bubbles can significantly affect the
turbulent kinetic energy close to the wall, affagtithe wall shear stress and pressure. Jepson
(1989) showed that high velocity slugs can caugé hirbulence and shear forces at the pipe

wall and thus enhance the destruction of the ptiotmhibitor film on pipe walls.

Studies on two phase flows in pipe bends were priyndevoted to understand the phase
redistribution and evaluate the associated presiopealong the bend curvature. Two phase air-
water flows in different regimes, bubbly, stratifjgplug and slug flows were investigated in a U
shaped bend in different orientations (Usui, 1980)e redistribution of the two phases was
correlated to the interaction between the gravity eentripetal forces. The development length

for annular flow is significantly affected by th&istence of pipe bends in the flow stream. For
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flow through straight pipe, the entrance lengthejsorted to be approximately 30 diameters by
(Zhao et. al, 2013). The development length requdewnstream of a U- shape dual bend is
reported to be longer than 30 pipe diameters wivia the maximum length for the experiments
by De Kerpel (2011) and more than141 diameters @ysva Lima (2010). This could be due to

the drastic two phase redistribution in bends, whmeost of the liquid phase collects on one side

of the bend.

A modified Froude numbel~(,) , representing the ratio of the centripetal fere¢ any angle
along the bend to the radial component of the tmtwnal force at this location, equation 2.1,
was used to combine the significance of each farmedecide on the resulting flow pattern and

phase redistribution (Usui, 1980).

2.1
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The effect of the different flow patterns on thdistribution was reported as follows, figure 2.6:

(a) Bubbly flow: the centrifugal force pushes the ldjyphase toward the extrados and keeps
the small percentage of the gaseous phase ontthdas side.

(b) Stratified flow: the gravitational force moves thlew liquid phase toward the intrados on
the downstream part of the bend.

(c) Plug flow region: the tail part of the liquid plioggcomes unstable.

(d) Slug flow: flow reversal and flooding were obseryedpecially when a formed water slug
is expelled by air flow.

(e) Wavy flow: the centrifugal force was the major paeter in this regime. The liquid phase

was pushed outward to the extrados and maintagngdhk phase on the intrados.
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(H Annular flow: Relatively stable flow was observéte flow forms uniform rings around
the axis of the bend cross section. The gravitgatffs opposed by centripetal force and

results in the uniform ring pattern.

—-— -

Flow
—— alk »
(a) Bubble Vg=0.085 m/s (b) Stratified Vg=0.85 m/s (c) Plug Vg=0.255m/s
VL=1.79 m/s VL=0.0954 m/s VL=0.567 m/s
\\
Flow Flow
(d) SlugVvg=1.70 m/s (e) Wavy Vg=10.7m/s (f) Annular Vg=27.5m/s
VL=0.567 m/s VL=0.567 m/s VL=0.567 m/s

Figure 2.6: Flow pattern in U shaped pipe under dferent flow regimes (Usui, 1980)
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In the case of annular two phase flow through loorial bends, the gas flow in this case tends to
follow similar swirling flow patterns to the singfghase discussed above as proposed in the gas
core region (Maddock et. al, 1974), figure 2.7. Emérained droplet in the upstream flow tends
to deposit on the outer wall side near the sigahdecation, where the upstream pipe centerline
intersect with the bend outer wall. Liquid film tadts on the outer wall after the location of the
droplet deposition. Liquid re-entrainment on thigelapart of the bend inner wall and deposition
on the bend outer wall was observed. Frequent kdetewct of the liquid film from the bend inner

wall is reported by Da Silva Lima and Thome (2042)shown in figure 2.8.

gecond

Inner wall

e Centerline
e Gas flow
.......... Liquid fl
o bt Liquid
Film &
droplets
Gas core

Figure 2.7: Proposed phase redistribution model for) gas core flow pattern, (b) liquid film

and entrainment flow pattern, (Reproduced-Maddock & al 1974)
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f1=38011s =387 ms t3=389 1ms

. . f

=391 ms =393 ms [3=390 118

Figure 2.8: Sequence of images showing frequent dehment of R134a liquid film from the

inner wall (Da Silva Lima and Thome 2012)
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2.5. Research motivation

Despite the research done on the cycle chemisgritrol FAC rates, the phenomenon is poorly
understood. Mass transfer is the rate limiting pesdn thd=AC phenomenon. The effect of flow
hydrodynamics on mass transfer has received relgtiittle attention as shown in the preceding
literature review. In particular, studies on masansfer in pipe bends under high Schmidt
number are very limited. The mass transfer in dugalds, which are common components in
piping systems, has not been investigated prewoudpe bends exists in piping systems in
different configurations such as single, dual S, &hd out of plane configurations. Since these
piping geometries represent a major component istrpower generation plants, there is a
strong incentive to further investigate this pheeaon. The single and dual S-shape bend
configurations are the focus of this study. Theaultssof the current research will eventually be
utilized to develop and improve prediction tools flle FAC phenomenon in order to accurately
and reliably predict the life time of the differgpiping geometries in power plants. Geometry
factors based on the mass transfer enhancementdaant the critical areas, identified in the
current research program, will be implemented | ¢bmponent life time prediction codes to
limit the risk of the phenomenon and also redueeuthnecessary frequent costly inspections on

the entire plant connections and potentially awadous accidents.
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Abstract:

The mass transfer in 9@ngle bends was measured using a dissolvabletegihique
using test sections cast from gypsum. The methtmivalthe surface morphology to
evolve producing a roughened surface to mimic pralctnass transfer situations. The
experiments were performed for standarfl @ipe bends, with a diameter of 2.54 cm and
radius of curvature/D=1.5 at a Schmidt number of 1280 and Reynolds nunmbée
rangeRe=40,000 to 130,000. A mass transfer enhancemeativelto the upstream pipe
was observed on the bend inner wall near the iaolethe side walls throughout much of
the bend and on the bend outer wall near the ouflemaximum mass transfer
enhancement of approximately 1.85 times was obdeswethe bend outer wall near the
bend outlet, which was independent of Reynolds rermbhe Sherwood number at the
high mass transfer locations is found to scal®eds?. The surface roughness in the
upstream pipe and in the bend is found to decrsligetly with Reynolds number. The
roughness scale” is estimated to be approximately 30 to 70 for difeerent Reynolds

numbers.
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3.1Introduction

The mass transfer in turbulent flow through pipaognponents plays an important role in
Flow Accelerated CorrosionFAC) in a number of practical applications. The mass
transfer by diffusion of ions generated at thermpivall to the bulk flow determines the
rate of FAC. This is different from erosion corrosigBC) wear, where the mass removal
process is dominated by mechanical forces, whighage prevalent in multiphase flows
[1]. The dissolution mass transfer, in tRAC case, is typically limited by the turbulent
transfer process in the flow and thus there is edn® investigate geometries with
anticipated high regions of turbulence such adltve downstream of orifices, valves and

in bend geometries.

The mass transfer in bends, of interest here féectaid by a number of factors including
the bend radius relative to the pipe diametéd) angle of curvatured), flow Reynolds
number Re) and Schmidt numberS§). Turbulent flow in bends is characterized by
complex features such as flow acceleration, sejparand generation of secondary flow
structures in the form of swirling vortices [2]. &Hlow complexity in pipe bends
increases the turbulence level and mass trangferfig@ development and strength of the
swirling flow is mainly affected by the radius aadgle of curvature of the bend and

Reynolds number.

Mass transfer studies on long radius [4, 5] andtstaalius bends [6, 7] under turbulent
flow conditions have been performed. The resuléesiaragreement on the location and

shape of the peak mass transfer regions, with gedmum mass transfer occurring near
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the outlet of the bend outer wall [4- 7]. The enteanent was reported to increase/&s
was decreased [3, 4, 6, 8], which was attributedhto fact that increasing the bend

acuteness would result in higher turbulence leaetsin turn higher mass transfer.

The angle of curvature of the bend affects the ldgwveent of the swirling flow structure
and consequently the mass transfer enhancement.effeet of the bend angle of
curvature on mass transfer was studied by [9] émdbangles of 4590 and 180 with an
r/D=2.72. The location of the maximum mass transfes faind to be midway through
the bend on the outer wall for the®4d 90 bends and on the outer wall near the exit for
the 180 bend. The transition to a fully rough wall, a ragi where the mass transfer
coefficient starts to be independent of roughneegyht, was found to occur at

approximatelyRe=30,000 for the 180bend and aRe=50,000 for the 45bend.

The scaling of the Sherwood numb&n)with Reynolds number was investigated by [5,
6, 10]. The averaggéh over the entire bend section fdD=8 was found to scale &>
[5], while theSh at the peak location for short radius bendB£1.5) was found to scale
asRe”®[6]. The Sh at the peak location for long radius 2&@&nds (/D of 2.5 and 7.3)
was reported by [10] to scale B&”® for the smooth wall case afé" for the rough wall
case. The scaling of the mass transfer enhancerdefihed as the local Sherwood
number relative to that in a fully developed pige the same flow condition, with
Reynolds number was studied by [3, 4, 8]. Thera dsscrepancy in the results from the
different studies since the mass transfer was naretbhusing either numerical, smooth or
rough wall results. The enhancement was found tmtbependent of Reynolds number

when normalized by the smooth wall results [3, 4 acaled a6.71Re>* for the rough
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wall results [3]. An inverse scaling with Reynoldsmbers was reported by [8] when
using numerical results. In bends, the Sherwoodbmunscales with Reynolds number
with a higher exponent than that of straight pigbs 6, 11, 12]. Therefore, the
enhancement scaling with Reynolds number is exgetencrease or at least remain

constant with Reynolds number, which are contrahé results of [8].

The Chilton - Colburn analogy has been used taedi@at and mass transfer data as
summarized by [4]. Despite the similarity of theotphenomena, mass transfer results in
a change in the surface morphology which in turangfes the mass transfer rates and
results in discrepancies between the heat and raassport rates [10]. The mass transfer
rate for a fully rough pipe is found to be 2 toidhds the mass transfer rate for smooth
pipes [11, 12, 13, 14]. Dawson and Trass [13] itigated the effect of surface roughness
on the development of both the hydrodynamic andsnrassfer profiles under different
relative roughnessefD) and Schmidt numberSf). Generally, for Sc>1 the Reynolds
number required for surfaces to be considered fagh from the hydrodynamic point
of view is larger than that required for them to dmnsidered fully rough from the
diffusion point of view and becomes even greatehvimcreasingsc. Above a certain
Reynolds number, referred to as critical Reynoldmioer, the wall is considered fully
rough and the mass transfer coefficient is foundeandependent of the roughness height
e/D [13]. The dimensionless roughness sadlat which straight pipes are considered

fully rough is found to be approximately 10 to 3@ 14].

The objective of the current study is to develop awestigate the effect of Reynolds

number on the mass transfer rate in pipe bendg wsuissolvable wall technique. This
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technique utilizes the dissolution of test sectioast with gypsum in water to measure
the mass transfer rate. The methodology provid&s af 1280, similar to that for the

diffusion of ferrous ionge"? in water [14]. HighSc number mass transfer in short radius
bends is not well covered in the literature. Theshhique allows for the surface
roughness to develop with time to include the é¢ffd#csurface roughness. Experiments
were performed for Reynolds number in the rang@0mo 130,000. The local surface
wear topography is measured using a laser scaneicighique at the end of each
experiment and used to evaluate the local massvanamd mass transfer coefficient

over the entire surface.
3.2 Experimental methodology and data reduction

Experiments were performed in a 2.54 cm diametaw floop shown schematically in
figure 3.1. Water is circulated from a 100 liteseevoir through the test facility by a
centrifugal pump. The flow rate is regulated bybgloralves and measured by a turbine
flow meter with an accuracy of £1% of the flow reegl The flow is passed through a
perforated plate followed by a honey-comb beforteremg a straight pipe with a length of
165 cm leading to the test section. The flow exited test section to a 75 cm long
straight pipe before being directed back to theemasr. The water temperature was
measured in the reservoir and controlled to witkicb °C using a compensation cooling
loop. The amount of Gypsum dissolved in the wataring the experiment was
determined by measuring the electrical conductivitly the water. A calibration
experiment was performed to correlate the amoudissiolved Gypsum to the increase in

conductivity of the water.
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The gypsum bend test sections consisted of anegpst20 cm long straight pipe, a
standard 90bend with a radius of curvature of 3.81 anfbE1.5) and a downstream 10
cm long straight pipe. The test section had a nahullameter of 2.54 c¢cm throughout.
The test sections were cast over rubber cores edugy thin balloons that were held in
place in a machined plastic mold. The segmentbetdst section are cast in succession
with the bend cast first followed by the upstreand alownstream straight pipes. The
gypsum was generated by mixing Hydrocal (CaBaH,0O) with water that yields
gypsum with a density of 1550 (kg/mA small amount of citric acid is added during th
mixing stage to retard the curing process andifat@lthe casting process. The mixture is
left under a vacuum before casting to aid the seled trapped air bubbles in the mixture.
The cast test sections were allowed to cure unddiemt conditions and weighed
periodically until the weight reached steady stateich typically took 15 days. Samples
from the cured cast test sections were analyzedyusiray diffraction and it was found
to consist of almost 98% calcium sulfate compoumd#) a minor percentage of other

contents and 0% silica.

The test section was tested in the facility by rmognwater through it at different
Reynolds numbers for a specific period of time.eAfeach test, the test section was

allowed to dry until the weight again reached astant value, in typically 5 to 10 days.
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Figure 3.1: Schematic of the test facility showinghe main components of the flow
loop
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Figure 3.2: Schematic of the test section showinpe sections plane relative to, (a)

streamwise orientation (b) crosswise orientation
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Table 3.1: Nomenclature of quantities and terms.

Nomenclature

dm/dt Masstransfer rate [kg/s|
C. Hydrocal ionsconcentrationat thewall kg /m?
C, Hydrocal ionsconcentrationinthebulk fluid kg / m3_
AC, Initial concentrationdifference [kg / m3]
0 Local instantenouswear of the test section [m]

D Bend cross sectional diameter [m]

D, Mass diffusivit y for Hydrocal in water determined at 25°C lmz/s]
e Roughness height [m]

e/D Relative roughness height [m]|

e’ Roughness scale

h Mass transfer coefficiert [nys]
< Schmidtnumber (v/D,)

Sh Sherwood number (hxD/D, )

X /D Streamwise dimensionl ess distance

o) Density of the gypsum [kg/ m3J
0 Bend cross sectional angle

¢ Bend angleof curvature

Kinematic viscosity [m2/s]

<
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The worn surface topography of the test sectidgheend of each test was determined by
cutting the section into two halves along the bemddle line using a thin blade band
saw. This process led to a loss of approximatelgddrees of the bend circumference on
each of the side walls. The topography was obtaursaag a laser digitizer that scans the
entire surface and provides the 3d Cartesian lmgsiton a resolution of approximately
0.2 mmrelative to a common datum. Figure 3.2 shows amakie of the test section
orientation and the profile along which the bendastioned. Multiple scans with overlap
between scans were performed to increase the stespadial resolution and to ensure
that all surface details were captured. The scarsugthce coordinates were initially
aligned to a common coordinate system using comalensage processing software by
fitting three orthogonal planes on the scan imafjéhe test section. The non-uniform
laser scan data points were re-gridded to a unifgnichwith a resolution of 0.25 by 0.25
mm using in-house developed routines by averadiagbints within each grid cell. The
alignment of the scans was refined using in-howda ceduction routines by considering
the local deviations from an ideal model of the sestion on different longitudinal strips
around the circumference. The test sections wegned based on the assumption of
symmetry of the average mass transfer along thesetion and axi-symmetry in the
upstream pipe. The circumferential strips were camag@ along the test section to
determine the deviation from symmetry. The aligntr@drthe bend and the downstream
pipe was also verified by checking profiles in th&erent Reynolds number cases for
any systematic bias. The alignment process was dor@ iterative manner with the

symmetry check used as the convergence criteribe. tvo parts of each test section
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were analyzed separately and then brought togathsdreck the trends of the two profiles
at the terminals of each section to verify therahgnt. The total mass removed from the
test section during the experiment was determinethize methods: (i) comparing the
mass of the test section before and after the (@stfrom the concentration of the
dissolved gypsum in the water at the end of evesy and (iii) from the integrated mass
removed computed from the laser digitized 3d serfeman. The mass calculated from the

different methods agreed to within = 7%.

The normal local deviations of the worn scan swffiom the unworn scan surface
determine the thickness remové&at every point on the surface. The local massstesn

coefficient is determined from

do
p g = hac (1)

where$ is the thickness of local mass removed normaiecsurfaceAC is the difference
between species concentration at the wall andarbthk flow andh is the mass transfer
coefficient. The concentration difference decrea®es the course of the experimental
time due to the dissolution of the gypsum in waéed thus the driving potential for the
mass transfer decreases. The mass transfer ceeffisias computed using a modified
time to account for the change in concentratiofedghce change as

do
dr

p-—0—=hAC, @

mod

wherer, ,is the modified time given by

mod
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1
mod Co

j[cw -, Jret (3)

Then the Sherwood number is calculated as

hxD
D

Sh =

(4)

m
whereD is the pipe diameter arfd,, is the mass diffusivity. The rate of change in the
wear is computed at every local point to deternthree spatial distribution of the mass

transfer rate. The uncertainty in the mass transiefficient is estimated to be +18%.

Experiments were performed for Reynolds number40o®00, 60,000, 70,000, 100,000
and 130,000. The repeatability of the results waamened here by performing

experiments for different testing times of 40, 6@ &0 minutes for a Reynolds number of
70,000. The mass transfer coefficient obtained bysering multiple testing times

together was compared with a single test time. Jiheam wise profiles of the mass
transfer coefficient along the centerline of thednwall and outer wall halves obtained
from different times averaged over 15 degree m dimuthal direction are shown in
figure 3.3. The average profile obtained usingemealizations together agreed well with
the profiles obtained using individual testing tsn&he mass transfer coefficients for the
different Reynolds number experiments were condluasing individual realizations with

testing times that resulted in similar nominal massoval to the longer time experiments

for theRe=70,000 case.
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Figure 3.3: Stream wise Sherwood number profiles ahg the centerline for (a) outer
wall (b) inner wall of the bend section aRe=70,000,Sc=1280.

3.3Mass transfer in single 96 bend

The local Sherwood number distribution over thereriest section for Reynolds number

of 70,000 obtained from the experimental measurénsershown in figure 3.4. The

Sherwood number distribution is shown from 3 diaretupstream to 4 diameters

downstream of the bend. The mass transfer is neamhgtant in the section of the

upstream pipe. The mass transfer rate on the inakrincreases near the inlet and then

decreases gradually along the bend curvature. Tass ntransfer on the outer wall

increases along the bend profile and extends & disiance into the downstream pipe,
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Figure 3.4: Typical mass transfer distribution ove the entire single bend test section.

(a) outer wall side view and (b) inner wall side \w, measured forRe=70,000,Sc=1280

and then decays beyond that. The results show teggens of significant mass transfer
enhancement relative to the mass transfer in tegegm pipe: (i) on the inner wall of the
bend near the inlet, (ii) on the bend side wallwag into the bend and (iii) on the outer
wall near the bend outlet. The surface of the inm&t shows a streaky wear pattern that
is inclined toward the centerline. This likely aesponds to the anticipated high mean
shear stress region due to flow acceleration inéoldend [15]. The enhancement on the
sidewalls was formed with a wear pattern of stredikscted normal to the center line,
which can be attributed to the counter rotatingtiees generated by the bend curvature.
The strength of these vortices was reported togdnand move from one side of the bend
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to the other in a phenomenon referred to as swiiiching flow mechanism [15-19].
However, the averaged flow field is symmetric whadrrespond to the symmetric mass
transfer distribution observed in the current rssuThese vortices intensify along the
bend curvature and shifts from the wall to the geggon near the outlet of the bend due
to flow separation driving the high velocity corlowi to the outer wall [19]. The
maximum enhancement was observed on the bend watenear the outlet extending
into the downstream pipe with longitudinal surfateeaks in the flow direction. This may
be attributed to the high velocity core flow which directed by the effect of flow
separation toward the outer wall resulting in aiaegf high shear stress. The surface
features observed were qualitatively similar to she&ace topography reported in [20] for

the first part of an 18ends using copper tube as the test specimen.

The Sh profiles normalized by the avera@b in the corresponding upstream pipe along
the center line of the bend outer and inner wallseeraged over 20 degrees in the
azimuthal direction, are shown in figure 3.5. THgca/Shpipe profiles are consistent for
the different Reynolds numbers within the experitaemncertainty. The stream wise
trends are in good agreement with the profiles6df fiowever, the enhancement levels
were different. The difference in level may beihtited to the effect of roughness a8

on mass transfer enhancement, since the resyl$ were obtained from smooth surface

experiments at lovéc of 2.5.

Azimuthal profiles of the mass transfer enhancem@tSh,,) at different axial
locations upstream, through and downstream of #émel lwurvature on the inner and outer

walls are shown in figure 3.6. The mass transflaanement profile in the upstream pipe
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(x/D=-2) is nearly uniform over the entire cross settiblong the bend outer wall, figure
3.6-a, the mass transfer @10 is lower than in the upstream pipe; howevers istill
laterally uniform.The mass transfer rate increaslesg the bend curvature to reach a
maximum near the bend outlet. The maximum enhancelaeel is approximately 1.85
and extends around the symmetry plane between xipptely 6 of -115 and -65.This

agrees well with the maximum enhancement locageponted by [6, 8].

Normalized streamwise length(D)/D

3 T \
> Re=40,000

o Re=60,000 -
+ Re=70,000
[m]
<o

Re=100,000
Re=130,000
] — Achenbach [6]

qe -4 2 0 2 4 6
Normalized streamwise lengthD)/D

Figure 3.5: Profiles of Sh/Skye along the (a) outer wall side and (b) inner walligde
of the bend. The results are averaged over +20n the azimuthal direction plotted

along the centerline.
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Figure 3.6: Azimuthal profiles of Sh/Shp,e along the streamwise direction along
the bend curvature for: a) bend outer wall side, bpend inner wall side forRe of
v 40,000,m 60,0000 70,0084 100,0 ¢ 130,000
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Along the bend inner wall, Figure 3.6-b, the maasdfer enhancement increases along
the bend curvature to reach a maximum of approxiydt.65 near the inlegp=10. The
maximum spans betweéof 50’ to 130 on each side of the symmetry plane of the bend.
The location of high mass transfer shifts away frithia center line toward the sidewalls
near gof 3P to 50. This shift leaves two similar peaks on the sidsmaith a valley at
the centerline. The level of enhancement on thes sidhlls decreases to reach

approximately 1.55 and forms approximately=a40® andg=140.

The difference in the mass transfer enhancemetiteainlet of the inner wall at the
different Reynolds number, especially betwepnf 3¢ and 66, is attributed to the
change of the onset of the flow separation. Siheeseparation region commences where
the velocity reaches a minimum followed by a recgveone in the mean velocity, the
mass transfer behaves similarly. The mass tradgfereases near the onset of separation
and then increases downward from this location. Tduation of the onset of flow
separation moves downstream with increasing Regnlenber which results in an axial
shift in the accompanying mass transfer/surfacedogphy features. The mass transfer
pattern is similar at different Reynolds number th# onset of the low enhancement
region starts at different axial locations. Thisswanfirmed by examining the physical
samples at different Reynolds numbers. The imafebeoinner wall atRe of 40,000,
60,000 and 100,000 are shown in figure 3.7. Tharsgjon zone is characterized by a
smooth surface morphology compared to the neighgawpography. The onset of this

smooth area is observed to move further into thmel lvéth increasing Reynolds number.
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Figure 3.7: Physical images of the test sections asking the inner wall side, at
Reynolds numbers of aRe=40,000, b)Re=60,000 and cRe=130,000

Several azimuthal profiles around the locationh® maximum are used determine the
location and level of the maximum enhancement. [bbations of the maxima are found
to be consistent between the different Reynoldsbherm The effect of Reynolds number
on the maximum Sherwood number at the differerdatioos of elevated mass transfer, at
the inlet to the inner wall, midway on the innerliveand near the outlet of the outer wall,
Is shown in figure 3.8. Théh for the three mass transfer peak locations is daionbe
proportional taRe®°2 for the range of Reynolds numbers examined hedkagrees with
the results for the average mass transfer in blendS]. The current mass transfer results
for the upstream straight pipe are similar in tremthe rough wall experimental results of
[12-14]. The magnitude is higher than the smootli experimental results of [5]. The

local mass transfer maxima in the bend increasle Réynolds number at approximately
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a similar rate to the upstream pipe. The chandkarratio of the maximum mass transfer
downstream of the bend outer wall to that in thstigam straight pipeSQmax/Shpipe) With
Reynolds number is shown in Figure 3.9. The reguoliscate that the Jma/Spipe) IS
nearly independent of Reynolds number with a valug.85. The enhancement factor is
higher than the results for low Reynolds number $iatilar to that at high Reynolds
number by [5] for flow with &c of 2.5 and the same bend radius. The resultsradutai
from [6] were only for two Reynolds numbers with sggnificant increase in the
enhancement with Reynolds number. The results laceragher than the values of [8],
obtained using numerical simulations of the flowthadifferent bendr/D, and do not
decrease with Reynolds as predicted by the cowalathe correlation proposed by [8]
under predicts the experimental results reporte@dnyey [4] for long radius bends. Since
the r/D range for Coney’'s correlation is much higher thtwe present results, a
comparison to conclude the effect of roughness assntransfer enhancement is not

applicable.

3.4Roughness analysis

The worn surface topography obtained from the lasans were used to estimate the
surface roughness. The entire scanned surfaceddegrinto cells to quantify the local
average mass removal. The grid size was iterat@dpture the roughness and a size of
2x4 mm was used. The comparison of the mass renobtained from the laser scan and
the local averaged mass removal yields the loagéhse undulations within each cell. The
roughness height is estimated from examining thek ge valley levels in the surface

undulations. The typical undulations of the upstrga@ipe surface, for Re of 40,000, are
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Figure 3.10: Relative roughness pattern in the upstam pipe for Re=40,000, (a) 2-d
roughness height pattern, (b) Spatial distributionof the roughness undulations from
the physical sample scan

shown in figure 3.10. The undulations were nearyform and similar in height. The
initial test section was nominally smooth with aghness of approximategyD=0.0007,
which was nearly 10 times less than the final rowgis levels. The relative change in
roughness with testing time was examined by compathe roughness level for
Reynolds number of 70,000 in three sections tefstedifferent time intervals of 40, 60
and 80 minutes. The roughness level was similamafiothree times as shown in figure

3.11, which indicates that 40 minutes was sufficifam the surface to reach a stable
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roughness pattern. The results are consistent [@ithwhere the dissolution roughness
was found to increase until it reached an equiuitriquasi-steady scalloped pattern. The
experimental times for the other Reynolds numbeesewselected to achieve similar
nominal mass removal, approximately 1 to 2 mm iptideto that obtained at 80 minutes
under the Reynolds number of 70,000. The changéhenrelative roughness at the
locations of the local maxima in the mass trani&fethe upstream pipe, inner wall inlet,
side walls and outer wall outlet wikke is shown in figure 3.12. The relative roughness in
the upstream straight pipe was approximately 0.006% Reynolds number of 40,000

and decreased slightly with an increase in Reynoldsber, a trend also observed by

[21].
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Figure 3.11: Development of average relative roughass with time in the upstream
pipe atRe= 70,000
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Similarly, the roughness at the bend inner walktinside walls and outer wall outlet
decreased with Reynolds number. The roughnesssleithin the bend were higher than
the upstream pipe. The variation of the roughneakes” (=eu/v) with Reynolds number
in the upstream pipe section is shown in figure83The minimum value of" at Re of
40,000 is approximately 30 which corresponds tofallg rough pipe data level based on
the results of [13, 14]. The roughness scale asgd with Reynolds number which
suggests that it is driven by some intermediater #tructure scale between the wall and
the core scales; this may require further inveibgao understand the relationship to the
turbulence scales. The increase in the roughneds dad not affect the mass transfer
similarity at the different Reynolds number. Simya Dawson and Trass [13] observed
that increasing the" above the fully rough limit resulted in similaetids regardless of

the physical roughness size.
3.5Summary and conclusions

A dissolvable wall mass transfer measurement tegcienis developed and the local mass
transfer distribution in a Send was measured at Reynolds numbers in the #h§e0

to 130,000 for a Schmidt number of 1280. The tegpmmiallows for the surface roughness
to develop due to the flow and thus mimics pratticass transfer applications. The mass
transfer distributions were in good agreement \eitisting experimental and numerical

data. The surface features are well correlatetiedlow features reported in the existing

literature. Three regions of high mass transferaanbment were determined, (i) at the
inlet to the bend inner wall, (i) midway into thend on the sides of the inner wall and

(iif) near the outlet of the bend outer wall. THe scaled withRe in a similar manner in
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all regions of high mass transfer with an expora#.92. The maximum mass transfer
enhancement occurs on the bend outer wall neanutiet and extends approximately 1
diameter into the downstream pipe. The magnitudd@imaximum enhancement is 1.85
relative to the upstream pipe. The maximum massestea enhancement is nearly
independent of Reynolds number. The relative roagheD in the upstream pipe was
approximately 0.0065 and this corresponds to ay fatlugh wall for the range of

Reynolds number studied here. The relative roughireshe bends varies between 1.5
and 2 times that in the upstream pipe. The meagetative roughness at the locations of
local maxima in the mass transfer decreased wityn®&ds number indicating that the

tests are in the fully rough region.
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Abstract:

The mass transfer in dual in-plane short radiugsibemranged in an S-configuration was
measured for different separation distandg®) between the two bends. Experiments
were performed using a wall dissolution techniquih \ypsum test sections at a Schmidt
number &) of 1280 forL/D from O to 5 at a Reynolds numbdRe] of 70,000. The
maximum mass transfer was found to occur betweeoudliet of the first bend outer wall
and the inlet of the second bend inner wall incalées. The maximum mass transfer
occurred forL/D=0 and was 3.2 times larger than the average massfer in a fully
developed pipe flow under the same flow conditi@ime maximum mass transfer
decreased as the separation distance between ahigetvds was increased. The effect of
Re on the mass transfer enhancement for a sepamistence ofL/D=0 was examined
for Rein the range 40,000 to 130,000. The peak massfaiawas found to scale &>

and was similar to that of the peak mass transefarsingle bend.
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4 .1 Introduction

A serious safety and reliability problem in powengration plant piping systems and in
particular nuclear power plants is flow acceleratedosion (FAC). FAC occurs in two
successive processes: (i) corrosion by oxidatiotm@fcarbon steel piping resulting in the
formation of a porous oxide layer followed by (ije dissolution mass transfer of the
formed corrosion layer to the adjacent fluid. Tisiglifferent from erosion corrosion (EC)
wear, where the mass removal process is domingtedelshanical forces, which is more
prevalent in multiphase flows. In FAC, the massndgfar process depends on the
hydrodynamics of the flow in the piping componentids normally the rate limiting
factor for pipe wall thinning [1]. The flow turbuiee level and shear stress, which are
dependent on the geometry of the piping configaratare found to be the dominant
parameters in determining the overall mass transter and thus the FAC rate [2]. Pipe
bends in different arrangements are major compgnenalmost all piping systems, and
the flow in such components, especially when amdnback-to-back, exhibits a high

level of flow complexity and turbulence level [2].

The mass transfer in bends is affected by the awfgbeirvature ¢), bend radius relative
to the pipe diameter/D), flow Reynolds numberRg), Schmidt numberst) and surface
roughnessg/D). Complex flow features are observed in bendstdube change in flow
direction, such as flow acceleration, flow separatand generation of secondary flow
structures in the form of swirling vortices [3]. &madius of curvature of the bend and
Reynolds number are the dominant parameters imndet@g the strength of the swirling

flow [3, 4]. The flow in dual bends is more compléhan in single bends, due to the
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interaction of the flow dynamics within the two lgsn5]. The flow dynamics in back-to-
back 90 bends arranged in U-, out of plane- and S- condiions, shown schematically
in figure 4.1, were studied by [6-11]. The highesbulence level and pressure drop was
observed for the S- configuration compared to theardl out of plane dual bend
configurations for turbulent flow conditions [6].hiE is likely due to the sweeping
motions within the first and the second bends & th and partially in the out of plane
configurations, being in the same direction, whatlows for a quicker velocity field
recovery compared to the S configuration [6]. Twantices are generated within the first
bend of the S configuration, similar to that iniregée bend. These are stretched along the
curvature, decreasing in diameter and increasirgjrangth. Similar secondary flows are
developed within the second bend, but in the oppodirection; the strength of the
secondary flow in each bend will determine the pilewg flow structure in the entire S
dual bend. Small angles of curvature were founsufgpress the swirling structures in the
second bend in laminar flows, since the curvatuas Wwund to be not large enough for
the flow in the second bend to recover from thst fawirl [5, 7]. In this case, two double
swirls turning in opposite directions were obserirethe second bend and downstream of
the dual bends. Very large angles could resultery wtrong vortices in the second bend
that can diminish the intensity of vortices in fivet bend. In dual 90S-shape bends [8],
the second bend could generate secondary strudiuaésare able to overcome those
generated in the first bend. The average turbuléeesel measured at several locations
downstream of an S shape dual bend was found teasse when the separation distance

L/D was increased from 0 to 1 [9]. The velocity fisdds found to be oscillating non-
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symmetric in the cross section downstream of thael duiend. This asymmetry was

attributed to the developing flow at the inlet he tS-bend.

The effect of radius of curvature on the mass fenglistribution in bends was
investigated by [12, 13, 14, 15]he maximum mass transfer enhancement is founuttease

as the bend radius to diameter ratio (r/D) is desd, which could be attributed to the increase in
strength of the secondary flow structures and/ereiase in turbulence level§he effect of
Reynolds number on the Sherwood number has be@stigated for single 90bends
[12, 13]. For rough wall bends, the avera&eover the bend test section was found to
scale aRRe**® over a range of turbulent flow conditions [12], Yehthe local maximum
was found to scale &e” for smooth wall bends [13]. The maximuh in single bends
was measured using a dissolving wall experimertiirtique and found to scale Re"*
[16], which agreed with the averafle scaling by [12]. In the case of dual bends, ohéy t
U- bend configuration has been investigated usmglisand large curvature bend${

of 2.5 and 7.3) for a range of laminar and turbuldows [17]. The maximum mass
transfer in this case was reported to scalRel&® for the smooth wall case afré" for

the rough wall case. The Reynolds number rangehathwthe mass transfer coefficient
shifts from smooth to fully rough levels is fourmdecrease with an increase in the angle

of curvature [4].

Heretofore, there have been no mass transfer studdual S-bend configurations. Thus,
the objective of the current study is to inveskgtte local mass transfer distribution in
dual bends arranged in an S-configuration. In paldr, the effect of separation distance

between the two bends and the effect of Reynoldsiben on the mass transfer
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enhancement were determined. The dissolution ofyptest sections in water was used
to measure the mass transfer rate. The methodgomydes a Schmidt numbegd) of
1280 which is analogous to the diffusion of ferrémrss Fe*? in water [16]. Experiments
were performed for separation distances of 0, 15apighe diameters between the bends at

Re of 70,000 and &aRe in the range 40,000 to 130,000 for tHi®=0 separation case.
4.2 Experimental methodology and data reduction

Experiments were performed in a 2.54 cm diametaw floop shown schematically in
figure 4.2. This facility has been used in previowsss transfer studies and is described in
detail in [16]. Water is circulated from a 100 titeservoir through the test facility by a
centrifugal pump. The flow rate is regulated bybgloralves and measured by a turbine
flow meter with an accuracy of £1% of the flow reegl The flow is passed through a
perforated plate followed by a honey-comb beforteremg a straight pipe with a length of
160 cm leading to the test section. The flow exited test section to a 75 cm long
straight pipe before being directed back to theemasr. The water temperature was
measured in the reservoir and controlled to witkicb °C using a compensation cooling
loop. The amount of Gypsum dissolved in the wataring the experiment was
determined by measuring the electrical conductivitly the water. A calibration
experiment was performed to correlate the amoudissiolved Gypsum to the increase in

conductivity of the water.

The bend test sections consisted of an upstrearm20ng straight pipe, two standard 90

degree bends with a radius of curvature of 3.81 (cfd=1.5) arranged in an S-
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configuration and a downstream 10 cm long strgogbe with a nominal diameter of 2.54
cm. The test sections were cast from gypsum in satgrwith delay intervals between
every two segments to allow for partial curing. Tigsum was generated by mixing
Hydrocal (CaS@1/2H,0) with water that yields gypsum with a densityl650 (kg/nf).
The repeatability of the cast test sections wadifeathby comparing the surface scan
obtained from a laser coordinate measurement ma¢QiNM) of three different unworn

test sections. The variability in the test sectimmeter among the samples was +0.7%.

The gypsum test sections were tested in the fadilt flowing water through it for a
specific period of time, typically 40 to 100 minstéAfter each test, the test section was
allowed to dry until the weight reached a constaltie, in typically 7 to 10 days. The
worn surface topography of the test section ateth@ of each test was determined by
cutting the section into two halves along the bemddle line using a 0.5mm blade band
saw. This process led to a loss of approximatelgddrees of the bend circumference on
each of the side walls. A schematic of the testi@@@ngles, orientation and the profiles
along the bend cut is shown in figure 4.3. The tatves of the test section were laser
scanned separately to obtain the worn surface tapbg to a resolution of 0.2 mm.
Multiple scans with overlap between scans weregperéd to increase the scanned spatial
resolution and to ensure that all surface detagsewcaptured. The scanned surface
coordinates were initially aligned to a common choate system using commercial
image processing software by fitting three orthajgianes on the scan image of the test
section block outer surface. This process wasvi@tbby post processing using in-house

Matlab routines to re-grid the data points to atigfig uniform grid of 0.25x0.25 mm.
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The test section alignment is checked based osyammetry of the surface topography in

the upstream pipe and symmetry in the entire gtan, as outlined in [16].

Flow
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Figure 4.1: Schematic of the different dual bend adigurations in a) U -shape, b) S -
shape and c) out of plane configurations
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Figure 4.2: Schematic of the test facility showinghe main components of the flow loop
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Figure 4.3: Schematic of the test section showinbé section planes relative to (a)
streamwise orientation, (b) crosswise orientatiomi the first bend (c) crosswise
orientation in the second bend

Table 4.1: Nomenclature of quantities and terms.

Nomenclature

dm/dt Masstransfer rate [Kg/s]
C, Hydrocal ionsconcentrationat thewall Kg / m3_
C, Hydrocal ionsconcentrationinthebulk fluid Kg / m’
AC, Initial concentration difference [Kg / m3J
o Local instantenouswear of the test section [m]

D Bend cross sectional diameter [m]
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D, Mass diffusivit y for Hydrocal in water determined at 25°C [mz/sJ
e Roughness height [
e/D Relative roughness height [m]

e’ Roughness scale

h Masstransfer coefficient [m/s]
< Schmidt number  (v/D,,)

Sh Sherwood number (hxD/D,)

X /D Streamwi se dimesnionl ess distance

X, /D Locational ong separation pipe

L/D Separation distance

0 Density of thegypsum [Kg/m?|
0 Bend cross sectional angle

7} Bend angleof curvature (along first bend)

@ Bend angleof curvature (along second bend)

v Kinematic viscosity [m2/s]

Table 1: Factors affecting total uncertainty indbmass transfer coefficient

Parameter Uncertainty
Depth scanning [mm] +3.9% Nominal wear
Casting variability [mm] +8% Nominal wear
Concentration (AC) [a/l] 4 %
Testing time [min] +1%
Density (p) [kg/m] | +4%
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A moving average using a 2mm x 2mm window is usedltain the local average
surface topography. The roughness is evaluatedilyasting the surface obtained from
the moving average from the original uniform gridface scan. The total mass removed
from the test section during the experiment wasrd@hed by three methods: (i) from the
mass of the test section before and after the {@stfrom the concentration of the
dissolved gypsum in the water at the end of theaed (iii) from the integrated mass
removed computed from the laser digitized 3d serfazan. The mass removed calculated

from the different methods agreed to within + 7%.

The normal local deviations of the worn scan s@fffom the unworn scan surface is
used to determine the thicknessemoved at every point on the surface. The locadsn

transfer coefficient is determined from

do
p g = hac (1)

wheres is the thickness of local mass removed normatecsurfaceAC is the difference
between species concentration at the wall andarbthk flow andh is the mass transfer
coefficient. The concentration difference decrea®es the course of the experimental
time due to the dissolution of the gypsum in waéed thus the driving potential for the
mass transfer decreases. The mass transfer ceeffisias computed using a modified
time to account for the change in concentratiofet#hce during the run time as

do

py - =hac, @

mod

wherer, ,is the modified time given by

mod
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=1

mod AC j;[cw - Cq ] mt (3)

o]

Then the Sherwood number is calculated as

Sh= (4)

whereD is the pipe diameter arfd,, is the mass diffusivity. The rate of change in the
wear is computed at every local point to deternthree spatial distribution of the mass
transfer rate. The uncertainty in the local massdfer coefficient was evaluated
considering all the contributing parameters listedlable 4.2. The major contributing
factors to the overall uncertainty in the massdfanwas in the variability in the casting
and the scanning accuracy for the local wear measemt. The uncertainty in the
calculation of the local mass transfer coefficiards determined to be approximately
+18%. Experiments were performed with different initiallkb gypsum concentrations in
the water to determine the role of erosion, if atlmythe mass removal. The locah
distribution did not change to within experimentaicertainty with the different initial

bulk concentrations, confirming that erosion waspresent in the current tests.

The effect of separation distance on the massfarnsstribution was investigated for
separation distances bfD=0, 1 and 5 aRe=70,000. The effect of Reynolds number on
the mass transfer enhancement was also examinduefiotD=0 separation case f&e in
the range 40,000 to 130,000. The mass transfeficeet for theRe=70,000 experiments
is obtained using multiple test times of 40, 60,8i. The mass transfer at the other

Reynolds numbers are obtained using individual tiesés with testing times that resulted
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in similar nominal mass removal to the longer tiexperiments for th&®e=70,000 case,

as described in [16].

4.3 Results and discussion

The local Sherwood numbefh) distribution in the S-shape dual bends for theeeh
different separation distancesRe=70,000 obtained from the experimental measurements
are shown in figure 4.4. THéh contours are shown starting from 4 diameters apstrof
the first bend and continuing up to 3 diameters mkiveam of the second bend. THe
distribution is nearly uniform in the upstream pipgh a value of approximately 3000.
This value is higher than the smooth pipe data §hd slightly below the rough pipe data
[18], and will be discussed later. There are thmesgions of significant mass transfer
enhancement: (i) on the inner wall at the inleth® first bend, (ii) over the latter part of
the first bend outer wall and extending into thrstfpart of the second bend inner wall,
and (iii) midway into the second bend inner walheTscan images of the surface
topography of the worn sections are shown in figlu® Surface wear patterns in the
form of streaks that are inclined to the centerine clearly seen on the inner wall at the
inlet to the first bend, corresponding to the firsgion of high mass transfer. These
surface wear pattern streaks indicate flow acceteranto the bend and development of a
swirling flow, similar to those observed for a dmépend [16]. The depth of theseeaky
wear patternsare much shallower for L/D=0 and increase as #garation distance
increases. This could be attributed to the supmmess the swirls in the first bend by the
opposite swirls in the second bend [13]. The secagilon of high mass transfer is

accompanied by longitudinal streaky wear patteom the outer wall of the first bend, which
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extends into the second bend inner wall. This reggoattributed to the superimposition
of the acceleration due to the shift of the coosvftoward the outer wall in the first bend,
similar to the single bend case. The acceleratitmthe second bend due to the curvature
likely intensifies this acceleration and resultsisignificant increase in the mass transfer
enhancement in this region. The mass transfer eehaent decreases as the separation
distance increases as the effect of the second tecr@ases with increasing separation
distance. The third region of high mass transfeseoled on the second bend inner wall is
in the form of two similar localized regions offdedtm the bend center line. The surface
topography show inclined streaks toward the canteih this region that is likely due to
the developing swirling flow in the second bend.e3é localized regions are most

prominent in thd./D=0 case and diminish as the separation distance s&sea
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d

Figure 4.4: Local Sherwood number distribution at Re=70,000 and Sc=1280 for
separation distances ot./D= 0, 1 and 5, arranged from left to right. (a) Sié view

consisting of the first bend outer wall and secondbend inner wall (b) Side view

consisting of the first bend inner wall and secontiend outer wall
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The Sh profiles normalized by the value in the upstreaipe pSV/Shpe) along the
streamwise direction & = £9(° for the three separation distances are compartutiae
single bend case [16] in figure 4.6. The mass tesingear the inlet to the first bend tends
to increase where the flow acceleration into thedbiener wall is expected and decrease
where flow deceleration into the outer wall sideexpected. Along the centerline of the
outer wall of the first bend the mass transfereases to reach a maximum close to the
outlet for thelL/D=0 case (figure 4.6,a). The slope of fieprofile in the first bend outer
wall is significantly higher than that of the siadlend case fdr/D=0 and decreases with
separation distance to approach that of the sibgted forL/D=5. For the bends with
separation distancek/D=1 and 5, the mass transfer continues to increas®e the
separation pipe and reaches a maximumXgbD of approximately 0.95 and 2,
respectively. HereXs is the streamwise distance along the centerlinesared from the
end of the first bend. The peak value was largasthfeL/D=0 case and decreased with
an increase in the separation distance. A localirmax occurs on the inner wall of the
second bend fokL/D=0 and 1 separations; however, it was not obsemdtie L/D=5

case.
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Seconcbend First bend Seconcbend
inner wall inner wall outer wall

First bend
outer wall

(ii)

Figure 4.5: Scan images of the test sections forpegation distances of (a) L/D = 0 (b)

1 (c) 5 for: (i) first bend inner wall and second lend outer wall, (ii) first bend outer
wall and second bend inner wall
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The SV/Shyie increases along the inner wall of the first benthwa local maximum near
the inlet (figure 4.6b), which can be attributedtie flow acceleration. The peak value is
smaller in theL/D=0 case, and increases as the separation distacreases to approach
the value for the single bend casd 4d=5. The mass transfer decreases along the latter
part of the first bend that could be due to flowaation followed by flow deceleration
on the second bend outer wall [4]. THe profile along the first bend inner wall was
similar to that of the single bend, however, it wawer in magnitude fot/D=0 and
increases with separation distance to approachsitigde bend forL/D=5. The mass
transfer on the outer wall of the second bend asxe gradually toward the outlet of the
bend to form a second peak. This peak is also léovehel /D=0 case and increases with

the separation distance.

Azimuthal profiles ofSVShpe at different locations along the bend curvatuee sitrown

in figure 4.7. The mass transfer distribution ir thpstream pipe aX/D=-2 is nearly
uniform for the different separation cases. Thdil@®across the inner and outer walls of
the first bend have several features in commornherdifferent separation distances. The
maximum that occurs near the inlet of the first d@mner wall at$;=10° spans over
approximately® from 45 to 135. The magnitude of the maximum increases from
approximately 1.5 for th&/D=0 case to 1.6 and 1.7 fafD=1 and 5, respectively. The
peak shifts outward from the centerline along teedocurvature, nean of 3(°, resulting

in a mass transfer valley around the centerlive90°). The valley in the mass transfer

distribution can be attributed to flow separatiamedo the bend curvature. The depth
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Figure 4.6: Profiles of Sh/Shye along (a) first bend outer wall and second bend imer
wall and (b) first bend inner wall and second bendouter wall at Re=70,000 and

Sc=1280.
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of the valley decreases as the separation dist@ndecreased which could be due to
suppression of the flow structures in the firstdday that of the second bend. For the
L/D=0 separation case, the mass transfer continusdescey toward the second bend outer
wall up to approximately,=10°. The mass transfer then increases from this locdb
reach a local maximum outside the second bend agitmearX/D=1. The peak covers
approximately 4% on each side of the centerline and reaches a ioagniof
approximately 1.4. For the/D=1 separation case, the mass transfer reachesrly nea
constant value in the separation pipe and incregiseiially from the inlet to the second
bend outer wall to reach a peak near the bendtmftieearly the same magnitude as the
L/D=0 case and decays from this location onward. [E&r =5, the mass transfer remains
constant from the outlet of the first bend innetlwatil one diameter into the separation
pipe and then gradually increases along the pigeirsio the second bend outer wall to
reach a peak near the outlet and over the firdgtqgfathe downstream pip&/D=1. The
peak spans over approximately 45 degrees on edelosthe centerline and is nearly 1.7

in magnitude.

On the first bend outer wall fdt/D=0, the mass transfer reaches a maximum at the
location between the first bend outer wall and $keond bend inner walp{=90° and
#»=0°). The maximum region spans over approximateR/@0each side of the centerline
with a magnitude of 3.2. The mass transfer decays this location into the second bend
inner wall and moves outwards to the sidewalls ngar50°, while the magnitude

decreases to approximately 2.8 @at-45 and -13% The mass transfer peaks off the
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Figure 4.7: Azimuthal profiles of Sh/Sh;pe at different locations along the Dual bend
profile for separation distancesof 0D, 1D and 3D, arranged from left to right
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centerline are likely caused by the counter rotatiortices developed in the second bend
[11]. The mass transfer decreases from this locatiowvard. No clear features for flow
separation are observed in the inner wall of tkersé bend. Fok/D=1, the mass transfer
continue to increase downstream of the first bamerowall to reach a peak near the end
of the separation pipes/D~0.95. The span of the peak is wider than [tH8=0 case,
from 6=-45 to -138 with a magnitude of approximately 2.8. Similarthe L/D=0 case,
the mass transfer decreases through the secondifregrdwall and moves outward and
form two peaks off the centerline near-45 and -13% The mass transfer then decays
from this location onward. Fdr/D=5, the mass transfer continue to increase dovarstre
of the outlet of the first bend outer wall to reacheak neaX/D~2. The peak in this case
spreads over 68%n each side of the centerline with a magnitude.®f The mass transfer
then decays along the separation pipe. On the ddosend inner wall the mass transfer
features are relatively similar to the first bend the magnitude is smaller, which could

be due to the effect of the counter swirl in thietfbend on that of the second bend.

The peak Sherwood numbe8 in the bend is obtained from the longitudinal and
azimuthal profiles ofSh. The magnitude is then determined using multigdemathal
profiles around the peak location. The variatiorthef mass transfer enhancement at the
peak locations with separation distarg® is shown in figure 4.7. The maximum mass
transfer enhancement occurred D=0 with a magnitude of 3.2 compared to 1.8 for the
single bend geometry [16]. The enhancement deemsth increasing separation

distance to approximately 1.9 fofD=5. The enhancement on the second bend inner wall
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Figure 4.8: Variation of peak mass transfer enhancementShpe/Shpipe With

separation distance.

sides is 2.8 and decreases with separation dist@wreehe first bend inner wall and
second bend outer wall, the mass transfer is velgtiow and increases slowly with

separation distance.

4.4 Effect of Reynolds number

The mass transfer enhanceme®t/$pipe) was a maximum fot/D=0; therefore, this
case is further investigated to determine the eftécReynolds number on the mass
transfer enhancement. Azimuthal profiles of thenmalized Sherwood numbes{Shyipe)
along the dual bend fd®e in the range 40,000 to 130,000 are shown in figu@ There
is a collapse of the normalized profiles with stigifferences on the latter part of the first

bend inner wall, which could be attributed to tlevdstream shift in the onset of the flow

83



Ph.D. Thesis- Hazem Mazhar McMaster University echbhnical Engineering

separation withRe, similar to what was observed in the single beaskd16]. The mass
transfer distributions were similar for the diffetdRe, and followed the same trends as

for theRe=70,000 case, discussed earlier.

The change in the local maximum Sherwood numbesemed at the outlet of the first
bend outer wall, with Reynolds number is shownigurie 4.9. The current results are
compared with existing results in the literaturéeTlocalSh maxima follow a similar
trend with Reynolds number, scalingRed**? similar to that for a single bend [16]. The
variation of the maximum mass transfer enhancemetative to the straight pipe value,
e/ Spie, With Reynolds number is shown in figure 4.10,nglavith the results for a
single bend [16] and U- bend [1]. The maximum emleament when scaled by the value
in the pipe is nearly independent of Reynolds numbée maximum mass transfer
enhancement in the S- shape is higher than thahéosingle bend [16] and the U- bend
[1]. The trend withRe agreed with the single bend case [16], but noh wie U- bend.
The pipeSh used to normalize the U- bend results is not kndiwmooth pipe data were
used, it would explain the difference in the tremsisce the exponent in the Reynolds

number scaling for smooth pipes is always smaltlanfor rough pipes.

4.5Roughness discussion

The worn surface topography obtained from the |a®ans was used to estimate the
surface roughness. Comparison of the local topbgrémm surface scans with the local
averaged topography from a running average yididsldcal surface undulations. The

roughness is evaluated from the undulations of sinéace around the local average
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surface pattern. The peak to valley of the undotetiis used to determine the value of the
surface roughness The initial roughness of the test specimen isitbto bee/D=0.007,
approximately 10 times less than the final relatveghness level in the upstream pipe.
The local relative roughnesg/D) distribution over the first and second bendsL@= 0,
1 and 5 are shown in figure 4.12. The surface roagh is formed as surface streaks

which correspond to the flow features in this regio
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Figure 4.9: Azimuthal profiles of Sh/Shy,e along the streamwise direction along

the bend forL/D=0 atRe of o 40,000,0 60,009, 70,060, 000, ¢ 130,000
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The variation of the local relative roughness, ofgd from the roughness contours, with
separation distance between the first and second = shown in figure 4.12. High
roughness levels are observed on the latter patteofirst bend outer wall and midway
into the second bend inner wall and decreases indtiease in separation distance. This
high roughness corresponds to the areas of flowla@tion and the secondary swirling
flow structure observed on the second bend inndlt @a the other side, the first bend
inner wall and second bend outer wall, the roughnesas found to increase with
separation distance, which could be due to supipressg the swirling flow structure in
short separation and flow relaxation in the largpasation distance. The variation of the
peak mass transfer at the different locations with shows a similar trend to that of the
roughness. This suggests that the roughness sffieet magnitude of the peak mass
transfer. The change in the relative roughnesisealacations of the local maximum mass
transfer, upstream pipe, first bend inner walltinecond bend outer wall outlet, second
bend inner wall inlet and midway into the seconddener wall withRe is shown in
figure 4.13. The relative roughness in the upstresraight pipe was approximately
0.0065 for a Reynolds number of 40,000 and decdeatightly with an increase in
Reynolds number which agrees with the observedtbgn[19]. Similarly, the roughness
at the bend inner wall inlet, side walls and owtel outlet decreased with Reynolds

number.

88



Ph.D. Thesis- Hazem Mazhar

McMaster University echbnical Engineering

Flow

Flow

Normalized Streamwise length (r¢/D)/D

Normalized Streamwise length (r¢/D)/D

Normalized Streamwise length (r¢/D)/D

Normalized Streamwise length (r¢/D)/D

Normalized Streamwise length (r¢/D)/D

Normalized Streamwise length (r¢/D)/D

Normalized Streamwise length (r¢/D)/D

Normalized Streamwise length (r¢/D)/D

135F

13

96|

Normalized Streamwise length (r¢/D)/D
>
o

125f

45 90
Crosswise angle

Al

135
(0]

’ .t
! i 1‘%41* l‘?"m“ ,f
! ‘Y‘:L‘ ! I
|H g,ﬂt.*‘ r: ! L
M FI
9| M ﬂk'ﬂ it
[
\Bhts i oMk ot t
WL
8,5;1,’ A, ‘ii N .f
AL, Lt T
-45 -90 -135
Crosswise angle [O]
(b)
E 2 TR i*": E
e on
tﬁéi ; '{f» i
By

Normalized Streamwise length (r¢/D)/D

N
o

Normalized Streamwise length (r¢/D)/D

Normalized Streamwise length (r¢/D)/D
5

od
o

-
~
T

©
o

©

(i)

(ii)

x 10

-2

4

Figure 4.12: Relative roughness distribution contors for separation distances of (a)./D = 0 (b)
1 (c) 5 for (i) first bend outer wall and second bed inner wall (ii) first bend inner wall and
second bend outer wall

89



Ph.D. Thesis- Hazem Mazhar McMaster University eclwhnical Engineering

0.01 -

A 0.008 -

e

0.006 -

0.004 -

0.002 | —e— First bend outer wall - & -First bend inner wall
0.~ & -Second bend outer wall —e— Second bend inner wall sid¢

D
(2]

0 1 2 3 4 5 6
Separation Distance (L/D)

Figure 4.13: Variation of the relative roughness atlifferent locations along the bend for

the different separation distancesl(/D).

0.018
A
A
0.016 - o
0.014 - o 4 A
—~ m}
a) O
@ 0.012 + + O 8 S
~ +
a +
= (o4
> 0.008 - R X x 2
(@) X
@ 0.006 - ©
0.004 , .
¢ Upstream pipe (half 1) x Upstream Pipe (half 2)
0.002 - BInnerwall Inlet (1st bend) o Outer wall outlet (1st bend)
' alnner wall sides (2nd bend) + Outer wall outlet (2nd bend)
0

0 20000 40000 60000 80000 100000 120000 140000
Reynolds Number (Re)

Figure 4.14: Variation of the relative roughness atthe upstream pipe, inlet to bend

inner wall and at the outlet of the bend outer walwith Reynolds numbers forL/D=0.

90



Ph.D. Thesis- Hazem Mazhar McMaster University echbhnical Engineering

4.6 Summary and conclusions

Tests were performed with different lengths of igtia pipe between the two bends at a
Reynolds number of 70,000. The effect of the Reymatumber was determined by
testing atRe in the range 40,000 to 130,000 for th®=0 separation case. Three regions
of high mass transfer enhancement were determ(ijeat: the inlet to the first bend inner
wall, (i) near the inlet to the second bend inm&il and (iii) midway into the second
bend inner wall. The maximum mass transfer ocaurtheé L/D=0 separation case over
the latter part of the first bend outer wall and fiist part of the second bend inner wall.
The location of this maximum moved downstream @& tinst bend outer wall as the
separation distance was increased. The magnitudieeofocal maximum enhancement
relative to that in a straight pipe was 3.2 f@D=0, and decreased to 2.8 and 1.9./43
was increased to 1 and 5, respectively. The surfaatures in the first bend were
shallower than that of the single bend case, amtoaphed the single bend as the
separation distance increased. Bhescaled withRe in a similar manner in all regions of
high mass transfer with an exponent of 0.93. Thkatlon and magnitude of the maximum
mass transfer enhancemefhi,/Syipe) for the L/D=0 case is nearly independent of
Reynolds number. The trend of the roughness ang imassfer enhancement at the peak
locations agreed which suggest a direct correlafidre relative roughness is found to

decrease slightly with Reynolds number, similatht case of a straight pipe.
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CHAPTER 5

Flow field characteristics in single and dual S- sipe 90 bends

Abstract:

The flow field in single and dual S- shape shodiua 90 bends was measured using
Particle Image Velocimetry (PIV) at Reynolds nunsbef 40,000 and 70,000. The flow
upstream of the bend was fully developed and irdgogreement with the literature. The
highest velocity was on the first part of the settend inner wall of the dual S- shape
bend. An increasing turbulent kinetic energy isestaed along the first bend outer wall
and downstream of the separation zone of the besid inner wall and extends into the
second bend outer wall. Counter rotating vortioegetbp in the first bend and propagates
into the second bend. High velocity secondary flanes observed near the second bend

inner wall at approximately, of 4¢into the bend.
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5.1Introduction

Flow Accelerated CorrosiorirAC) results in pipe wall thinning and failure in sogseses.
FAC is affected by several parameters such as flovecgemistry, piping material,
operating conditions (pressure and temperature)tedlow hydrodynamics. The latter
depends on the piping geometry and affects the mnassfer rate and henéé\C rate,
[1]. Piping inspections and failure observationsnidustrial applications have shown that
pipe bends are one of the components that are pnose toFAC. Several attempts to
relate the flow dynamics in bends in order to betiaderstand thé=AC in these
components have been performed [7,8]. The massférawas reported to be a significant
function of flow shear stress where the effect ofekc energy was believed to be

insignificant [7].

The flow in pipe bends has been studied since E227) who observed counter rotating
vortices in a single 90bend under laminar flow conditions. Similar feasihave been

observed in sharp 9Mend under turbulent flow conditions [2]. The flaw bends is

affected by centrifugal forces which drive the flbeward the outside radius through the
central region of the flow. The pressure gradiamtthe cross section, due to this
centrifugal force, drives the flow again toward tin@er radius. The two mechanisms
result in double counter rotating vortices withimetcross section of the bend [2].
Meanwhile, the adverse pressure gradient alongtiex radius may lead to flow reversal
and separation from the wall. The dynamics of tbabde counter rotating vortices is
highly sensitive to the upstream conditions. Tlwvflseparation on the bend inner wall

near the outlet is reported to be transient andesmpressure fluctuations in the bend
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cross section [3]. Periodic change in the strengfththe counter rotating vortices
downstream of a single bend was observed by [4F6¢hwis reported to cause significant

pressure fluctuations.

The flow dynamics in dual bends is even more comglee to the flow interaction within
the two bends [9]. The flow dynamics in back-todbhends arranged in U-, out of plane-
and S- configurations have been investigated [9-TBg turbulence level and pressure
drop in the S configuration was highest when combado the U- and out of plane- dual
bend configurations under turbulent flow conditid@®]. This could be due to the effect
of direction of the bend curvature in the first ahd second bends, which is the same in
the U- shape and patrtially the same in the outlafigs shape. This produces a pair of
vortices in the second bend aligned in the samextiin of the first pair, and allows for

quicker velocity field recovery compared to theddfagguration [10].

In S- shape dual bends, the first bend generatesvovtices similar to that in a single

bend. These are stretched along the curvaturey, thi@meter decreases and strength
increases. The second bend tends to drive theifidhhe same pattern but in the opposite
direction. The strength of the secondary flow stites in each bend will determine the
prevailing flow pattern over the entire S- shapaldend. For small angles of curvature
the swirling structures in the second bend are ag3ed since the curvature is not large
enough for the second bend to recover from the $nsrl and develop new secondary
vortices, in the case of laminar flow [9,12]. Insttcase two double swirls turning in

opposite directions were observed to coexist instneond bend and downstream of the

dual bends. Significantly large angles may resulstrong vortices in the second bend

97



Ph.D. Thesis- Hazem Mazhar McMaster University echbhnical Engineering

that can diminish the intensity of vortices in thst bend. In dual 90S-shape bends
[12], the second bend would generate secondargtstas that are able to overcome

those generated in the first bend.

The average turbulence level measured at sevetarst downstream of an S shape dual
bends was found to decrease with increasing sepaudistance between the back to back
bends [13]. The flow velocity field was oscillatimgpn-symmetric in the cross section
downstream of the dual bend. This asymmetry waibateéd to the non-developed flow
at the inlet to the S-bend. Most flow field measoeats in S- shape bends have been
performed under laminar flow conditions [11, 12heTflow field downstream of an S-
shape dual bends was reported [13]. Flow asymmiatrihe pipe cross section was

observed but was attributed to a non-developed @ipstream of the bend geometry.

The objective of the current study is to investgtite flow field within the S- shape dual
bends in order to better understand the drivinghaeisms for the mass transfer within
the bend. The flow field was measured using Partidlage Velocimetry for Re of 40,000
and 70,000 in standard 9bends with a radius of curvatu® of 1.5 in single and dual

S- bend configurations with zero separation distdretween the bends.

5.2 Experimental facility and methodology

The measurements were performed in a 2.54 cm déarfietv loop shown schematically
in figure 5.1. This facility has been used in poad mass transfer studies and is described
in detail in [16]. Water is circulated from a 10@t reservoir through the test facility by a
centrifugal pump. The flow rate is regulated bybgloralves and measured by a turbine
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flow meter with an accuracy of £1% of the flow reegl The flow is passed through a
perforated plate followed by a honey-comb beforteremg a straight pipe with a length of
160 cm leading to the test section. The test seatias manufactured from transparent
acrylic with a bend diameter of 2.54 cm and radbsurvaturer/D of 1.5. The flow
exited the test section to a 75 cm long straigpe giefore being directed back to the
reservoir. The water temperature was measuredeimetbervoir and controlled to within
+0.5 °C using a compensation cooling loop. The velodigydfis measured using a 2-
dimensional particle image velocimetry system watlsingle PowerView 4MP 12 bit
digital camera with a resolution of 2048x2048 pexelhe flow field illumination was
performed using a 532nm New Wave Solo 120XT puldEdYAG laser with a
maximum output of 120mJ per pulse. A combinatiorplaino-cylindrical and spherical
lenses was used to focus the laser beam into & Pemera optics were determined by
the required field of view for each flow field begircaptured, with a Sigma 105mn2.8
lens being used in combination with 1.4x and 2&ledonverters and extension tubes.
Synchronization of the laser pulses and cameraesags performed using a TSI Laser
Pulse Model 610035 synchronizer with external &iggg and software adjustable time

delay.

Seeding of the flow foPIV imaging was performed using metal coated glasscjes
with nominal size of 1iim. The glass coated seeding particle was selectethtch the
density of the fluid. Sodium iodideNél) was dissolved in water at 60% ratio (salt to

water) by weight. This proportion maintains apprmoately the same index of refraction
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as the acrylic test section [14]. Calibration oé AV system was performed using a

Starett machinists’ grade straight edge.

Each PIV vector field was obtained using a deformation daseheme incorporating
32x32 pixel interrogation regions, which correspontb a spatial resolution of
approximately 1x1mm, with approximately 75% overiagoth thex andy-directions.

All PIV measurements presented in this paper have a mimiralidation rate of 99% for
single instantaneous flow fields before applyingctee replacement or interpolation
schemes. Spurious vectors are determined basétk areighbouring vectors and replaced
by interpolation scheme. Clas$ttV analysis is followed where instantaneous frames ar
analyzed and the velocity vectors are obtainedur sf 200 frames is then averaged to
obtain the mean flow field and determine the tuebtlkinetic energy using post

processing commercial software.
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Table 5.1: Nomenclature of quantities and terms.

Nomenclature

dm/dt Masstransfer rate lkg/s|
D Bend cross sectional diameter [m]

h Masstransfer coefficient [n/s]
r Local positioninthe pipe cross section [m]

R Piperadiusof curvature [m]
TK.E Total turbulent kinetic energy Im?]
u Local flowvelocity [m/ s]
U, Mean flow velocity inthe upstream pipe [m]
o Local instantenouswear of the test section [m]

0 Bend cross sectional angle

7} Bend angleof curvature (along first bend)

@, Bend angleof curvature (along second bend)

% Kinematic viscosity [m2/s]
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5.3 Results and discussion:

Flow field measurements were performed in the pipstream of the bend test section
and velocity profiles aiX/D of -3 and -2.5 are shown in figure (5.3-a). Théoweity
profiles are in good agreement with the experinlergaults of [16]. The flow rate
calculated from these profiles agreed to within :8%h that measured from the turbine
flow meter. The flow is found to be symmetric whre profile from right side was

compared to the left side of pipe as shown fig6t8-p).

The velocity field contour on a plane along thetedime of a single bend at Re=70,000 is
shown in figure 5.4. Flow acceleration and decdi@naare observed on the inner and
outer wall sides, respectively, similar to previa@igdies [3,4]. The high velocity region
on the inner wall side tends to shift away from itm@er wall toward the bend outer wall
near¢ of 40 to 50 degrees. This is due to the flow sajpam caused by the adverse
pressure gradient in this region [8]. Normalizedouiy profiles along the central
diameter at different angular locations e of 40,000 and 70,000 are shown in figure
(5.4-b). The profiles at the two Reynolds numbeesenn good agreement at the different
locations. The velocity profile is symmetric upstme of the bendX/D=-2. The mean
velocity increased on the inner wall sidéR0) and decreased near the outer wall side at
¢ of 10° and 25. The high velocity core offset from the inner walard the centerline
of the bend curvature, betwegnof 45’ and 76. The core velocity is observed to shift

toward the outer wall betweenof 70° and 86.
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Normalized turbulence kinetic energy.K.E/U,?) contours for the single bend are shown
in figure (5.5-a). Thel.K.E was relatively low at the inlet to the bend outall and
increased along the bend curvature. On the innérsiae, theT.K.E was generally low
except on the latter part near the separation zahere elevated .K.E levels were
measured, similar to [8]. The profiles oF.K.E/Uy?) at different angular locations are
shown in figure (5.5-b). The turbulent kinetic emerwas relatively uniform in the
upstream pipe. On the bend inner wall sidB<0), theT.K.E remained low tillp of 45,
and then increases toward the outlet of the bemis @grees with the results of the
numerical simulation reported by [8]. On the oute&ll side, theT.K.E increased along

the curvature toward the bend outlet.

The velocity field contours on the symmetry plateng of the dual S- shape bend are
shown in figure 5.6. The flow accelerates on theemwall and decelerates on the outer
wall of the first bend of the S- shape, similartt@t in the single bend case. The
centripetal forces in the second bend due to bendature result in a lower pressure on
the inner wall side and a higher pressure on therowall side. This adverse pressure
gradient opposes the flow from the first bend inmal side. The low pressure region on
the second bend inner wall results in flow accéienainto the second bend. These two
mechanisms result in a shift of the high velocityrecto the outer wall and further

acceleration into the second bend inner wall. Tigh taelocity stream is observed to shift
slightly from the inner wall as the flow turns ammlthe second bend curvature.

Normalized velocity profilesw{U,) are shown in figure (5.6-b), whelé, is the mean
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flow velocity in the upstream pipe. The normalizedocity is observed to increase on the
first bend inner wall to reach a high of 1.4 ngaof 25’ and then decreases as the high
velocity core moves toward the outer wall. The ralreed velocity near the outer wall
increased toward the end of the first bend. The@aoml continued to increase on the
second bend inner wall to reach a magnitude of aqmately 1.5 atg, of 1. The
velocity continued to increase to reach a maximdimearly 1.6 neap, of 45 however
the profile peak was shifting from the inner watlestoward the core region. The peak

velocity decreased from this point onward.

The velocity contours at different cross sectidoehtions along the dual bend profile are
shown in figure 5.7. The gap between the two safdbe bend in the contours is due to
the seam line in the test section which was obsetvebscure the camera view in this
region. The cross sectional contours indicate tleeekbpment of secondary flow
structures starting fromy of 10 degrees. High velocity twin cells are fornmedthe inner
wall side of the first bend due to the action oftcpetal force and the resultant cross
sectional pressure gradient. As the flow turns adothe bend the vortex moves on the
circumference toward the side walls nearof 40 degrees. The contour &t of 70
degrees indicate further development of the dowldices and a shift of the high
velocity flow core from the inner wall toward theter wall. As the flow turns into the
second bend neap of 10 degrees high velocity region is observethecenterline plane
contour, which is due to flow acceleration into teecond bend. The vortex pair

propagates from the first bend inner wall to theosel bend outer wall with much lower
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intensity. These vortices are observed to shiftyafk@am the outer wall toward the inner
wall driving a high secondary velocity stream a thner wall near of, 4¢°. The high
velocity secondary flow shifts along the circumfere toward the side wall to reaglof
approximately 9®nearg, of 70 degrees. At this position, the vortex paaved to fill the
center region of the cross section. The secondawy $tructures were symmetric at the
different locations along the bend profile whicmtradicts the findings of [13]. However
the velocity field upstream of the S- dual bend1i8] was believed to be non-developed

[13].

Contours of turbulent kinetic energy along the sytmn plane of the dual bend are
shown in figure 5.8. HighefF.K.E was observed on the outer wall side of the fiestd
and downstream of the flow separation on the invat side, similar to the single bend
case however th@.K.E magnitude in the first bend was relatively lowkan for the
single bend. Thel.K.E level is observed to increase significantly doweestn of the
separation zone to approximately 2 times the mawirtevel in the first bend. Crosswise
profiles of T.K.E/U,?) at different angular locations around the duaicb@rofile are
shown in figure (5.8-b). LoWw.K.E is observed on the first part of the bend innell wa
(r/R<0) and increases on the latter part, while a grhoherease inT.K.E along the first
bend curvature is observed on the outer wall sitle>0). TheT.K.E nearg; of 80° was
found to be approximately equal on the two sidethefbend. This could be attributed to
the low mean flow velocity near the inner wall etitdue to flow separation. On the
second bend outer wall, highK.E is observed downstream of the flow separation zone

and decreased from this point onward into the lmemdature. Thd.K.E was low at the
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inlet at the second bend inner wall ngaiof 13 to 25 and increased from this point as

the highT.K.E shifted from the outer wall to the inner wall.

5.4 Summary and conclusions:

Flow field characteristics in single and dual Sapsh bends were investigated using
particle image velocimetryP{V) technique. The fluid and acrylic test sectionexf
refraction were matched to reduce optical distartisleasurements were performed in
the stream wise plane as well as at different csestional planes. Fully developed flow
profiles were measured upstream of the test sedielatively high mean flow velocities
andT.K.E were observed at the outlet of the outer wall sidihe single and dual bends.
High turbulent kinetic energy.K.E was observed downstream of the separation zone of
the first bend with a magnitude of approximatelycethat in the first bend. Symmetric
secondary flow velocity was measured along the h@noélle. High velocity secondary

flow is observed on the second bend inner wall peaf 4C.
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Abstract

The distributions of the mass transfer coefficienhorizontal 96 bends were measured
under a range of two phase annular flow conditidndissolving wall technique at a high
Schmidt number (Sc=1280) is used for the measuressn&he maximum mass transfer
occurred on the centerline of the bend outer wadinaangle of approximately 50 degrees
from the bend inlet under all tested conditionse Hnea of maximum mass transfer rate
was found to span approximately 30 degrees in itoeiraferential direction. A second
region of enhanced mass transfer occurred on tier lpart of the bend with a local
maximum occurring slightly off the bend centerlinesome cases. Changing the air and
water superficial velocities){=22 to 29.5 m/sJ =0.17 to 0.41 m/s) showed that the air
velocity had a larger effect on the mass transfegsrthan the water velocity; however the

effect of the water velocity on the mass transfas wot insignificant.
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6.1 Introduction

The measurement of wall mass transfer rates umgephase flow conditions in different
pipe geometries is important for the understandmhgseveral practical applications,
including Flow Accelerated Corrosion (FAC). Flowcaterated corrosion is attributed to
the mass transfer of the metal surface or corrokgar to the adjacent fluid and can
result in pipe wall thinning, piping systems deteastion and sometimes abrupt failure
[1]. Flow accelerated corrosion is more pronounicetivo phase flows and in particular
in pipe singularities, such as T-Joints and beftise. need to understand and predict the
locations of high mass transfer has motivated ingasons of the mass transfer rates in

different pipe geometries.

Ninety degree bends, of interest here, cause cBandg®w direction that result in phase
separation and redistribution [2, 3]. Investigasiaf two phase flow in pipe bends have
focused on evaluating the pressure drop along ¢imel lourvature [4, 5, 6], visualization
of the flow [7, 8, 9], and characterizing the haat mass transfer in the bend [10, 11,
12]. The phase redistribution in long radius befatshigh void fraction annular flows
revealed distributions of the two phases that cd@delated to the interaction between
gravity, centripetal and inertial forces [7, 8, Bhe liquid film was found to detach from
the bend inner wall and deposit onto the bend owtdl by [3]. The flow detachment
phenomenon was shown to be periodic and intensifieersely with the bend radius of

curvature [13].

The mass transfer in bends is found to increade tiwé void fraction to reach a maximum

under annular flow conditions [11]. Poulson [10] trfeasured the mass transfer in 480
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bends under annular flow conditions for radius ofvaturer/D of 3 and 7.3. Here,
measurements were performed along the centerlinheofouter wall. The location of
maximum mass transfer was near the line of sighm $ecation, where the centerline of
the upstream pipe intersects with the bend outélr Whe high mass transfer rate was
attributed to the interplay between the impingenwdrtquid droplets within the core on
the outer wall and the liquid film re-distributiolue to the centripetal forces generated by
the bend curvature. The interplay of these two raeidms is expected to vary with the
annular flow conditionThe air superficial velocity had a significant effen the mass
transfer [10, 11] but the role of the water velpdg unclear with data showing it had a
minor effect on the mass transfer [10]. Poulsor] @l%o reported a correlation for the
location of the maximum mass transfer rate alomgctirvature based on the bend radius
of curvature. The maximum mass transfer rate wasddo move downstream when the

radius of curvature of the bend was reduced.

The objective of this investigation was to meagheelocal surface distribution of mass
transfer rates in short radius®=1.5) 9¢ bends under annular air-water two phase flow
conditions. The measurements were performed usihigsalving wall method with test
sections cast from Gypsum. The dissolution of Ggpsn water has a high Schmidt
number §c=1280) which is similar to that for the diffusiohthe iron magnetite layer of
carbon steel piping in water, thus providing a ntemssfer environment analogous to that
in FAC. The full worn surface topography was meaduwsing a three dimensional laser

scanner and the results are used to determineighréddtion of the mass transfer rates.
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The test facility and methodology is reported ia tiext section followed by a discussion

of the results and the conclusions from this study.

6.2 Experimental facility and methodology

Experiments were performed in the 2.54 cm diamtst flow loop facility shown in
Figure 6.1. Water is circulated from a reservonotigh the test loop by a centrifugal
pump. The flow rate is regulated by globe valved areasured by a turbine flow meter
with an accuracy of +1% of the flow reading. Aioiin a compressed air line is filtered
and supplied to the test facility. The air floweaas measured using two rotameters
connected in parallel with an accuracy of +2% @f thll scale. The pressure is measured
downstream of the rotameters and just upstreareotelst section to correct the rotameter
readings to the actual air flow rate. The uncetyain the testing conditions is presented
in table 6.1. The flow of water passed through afopated plate followed by a
honeycomb before it mixed with the air stream. frheing chamber is in the form of two
concentric tubes with the inner tube, carryingahebeing perforated on the periphery to
homogenously inject the air into the water streaimning in the annulus between the

inner and outer tubes.

The mixed air—water flow then passes through agétrgipe of 160 cm (60 diameters) in
length upstream of the test section. The air-wlbev exited the test section to a 75 cm
(15 diameters) long straight pipe before beingal@e to a reservoir with an air vent to
release the separated air. The water temperatuiseneasured in the reservoir and kept

constant to within 25+0% using a compensation cooling loop.
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Table 6.1: Uncertainty in flow conditions

Minimum Maximum . Average
Parameter reading reading Uncertainty Reading
Water flow rate [GPM] 0 8 1% reading 2.5+0.025 GPM
Air flow rate  [SCFM] 0 25 2% full scale 20+0.5 SCFM
Air pressure [Pa] 0 100 2% full scale 4012 Pa
Table 6.2: Factors affecting total uncertainty
Factor Uncertainty
Scanning uncertainty 0.1 [mm]
Casting variability +0.15 [mm]
Concentration (AC) +0.005 [kg/m°]
Wear gradient (38/dt) +2.5x10° | [m/s]
Density (p) +40 [kg/m’]
Table 6.3: Experimental test conditions
Parameter Range
Air flow rate
B g B
[SCFM] 25 25 25 28 28 28 35 34 3b
Water flow rate
| i
[GPM] 15| 25| 35| 15 25 31 15 25 35
,[T::;]pressure (test section inlet) 50 | 28| 37| 24| 32| 40 37 46 60
Air temperature ]
°C] 22 22 22 22 22 22 22 22 2P
E’Q/(?]ter temperature 25 | 25| 25| 25| 25| 25 25 25 25
" 22.2| 22 | 21.7|24.7| 24.5| 24.2| 29.4| 29 | 28.7
[m/s]
A 0.17]| 0.28| 0.41| 0.17| 0.28| 0.41| 0.17| 0.28| 0.41
[m/s]
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The dissolution of Gypsum in water during the testreases the water electrical
conductivity and this measure was used to deterrtiieeoverall dissolved mass of
gypsum in the water. An electrical conductivity Ipeoplaced in the reservoir was used to
measure the water conductivity. Calibration expentnwas performed to correlate the
amount of Gypsum dissolution to the change in cotidity of the water by dissolving

small weights of ground powder of the test sectionpure water and record the

corresponding change in conductivity.

The test sections consisted of an upstream 20 nmdtraight pipe, a standard®dfend
with a radius of curvature of 3.81 cm¥=1.5) and a 10 cm long downstream straight
section. The test section has a nominal diamet&2.%4 cm throughout. Test sections
were cast from Hydrocal (Ca3@/2 H0O), which produces high density Gypsum when
mixed with water. The cast sections were left {paird the weight recorded periodically.
When the weight reached a constant level, in apprately 15 daysthe sections were
tested under annular air-water flow conditions. &xpents were performed with the test
section oriented horizontally. Test durations welesen to reach a maximum nominal
wear under 10% of the diameter to avoid excessemmgtry distortion and changes to
the flow dynamicsOnce the tests were complete, the samples were tiltithey reached

a steady weight. The difference in sample weigkfsrie and after each test is taken as a
measure of the overall mass removEae dried samples are then sectioned in two halves
along the bend profile as shown schematically gufé 6.2. Each half is scanned on a

laser coordinate measurement machine (CMM) witisalution of 0.2 mm to obtain the
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Figure 6.1: Schematic of the test facility showinghe main components of the flow

loop
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Figure 6.2: Schematic of the test section showinbe section planes relative to (a)
streamwise orientation (b) crosswise orientation
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Table 6.4: Nomenclature of quantities and terms.

Nomenclature

dm/dt Masstransfer rate [Kg/s]
C. Hydrocal ionsconcentrationat thewall [Kg/m?]
C, Hydrocal ionsconcentrationinthebulk fluid [Kg / m3J
AC, Initial concentration difference [Kg / m3J
o Local instantenouswear of the test section [m]

D Bend crosssecti onal diameter [m]

D, Mass diffusivit y for Hydrocal in water determined at 25°C lmz/s]

h Masstransfer coefficient [m/s]

J, Air superficia | velocity [m/s]

J, Water superficial velocity [n/s]

< Schmidt number  (v/D,,)

Sh Sherwood number (hxD/D,,)

X /D Sreamwise dimensionl essdistance

) Density of the gypsum [Kg/m’|
0 Bend cross sectional angle

¢ Bend angleof curvature

v Kinemati cviscosity [m?/s]

o Local massremoval [m|
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surface topography. Multiple scans were taken frdiffierent directions to ensure
complete surface coverage and increase the scasumddce resolution. The laser
digitized surfaces are initially aligned to a conmmmordinate system using commercial
software and then more precisely aligned and aedlysing in house developed routines.
The digitized surfaces scans are re-gridded tafaram grid with a resolution of 0.25 mm
with typically multiple points within each cell. &eon alignment is then refined based on
the surface symmetry in the upstream and downstg@am sections where checks are
made for any systematic bias. The scanned topogrémha non-tested sample is
subtracted from the topography of the tested sasnpl@btain the local amount of mass
removed during each experiment. The overall mas®eved is determined by integrating
over the entire surface and compared against taertass removed from the difference
in weight of samples before and after testing amanfthe concentration of gypsum
dissolved in the water during each test. In allesathe measured mass removal values

agreed to within £7%. The mass transfer coefficiemvaluated from [14]

do
P~ =haC, (1)

m

where h is the mass transfer coefficient (m/s), amds the Gypsum density. The
dissolution of gypsum in water increases the commagan of the Gypsum ions in water
and in turn reduces the mass transfer potentialth@dlissolution time scale with test
progression. The time scale used in the calculatibthe mass transfer coefficient is

modified to account for the increase in concerdgratvith time in equation (1) as

127



Ph.D. Thesis- Hazem Mazhar McMaster University echbhnical Engineering

r. :%i[cw—cq]mt )

whereC,, andCy, are the Gypsum concentration at the wall and enthlk respectively.
The gypsum concentration at the wall was takenhas saturation concentration for
gypsum ions in water (2.6 g/L) [14, 15]. The butincentration in the tank was measured
over the testing time at the recirculation watesergoir.The mass transfer coefficieht

is then used to compute the Sherwood number giyen b

Sh = (3)

whereD is the bend diameter arm}, is the mass diffusivity with a value of 6.5x'0at

25°C [15, 16].

The mass transfer can be a result of surface dissoldue to concentration potential or
erosion under aggressive flow conditions [10]. ok of the two mechanisms was
examined through a set of experiments with differeitial bulk gypsum concentrations
(0, 50% of saturation, and fully saturated) simitathe experiments of Poulson [10]. The
experiments were performed under annular flow domt with gas and liquid
superficial velocities)=24.5 m/sJ. =0.28 m/s. Ground gypsum is dissolved in the water
to change the initial bulk concentration. The massoval rate was found to be nearly
zero for the saturated case and proportional toctimeentration difference in the other
cases. Typical profiles of the thickness removetl the mass transfer coefficient profiles

on the outer wall are shown in Figure 6.3. Theltesndicate that the mass transfer under
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the current testing conditions is driven by disiolu only. The uncertainty in the

measurements was evaluated considering all theilootihg parameters, listed in table
6.2, following [17]. The uncertainties in scanniagd casting were used to quantify the
uncertainty in the local depth measurement andwhis used to quantify the uncertainty
in the wear gradient. The total uncertainty wasieined from the factors affecting the
mass transfer coefficient which are wear gradiegpsum density and gypsum
concentration difference based on equation 1. Theemainty in the calculation of the

local mass transfer coefficient was determineddaapproximately £19% based on the

upstream pipe and £15% based maximum mass trdagédr

6.3 Results and discussions

Experiments were performed for the range of air watker flow rates tabulated in table
6.3 which maintain annular flow conditions. The sw&ansfer rates were measured under
annular flow condition for air superficial velo@s of J,=22, 24.5 and 29.5 m/s, and
water superficial velocities of 0.17, 0.28 and @44 which yield a void fraction in the
range of 0.9 to 0.93, based on the Martinelli mddi8]. Typical surface distributions of
local Sherwood numbesh are shown in Figure 6.4. The distributions fofetiént liquid
superficial velocity at air superficial velocity 629.5m/s are shown in Figure (6.4-a),
while the distributions for different air superftivelocities for a liquid superficial
velocity of 0.28 m/s are shown in Figure (6.4-bheTlocal distribution ofSh had a
number of features in common for the different floanditions. TheSh was relatively

uniform in the inlet pipe. The maximuBn was approximately half way into the bend on
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the outer wall, consistent with the results of Boul[10] in all cases. The region of this
maximum extends across a significant portion ofdbeer wall. The maximum increased
with an increase in liquid superficial velocity aadt superficial velocity. The results in
some cases also show a second region of signifesd@mncement igh on the latter part

of the bend.

fffff Saturated
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0% saturation |

0.25+

0.2

0.15+ .

0.1 &
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0.05+
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Figure 6.3: Comparison of the (a) mass removal antb) mass transfer coefficient
for different initial water bulk concentrations for J,=24.5 andJ; =0.28 m/s
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Figure 6.4: Effect of (a) water velocity and (b) aivelocity on the Sherwood number
distribution in the 90° bend with a radius of 1.5D under annular flow condions,
(8)dy~29.0 m/sJ =0.17, 0.28 and 0.41 m/s, (8)=0.28 m/sJ,=22, 24.5 and 29.5 m/s
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This is again consistent with the results of Paulgd] who found a plateau in the mass
transfer in 180bends downstream of the location of maximum masssfer. The results

here show that the downstream peak3mnis significantly narrower than the upstream
peak. The magnitude of the downstream pediwas also affected by the air and water

superficial velocity.

Streamwise profiles of thé&h along the center line of the outer and inner walls
highlighting the effect of the air and water vet@s, are presented in Figure 6.5 and 6.6,
respectively. The mass transfer data along pip¢iosscimmediately upstream and
downstream of the bend are also shown in theseesgurhe mass transfer coefficient
was nearly uniform along the inlet pipe. The ntaassfer rate along the outer wall of the
bend increased to a maximum at approximagelyf 55°. The mass transfer rate then
dropped before reaching the second region of edevaiiass transfer. There was evidence
of a local mimimum in the mass transfer betweernpeks in some cases, consistent with
the results of Poulson [11]. The mass transfer alirg the bend inner wall increases at
the inlet of the bend, reaching a maximum level rapimately 30 into the bend
curvature. Thesh then decays toward the inner wall outlet, whémeaches a constant
level slightly lower than the upstream pipe levidle enhancement in the mass transfer
rate at the inlet is likely due to the acceleratminthe flow on the inner wall. The
acceleration as the flow enters the bend is dilee@educed pressure near the inner wall,
similar to what is seen at lower void fractions ][1Rdere, though, it only occurs in the

film rather than across the full flow.
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Figure 6.5: Streamwise Sherwood number profiles afgg the (a) outer wall and

(b) inner wall for J.=0.28 m/s and differenty.
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The effect of the air and water superficial velesiton the mass transfer are further
examined through the azimuthal profilesShfat different stream wise locations as shown
in Figures 6.7 and 6.8. The lateral distributionShfis nearly uniform in the upstream
pipe X/D= -4 and -2) at the different superficial air vetms (22, 24.5 and 29.5 m/s) for
a constant superficial water velocity of 0.28 mFigQre 6.7). Similar results were
obtained at a constant air velocity of 29.5 m/s diftrent water velocities (0.17, 0.28
and 0.41 m/s), as shown in Figure 6.8. Bhen the outer wall at the inlet of the bend is
uniform across the bend and similar in magnitudéheoupstream pipe. Further into the
bend, the mass transfer reaches a maximum aroenzktiterline while the side walls are
still similar in magnitude to the upstream pipeeThass transfer rates on the outer wall
at ¢ of 50 and 60, where there was a maximum in the stream wisellgrathows a
uniform peak level with a width of approximately 36° in the circumferential direction.
The mass transfer rate decreased rapidly on estlerof this peak and reaches a uniform
level at approximately 50off the centerline. Poulson [10, 11] attributed theak to the
impingement of the liquid droplets entrained witktie core at the sight seen location on
the bend outer wall. The fact that the maximum ntesssfer occurs at the center line in
the form of a localized sharp peak supports th@gsed model by Poulson [10, 11]. The
change in water superficial velocity has a sigaific effect on the mass transfer
enhancement which agrees with the impinging jeeerpental results presented by [10];
however, the results did not agree with those afl$tm [11] for annular flow which
showed the water velocity had a negligible effattttoe mass transfer rates. The change

in air superficial velocity, however, causes a kigtate of enhancement compared to the
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change in water superficial velocity. The mass dfan decreases downstream of the
maximum until approximately of 8(°, and remains approximately constant from this
location to the end of the bend curvature. The @&y high mass transfer location
the outer wall at the end of the bend curvaturep$di0°) is more pronounced at high
superficial air velocity and was not evident at Isuperficial air velocity. The results
show that when the mass transfer is high the peaksntransfer occurred off the
centerline and thus, is under represented if massfer measurements are performed
only along the centerline. The location of the secanpingement is shifted from the
centerline toward the bottom half of the test sectivhich could be due to the gravity
effect. At high superficial air velocity, the magrde of the second maximum mass
transfer was evolving with the water velocity agiailar rate to the first maximum. The
magnitude of Sh at the second peak is approximat@ly times the first maximum. The
second maximunobserved on the outer wall could be due to the mgganent of the
liquid separating from the inner wall of the beiithe liquid film on the outer wall may
also be unstable due to the curvature effect aachthslip condition at the wall. There
was no evidence of this in the early stages ofbiéred curvature so it is not clear if this
has a substantial effect on the mass transfer.rablese was no significant mass transfer
on the sidewalls, which suggests there is no flaveeping around the bend. This
reinforces the explanation that the second highsnramsfer region on the outer wall is

due to separation of the film from the inner walpinging on the outer wall.
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The S profiles on the inner wall show a uniform distrilom across the upstream inlet
pipe. The mass transfer rate on the inner wallemses to reach a maximum at
approximately of 30°. This maximum occurs in the center region in thenf of a broad
uniform plateau covering 100n the circumferential direction and tails off tawd the
side walls. This enhancement may be attributedh@oldw pressure formed on the bend
inner wall causing flow acceleration at the bendtinTheSh profiles then decay towards
the bend outlet, as also evident in the streampusiles. The effect of increasing either
the superficial water or air velocity on the treafl mass transfer enhancement was
similar. In the outlet pipe the mass transfer ceps slightly below the upstream pipe

with the side walls trending upward.

The mass transfer enhancement, defined as theafatiee local maximungh to that in
the upstream pipeS(pipe), at the first and second peak mass transferloatgions, is
presented in figure 6.9. The results are presdotethe different liquid and air superficial
velocities with the numbers representing the magleitof the mass transfer enhancement.
The results of Poulson [11] are also shown in #g6.9-a) for comparison. The
maximum mass transfer rates in this instance aermdaed from the azimuthal profiles.
The trend of the mass transfer enhancement witsuperficial air velocity of the present
results agreed with the proposed trend of Poulé®h Poulson [11], however, did not
find a significant effect of the liquid superficia€locity on the enhancement, which are
contrary to the present results. The mass tramesfieancement at the first peak increased
by a factor of 2.3 as the superficial air veloaitgis increased from 22 to 29.5 m/s, while
it increased by a factor of 1.5 when the supeilfiwater velocity was increased from 0.17
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to 0.41 m/s, figure (6.9-a). The relative changesmiass transfer enhancement at the
second mass transfer maximum on the outer wall thiéhair and water velocity were

very similar to that at the first mass transfer maxn; figure (6.9-b).

6.4 Conclusions

Mass transfer measurements in horizontal singfeb8ads under a range of inlet annular
air-water flow conditions at high Schmidt numbge<1280) were performed. The air and
water superficial velocities were in the range #228.5 m/s and 0.17 to 0.41 m/s,
respectively. The local distribution of the masansfer rate over the entire surface was
obtained. Two local maxima in the mass transferewfeund on the outer wall of the
bend. The location of the maximum mass transfer nvasvay through the bend on the
outer wall centerline, in agreement with Poulsod] [The maximum in the mass transfer
spanned 30in the azimuthal direction. The second peak octunther downstream on
the bend outer wall at of 80 to 83 and shifted off the center line. The mass transfer
enhancement increased with an increase in eitleemtiter or air superficial velocity.
Mass transfer enhancement levels between 2.5 d&ndelative to that in the upstream
pipe are measured at the first maximum, while #esd maximum enhancement levels

were between 1.5 and 5.6.
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Abstract:

The mass transfer in S- shape dual in-plane sladlius bends is investigated under
annular air-water flow conditions. Experiments weerformed for a Schmidt number
(Sc) of 1280 for different lengths of straight pigg/@) between the bends. Standard 90
bends with radius of curvaturg/D) of 1.5 were tested fdtr/D from 0 to 40 for waterX)
and air {y) superficial velocities of 0.28 and 29 m/s, resppety. The maximum mass
transfer was found to occur on the outer wall &f fiinst bend in all cases. The region of
high mass transfer in the second bend is locatadthe outlet of the bend outer wall and
was approximately 60% of that in the first bendtfogL/D=0 case. This value increased
and the location moved upstream as the separai&tande was increased, with a
magnitude of approximately 85% of that in the fibsind atL/D of 40. The effect oy
andJ_. on the mass transfer fafD=0 was determined fak, andJ_ in the range 0.17 to
0.4 m/s and 22 to 30 m/s, respectively. The locasrtransfer distribution was similar in
all cases, withly having a more significant effect on the mass feansnhancement. The
phase redistribution within the dual bend fdb=0 was visualized using laser induced
fluorescence. The high mass transfer locations feued to correlate well with the

locations of liquid impingement.
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7.1Introduction

Flow accelerated corrosioRAC) is a piping degradation mechanism that develmes o
several years and results in pipe wall thinnindhvpibtential for abrupt pipe failuréAC
occurs in two stages: (i) oxidation of the pipe ah&nhown as corrosion followed by (ii)
the mass transfer of the formed corrosion layeh#éoadjacent fluid by dissolution. Mass
transfer is the rate limiting factor PAC, and is affected by flow velocity and turbulence
level. The frequency of pipe failure dueRA&C is reported to be higher under two phase

flow conditions than under single phase flow [1].

Two phase flow through pipe bends results in sigaift changes in flow direction
leading to phase redistribution due to the diffeeem density between the two phases [2,
3]. The phase redistribution is more severe undgr foid fraction flow conditions and
can result in high mass transfer enhancement I§4gI$hus,FAC studies have primarily
focused on annular two phase flow conditions. Savamvestigations focused on
understanding the annular two phase flow in behdsugh pressure drop measurements
and flow visualizations [5- 9], and through heatl anass transfer in the bends [10-12].
The phase redistribution is reported to cause rifgignt mass transfer enhancement on
the pipe bend outer wall and develop distinctivessn&ransfer distribution features.
Continuous liquid flow separation from the firstnideinner wall and deposition on the
second bend outer wall was observed by [7, 13]igh Imass transfer enhancement was

reported at the location of the anticipated liquégbosition [12].

Comparison of mass transfer in straight pipes uat@ular two phase flow and single

phase flow at an equivalent surface shear stresdegl an enhancement of 1- 1.6 for the
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two phase flow over single phase flow [11]. The sniansfer enhancement for slug two
phase flow relative to single phase flow at simRaynolds number was reported to be
approximately 3 times [14]. This enhancement waghated to the effect of the entrained

bubbles and the effect of liquid slugs on distughiime near wall liquid region.

The mass transfer in 1808ends was measured under annular flow conditionsafdius
of curvaturer/D of 3 and 7.3 by Poulson [10, 11]. Only centerlmeasurements were
performed along the bend outer wall. The locatibmaximum mass transfer was on the
bend outer wall and corresponded to the locationthef entrained liquid droplet
deposition. The high mass transfer rate was atgtto the interplay of liquid droplets
within the core impinging on the outer wall and thien re-distribution due to the
centripetal forces generated by the bend curvatlilee interplay of these two
mechanisms is expected to vary with the annulaw femndition. The air superficial
velocity had a significant effect on the mass tfanbut the role of the water velocity was
unclear with results showing it had only a minoieef on the mass transfer [10]. The
location of the maximum mass transfer along thevature is found to depend on the
bend tightnessr{D) and a correlation for this location was propodmsd[11]. The
maximum mass transfer was found to move downsti@athe radius of curvature of the

bend was reduced.

Mass transfer by erosion was reported by [11] 8t $ections cast from plaster of paris
for a gas superficial velocity of 60 to 70 m/s. TWedocity threshold for liquid droplet
impingement wear in steel pipes is reported torbéhe range 70 to 125 m/s [15-17].
Droplet impingement has a significant effect unaest flow conditions, like wet steam
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flows, where no liquid film exists on the pipe @g#. In the case of annular flow with
sufficient film thickness on the pipe wall, thenfiltends to cushion the impact of the
liquid droplets on the surface and reduces itsceftem the mass removal enhancement

[18].

The development length for annular flow throughaigint pipes is reported to be
approximately 30 diameters [19]. The developmemgtle downstream of a U- shape dual
bend is reported to be longer than 30 pipe diarsetiich was the maximum length for
the experiments by [20] and more than 141 diamdtgri21]. This could be due to the
drastic phase redistribution within the bends, whaost of the liquid phase collects on

one side of the bend.

The objective of this investigation was to invesategthe mass transfer distribution in
short radius D=1.5) 90 dual bends arranged in an S- configuration witfiecint
lengths of straight pipe between the two bends wadange of annular flow conditions.
The measurements were performed using a dissoWwalgmethod with test section cast
from Gypsum with a Schmidt numbescf of 1280. The surface wear topography at the
end of each experiment is measured using a lasannsy system. The phase
redistribution within the bend was visualized uslager induced fluorescencklf) to
help understand the mechanism responsible for thesrnransfer distribution. The test
facility and methodology is reported in the nexttsm followed by a discussion of the

results.
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7.2 Experimental methodology

Experiments were performed in the test facilitywhschematically in figure 7.1, which
is described in detail in [22]. Water is circulafedm a reservoir through the test loop by
a centrifugal pump. The flow rate is regulated bpbg valves and measured by a turbine
flow meter with an accuracy of £1% of the flow reagl Air from a compressed line is
fillered and supplied to the test facility. The &iow rate is measured using two
rotameters connected in parallel with accuracies28b of the full scale. The supply air
pressure is measured and recorded for each teditioonusing a pressure gauge at the
supply line. The air pressures after the rotametedsbefore the test section are measured
to correct the air flow rate and obtain the airestipial velocity at the inlet to the test
section. The flow of water passed through a petéorplate followed by a honeycomb
before it is mixed with the air stream. The mixiogamber is in the form of two
concentric tubes with the inner tube, carryingahebeing perforated on the periphery to
homogenously inject the air into the water streaimning in the annulus between the

inner and outer tubes.

The mixed air-water flow then passes through aigéttapipe of 160 cm in length
upstream of the test section. The air-water flowteglxthe test section to a 75 cm long
straight pipe before being directed to a phaseragpa reservoir with an air vent to
release the separated air. The water temperatugengasured in the reservoir and is kept
constant to within +0.5C using a compensation cooling loop. The dissatutid the

Gypsum test section in water during the test irsgeahe water electrical conductivity
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which is used to determine the overall dissolvedsrfeom the test section in the water.
The water reservoir included an electrical condutgtiprobe to measure the water
conductivity. A calibration experiment was perfoaneffline to correlate the amount of

dissolved Gypsum to the change in conductivityhefwater.

The test sections are cast from Hydrocal (Ca8@ H0), which produces Gypsum with
a density of 1580 kg/f The test sections had a nominal diameter of 2f4and
consisted of an upstream 20 cm long straight gipe,standard 90bends with a radius
of curvature of 38.1 cm each, arranged in an Sfigwration with pipe lengths of 0, 1
and 5diameters between the bends, and finally a 10 om ttownstream straight section.
For the tests with separation distances betweeio #0 diameters, only the second bend
was manufactured from Gypsum with a 20 cm upstreggpe segment and 10 cm
downstream pipe segment. In this case the firstl laexd a segment of the separation pipe
were made of Acrylic. The cast sections are lefdtg and their weight is recorded
periodically. When the weight attains a constamelethe sections are tested under
annular flow conditions. The same process is regeafter each experiment and when
the samples weights are constant, the differenceamples weights before and after
experiments is taken as a measure of the overal manoved. The test sections are then
cut along the bend profile (figure 7.2) to measilre surface topography using a laser

scanning coordinate measurement technique to otitailocal mass transfer coefficients.

The total mass removed from the test section duhiagxperiment was determined from:
(i) comparing the mass of the test section befork &fter the test, (ii) the concentration

of the dissolved gypsum in the water at the endaah test and (iii) the integrated mass
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removed obtained from the laser digitized three esigional surface scan. The mass

calculated from the different methods agreed thiwit: 7%.

The mass transfer coefficient is evaluated from

do
Py = hac 1)

wherep is the average density of the Hydroecals the thickness of local mass removed
normal to the surfacé\C is the difference between species concentratidheatvall and

in the bulk flow andh is the mass transfer coefficient. The concentnatidference
decreases over the course of the experimentaldiraedo the dissolution of the gypsum in
water, and thus the driving potential for the mixassfer decreases. The mass transfer
coefficient was calculated using a modified time a@ocount for the change in
concentration difference using the following

do
dr

0 = hAC, )

mod

wherer, 4is the modified time given by
_ 1
A—Col[cw ~c, |t 3)

Then the Sherwood number is calculated as

hxD
D

m

Sh= )
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Table 7.1: Nomenclature of quantities and terms.

Nomenclature

dm/dt Masstransfer rate [ka/9|
C. Hydrocal ionsconcentrationat thewall lkg/m?|
C, Hydrocal ionsconcentrationinthebulk fluid kg/m?]
AC, Initial concentrationdifference [kg / m3]
o Local instantenous wear of the test section [m]

D Bend crosssectional diameter [m]

D, Mass diffusivit y for Hydrocal in water determined at 25°C [mz/s]
e Roughness height [m]

e/D Relative roughness height [m]

e’ Roughness scale

h Masstransfer coefficient [m/s]

J, Air superficia | velocity [m/s]
J. Water superficia | velocity [m/s]
< Schmidtnumber  (v/D,)

Sh Sherwood number (hxD/D,)

X /D Streamwise dimensionl ess distance

X, /D Location along separation pipe

L/D Separation distance

) Density of thegypsum [kg/ m3]
0 Bend cross sectional angle

@ Bend angleof curvature (along first bend)

@, Bend angleof curvature (along second bend)

% Kinematicviscosity 2/
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whereD is the pipe diameter arfd,, is the mass diffusivity. The rate of change in the
mass removal is computed at every local point terdene the spatial distribution of the
mass transfer rate. The uncertainty in the measmtwas evaluated considering all the
contributing variables, e.g. uncertainty in the ititgd image, water electrical
conductivity, variability from different testingnties, following [23]. The uncertainty in
the calculation of the local mass transfer coedfitiwas determined to be approximately

+19% based on the upstream pipe and £15% basdte@verage peak level.

Since the mass transfer in two phase flow systesofdaesult from dissolution and/or
erosion, the contribution of the two processes &aduated by performing experiments
with different initial gypsum bulk concentration§ @%, 50% and fully saturated in the
water. The fully saturated experiments resultechinmass removal, while the mass
transfer coefficients from the other two initial no@ntrations were within the
experimental uncertainty. This indicates that miagssfer for the current experimental

conditions is purely by dissolution.

The phase redistribution for théD=0 separation case was visualized using a transpare
acrylic section manufactured to the same geomsecifications as the mass transfer test
section. The flow was illuminated using a 532nm N&ave Solo 120XT pulsed
Nd:YAG laser with a maximum output of 120mJ pergeulA combination of plano-
cylindrical and spherical lenses was used to fdlbedaser beam into a sheet. Rhodamine
6G fluorescence dye was injected upstream of theskection, which is excited by the
laser wave length and emits light at a longer wiavgth. A PowerView 4MP 12 bit

digital camera with a resolution of 2048x2048 psxefas used for flow imaging. A high
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pass optical filter with a cut-off wave length af5nm was installed on the camera lens
to filter the 532 nm green laser light scatteredh®sy air-water interfaces, and distinguish
between the air and water in the visualization ienf#y}]. The laser pulses and camera
frames were synchronized using a TSI Laser PulsdeM610035 synchronizer with

external triggering and software adjustable timiayle

The experiments were performed fprof 29 m/s and water superficial velocityof 0.28
for bend separation distanceslLdb of O, 1, 5, 10, 20 and 40. The effect of annulawf
conditions on the mass transfer enhancement wasiegd for theL/D=0 case fod, in
the range of 22 to 30 m/s addin the range 0.17 to 0.4 m/s. This yields a veoattion
level of approximately 0.89 to 0.93 according te thodel of Lockhart and Martinelli
[25]. The test matrix is presented in appendix i@l & in the annular flow regime on the
two phase flow map developed by Taitel and Duck®&j, which was also confirmed

using high speed imaging in the upstream pipe.

7.3 Results and discussion:

The distribution of the Sherwood numbé&h) for the different separation distances at
J,=29 m/s and) =0.28 m/s is shown in figure 7.3. TBR distribution in the first bend for
the three separation distancesLdd = 0, 1 and 5 is similar to that for the single then
[12]. TheSh in the upstream pipe was generally uniform aldregdtream wise direction
in all cases, which suggest that the flow is fulgveloped in the upstream pipe. On the
first bend outer wall, thé&h decreases near the inlet and then increases ¢jsadnd

reaches a maximum midway through the bend curvaffigere 7.3-a). A second
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localized high mass transfer region is observedaglthe centerline near the outlet,
similar to the single bend case. The relativelyht# level extends into the second bend
inner wall for theL/D=0 separation case, while it decays along the a@parpipe for the
other cases. Thé&h along the second bend inner wall starts relatiyéiyn and gradually
decreases along the bend curvature and the doanspipe. On the other side of the test
section, the mass transfer starts relatively higarrihe inlet of the first bend inner wall
and decreases from this location onward into thedb=urvature (figure 7.3-b). For the
L/D=0 separation, the mass transfer increases grgcalalg the second bend outer wall
to form another region of high mass transfer neardutlet of the bend curvature, which
extends to the first part of the downstream pidee hcrease in separation distance does
not result in a significant change in the massdfiemin the first bend; however, it
changes the magnitude and location of the maximwasntransfer on the second bend
outer wall. The location of the maximum shifts upatm and the magnitude increases
with an increase in separation distance. The maximegion in the second bend is in the
form of a wide region over most of the bend crasstien and the breadth of this peak
decreases with an increase in thB to approach a similar pattern to the first bend/Bt

of 40; however, the magnitude is still lower. Stre@ase Sh profiles along the centerline
of the test sectior) = +9C°, are shown in figure 4. The mass transfer incieaing the
first bend outer wall to reach a maximum near 5F(figure 7.4-a). The mass transfer
decays from this point and reaches a plateau olattez part of the first bend outer wall.

The mass transfer on the first bend inner walléases to reach a peak ngar 20° and
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then gradually decreases along the bend curvdigred 7.4-c). There is little difference
in the profiles along the first bend for the di#fat separation distances and they are all
similar to the single bend profiles [12]. On the@&d bend inner wall, the mass transfer
starts at the same level of the plateau regionrotgat the end of the first bend outer
wall and decays gradually along the bend profiletii@ zero separation case. The mass
transfer at the inlet of the second bend inner wallower as the separation distance
increases, as there is more distance for the massfér to relax in the separation pipe.
For theL/D=0 case, the mass transfer starts lower than te¢ile the straight pipe on the
second bend outer wall, and increases along the tawature to reach a maximum near
the outlet. The maximum mass transfer on the omédirof the second bend increases as
the separation distance is increased while thetimtaf the maximum moves upstream

to approach the location of the maximum on the bend for thd/D=40 case.

Azimuthal profiles of the mass transfer at diffdritations along the bend curvature are
shown in figure 7.5. On the first bend outer watles the mass transfer reaches a
maximum neap;=5¢ and spans approximately 3@ the circumferential direction. The
mass transfer decays from this point onward, falgwthe same trend as the single bend
[12]. On the first bend inner wall, an levated maassfer region wittsh of 28x1¢ occur
nearg, of 20° and spans from of -135 to -45. The mass transfer decreases gradually
from this point onward and is similar for the dréat separation distances. On the second
bend inner wall, figure (7.5-b), tHgh has a maximum of approximately 38%10earg,

of 20° for L/D=0 and the region spans betwekof 65 and 115, and decreases gradually
along
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the bend curvature. The mass transfer at the difteseparation distances follow a similar
trend to the zero separation case; however, theni@gs are lower with increasing
separation distance. On the second bend outerfevalhe zero separation case, the mass
transfer increases along the bend curvature tchraamaximum on the center line near
$>=9C° and spans betweehof -135 and -45. As the separation distance is increased, the

maximum region moves upstream andl/&=40 it is located neat, of 50°.

The variation of the maximum mass transfer enhaeo&nGnma/Syipe) 0N the first and
second bends are shown on figure (7.6-a). g/ Syipe In the first bend fok/D of O, 1
and 5 agree well with the results for a single bender the same annular flow condition.
On the second bend, the maximum enhancement igdfemrbe lowest for the zero
separation case with a magnitude of 2.75 and iseseavith an increase of separation
distance to reach approximately 85% of the firstdoenhancement dt/D= 40. The
location of the mass transfer maxima for the d#ferseparation distances is shown in
figure 6b. The location of the mass transfer maximnu the second bend moves upstream
as the separation distance is increased, and B sitnilar angular location to the

maximum on the single bendlaD=40.
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Figure 7.5: Azimuthal profiles of Sh at different locations along the bend curvature forseparation distances of
L'IDof ——  OF ==+ I 5;-- 10 20 40, A  Single bend [12].

161



Ph.D. Thesis- Hazem Mazhar McMaster University echbhnical Engineering

Since the mass transfer in the second bend of éhe separation case is significantly
affected by the upstream bend, this case is fuithestigated to determine the effect of
changing the air and water superficial velocitiestioe mass transfer enhancement. The
mass transfer distributions were measured undarlanfiow conditions fod,= 22, 24.5
and 29 m/s, and = 0.17, 0.28 and 0.41 m/s. The lo&al distributions for the different
flow conditions are shown in figure 7.7. The masssfer distributions on the first and
second bends had a number of features in commareéetthe different flow conditions.
The mass transfer pattern on the first bend undéowa conditions was similar to that of

the single bend case [12].

Azimuthal profiles of the mass transfer distribuatiare plotted at selected locations along
the bend curvature to elicit the effect of theandJ, as shown in figure 7.8. The mass
transfer reaches a maximum on the first bend omdr nearg; of 50°, with a second
local maximum near the outlet of the second bertérowall nearg, of 85 - 90°. The
increase in mass transfer with an increase in ithanal water superficial velocities was
similar at the locations of these two maxima. Tressntransfer enhancem&head Spipe
with change in air and water superficial velocitegghe two maxima locations is shown
in figure 7.9. The enhancement at the maximum enfitlst bend is consistent with that of
the single bend [12]. The enhancement within tle®sé bend is in the range 50 to 60%

of that in the first bend (figure 7.9b).
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7.4 Flow visualization

The annular two phase flow redistribution withire thends was visualized f&/D= 0
case to better understand its effect on the massfer distribution. Three realizations of
the flow atJ,=29 m/s and) =0.28 m/s are shown in figure 7.10. The liquid ghas
distinguished by a brighter color due to the flsmence laser light reflection. As the
annular flow enters the first bend, the entrainexpkkts in the core region tend to deposit
onto the outer wall midway through the first beftie film thickness is observed to thin
in this region which could be due to the impingetnainthe high velocity air core. This
region is always distinguished with a very high smmaansfer rate. This suggests that the
high mass transfer at this region is a result efittterplay of the droplet deposition and
liquid film velocity. The thicker film upstream ahis region is likely due to the reverse
flow in the upstream direction due to the core flompingement. The mass transfer
upstream of the peak location is low which could éxglained by the possible flow
deceleration due to reverse flow. The increaseilm thickness downstream of the
deposition region is possibly due to the liquidwanalation on the outer wall. Due to the
bend curvature the liquid film tends to accelenaar the inlet of the first bend inner
wall. This also corresponds to the relatively higass transfer in this region. As the flow
turns around the bend secondary flow structurelsimvthe gas core in the form of counter
rotating vortices are developed along the bendature [7]. The inertia of the liquid film
in addition to the drag caused by the counter irgdatortices tends to shear off the liquid

film in the form of streaks directed toward the evutvall as seen in figure (7.10-b),
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similar to what was observed in U- shape bendsll3y. [The deposition region of the
liquid streaks on the outer wall corresponds to riiness transfer plateau in the mass
transfer on the latter part of the bend. Most & liguid separates from the flow and
collects on the latter part of the first bend outexll side. When the flow enters the
second bend, the liquid travels on the inner wdk sausing relatively high mass transfer
in this region. The liquid film separates from teecond bend inner wall neag of
approximately 30to 40 and deposits on the latter part of the outer aadl hence results
in high mass transfer region (figure 7.10-c). Baeadthe flow visualization and mass
transfer surface observations a flow redistributioodel is proposed and shown
schematically in figure 7.11. The proposed sketahggssts agreement between the
locations of liquid phase deposition and elevatessrtransfer regions as observed from
the physical images in figure 7.11; however, theel®f enhancement seemed to depend
on the velocity and angle of impact of the liquid the surface as well as the liquid film

thickness at the location of liquid impact.
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Figure 7.1Q Different realizations of the phase redistributionat (a) the first bend (b)

cross section near the outlet of the first bend andc) at second bend, using laser
induced fluorescence ford,=29 m/s andJ, =0.28m/s.
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7.5Summary and conclusions

The mass transfer in S- shape dual bends arranged horizontal orientation was
measured for a range of annular air-water flow dos at Schmidt numbelS¢) of
1280. Measurements were performed for bends wiflerdnt lengths of straight pipe,
from O to 40 pipe diameters, between the two betdsr and water superficial velocities
of 29 m/s and 0.28 m/s, respectively. The maximuassriransfer enhancement occurred
on the outer wall of the first bend, at a locatmomway into the bend, similar to the case
of a single bend. The location and magnitude of thaximum was independent of the
separation distance between the two bends. A sdogatimaximum is observed on the
second bend outer wall with a magnitude of apprexaty 60% of that in the first bend
for the zero separation case. This magnitude isecavith an increase in the separation
distance to reach 85% for théD=40 separation case. This suggests that effebiedirst
bend on the phase redistribution seems to prewailldngths greater than 40 pipe
diameters downstream of the bend. The mass traimsfieeL/D =0 case was investigated
for air and water superficial velocities in the gan22 to 29.5 m/s and 0.17 to 0.4 m/s,
respectively. The ratio of the maximum mass transfehe second bend to that in the
first bend was independent of the air to water eigjaratio, and was approximately 60%
in all cases. The location of the maximum massstearwas found to correspond to the
location of liquid droplet impingement on the outeall of the first bend, which was
corroborated through flow visualization using lasetuce fluorescence. A second region
of liquid deposition is observed on the latter drthe first bend where the mass transfer

is characterized by a plateau. A significant amaafliquid is found to deposit of the
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latter part of the second bend outer wall wherestheond local maximum in the mass

transfer is observed.
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CHAPTER 8

Summary and Conclusions

8.1. Thesissummary

The mass transfer in pipe bends is experimentalgstigated in the current study in
particular; the mass transfer in a standard stamtius 96 bend arranged in single and
dual S- shape configuration was measured undetesiamgd annular two phase flow
conditions using a novel dissolving wall measureimechnique. The effect of Reynolds
number in the single phase flow and the air andexvatiperficial velocities for the

annular two phase flow case on the local massfeadsstribution and enhancement was
determined. The mass transfer distribution wasetated to the single and two phase
flow characteristics based on the surface topograpbults in the literature and current

flow field measurements in single phase flow arsializations.

Experiments were performed in a 2.54 cm diametavr floop which could be operated
under both single and two phase air-water flow d@oos. Standard S0bends arranged
in single and dual S- shape configurations weréedesTest sections were cast from
gypsum using molds which were manufactured fromhhagnsity plastic. The test
sections were cast with an upstream 20 cm (eigi¢ diameters) long pipe section and

downstream 10 cm (four pipe diameters) long pipetiae two reduce inlet and outlet
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effects. A transparent acrylic test section was ufetured with the same dimensions as

the gypsum section for the flow field measuremanis visualization.

The current study can be broadly categorized as:

1. Mass transfer in single 9@egree bends fdRe range from 40,000 to 130,000.
The effect ofRe on the mass transfer distribution and on the sarfaughness

was investigated.

2. Mass transfer in dual S- shape®%ends for different separation distances
between the two bends. The effectR# on the mass transfer enhancement was
also investigated for the case with no separatistanice between the bends. The

roughness variation with separation distances dsawevith Re was studied.

3. The flow field characteristics in single and duahls under single phase flow

conditions was investigated using Particle Imagm&metry P1V) system.

4. Mass transfer in single 90short radius bend under annular two phase flow
conditions. The effect of air and water superfisialocities on the mass transfer

enhancement was investigated.

5. Mass transfer in dual S- shape bend configuratimer annular two phase flow
conditions. The effect of separation distance betwthe bends, from 0 to 40
diameters, on the mass transfer was investigatbd. éfffect of air and water
superficial velocities on the mass transfer enhauece for the zero separation

case was also examined.
178



Ph.D. Thesis- Hazem Mazhar McMaster University echbhnical Engineering

6. The phase redistribution for the zero separati®se emas visualized using Laser

Induced Fluorescencelf) and correlated to the different mass transfeioreg

8.2. Conclusions

The key conclusions of the current investigaticet ar
8.2.1 Masstransfer in singleand S- shape bends under single phase flow

For the single bend, three regions of high massstea were identified, (i) near the inlet
of the bend inner wall, (ii) midway into the bend the inner wall side and (iii) and on
the outer wall outlet. Th&h at the locations of high mass transfer in thelsilbgnd was
found to scale aBe”?2 The maximum mass transfer enhancement was appatedy 1.8
times relative to the upstream pipe and locatedthen bend outer wall outlet. The
maximum enhancement is found to independenReofor the tested range dte. The
region of high mass transfer extended over 2 diarmelownstream of the bend outlet.
The surface roughness in the single bend geomedsy/faund to be in the fully rough
range € >30) for the current range &e. This indicates that the mass transfer coefficient

exponent is independent of Reynolds number andeasxtrapolated for high&e.

High mean flow velocity was observed on the innafl wear the inlet and the outer wall
near the outlet due to shift of high velocity cdosvard the outer wall. This region
corresponded to high mass transfer regions observetie single bend. Th&.K.E

increased gradually along the bend outer wall, laintd the mass transfer trend in this

179



Ph.D. Thesis- Hazem Mazhar McMaster University echbhnical Engineering

region. The highest turbulent kinetic energy waseobed on the latter part of the inner

wall where low mass transfer was measured.

For the S- shape dual bend, the high mass tralogfations occured on, (i) the inner wall
at the inlet to the first bend, (ii) over the latigart of the first bend outer wall and
extending into the first part of the second bendemwall, and (iii) midway into the
second bend inner wall. The maximum mass transfeamcement in the S- shape dual
bend geometry is found to occur on the outer whthe first bend near the inlet of the
inner wall of the second bend with a magnitudepgraximately 3.2 and was found to be
independent oRe. A second peak is observed on the second bend walé in short
separation distancels/D of 0 and 1 with a magnitude of approximately 8®mfthe first
peak and occur off the center line in the formved symmetric locations around the bend
centerline at) of -45° and -135. The increase in separation distance resultedieceease
in the mass transfer and surface roughness inettend bend. Théh scaling withRe at
the high mass transfer locations in this case waad to be similar to the single bend

caseRe™%?

High mean flow velocity and relatively high turbotekinetic energy was observed near
the transition from the first bend outer wall tethecond bend inner wall. This region
corresponded to highest mass transfer in the zgparation case. High secondary flow
velocity was observed midway into the second beaneér wall. This region was found to

correspond to localized high mass transfer.
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In general, regions of high velocity and potenyialhear stress correspond to locations of
high mass transfer while the effect of the turbtilkanetic energy was unclear since high

T.K.E corresponded to regions of high mass transfet@manass transfer.

8.2.2 Masstransfer in single and dual bendsunder annular two phase flow

For the single bend, the peak mass transfer wadddwn the bend outer wall étof
approximately 58 This location corresponded to the entrained digiroplet impingment
and anticipated high velocity region due to ligdildn thining. The effect of the air
superficial velocity dominates that of the watepedicial velocity in annular two phase
flow; however the effect of water superficial vatgds not insignificant. The maximum
mass transfer enhancement increased by a facBafs the superficial air velocity was
increased from 22 to 29.5 m/s, while it increasgdaldactor of 1.5 when the superficial

water velocity was increased from 0.18 to 0.41 m/s.

For the S- shape dual bends, the maximum massfdraims the different separation
distances was always found to occur in the firstdogimilar to the single bend case. The
second maximum mass transfer was found to occuh®rsecond bend outer wall. The
minimum enhancement was found to occur in ltHe=0 case where the mass transfer
reaches approximately 60% of that in the first band occur near the outlet of the bend
outer wall. This location matches the locationted teposition of a significant portion of
the liquid phase as the flow turns around the s@éd@md. The mass transfer enhancement
was found to increase as th#® was increased to reach approximately 85% of th#ten

first bend forL./D of 40.
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The mass transfer under two phase flow is relatigdh compared to the single phase.

The comparison of the mass transfer of the massfaacoefficient is explained in detail

8.3. Research contributions

The current experimental study has provided, far finst time, local mass transfer
distributions in bends under single and two phdew fconditions. Typically in the
industrial application, life predictions codes suwshCHECWORKS are used to estimate
component life and schedule inspections of pipmig@onents based on geometry factors
determining the piping geometry priority. The mésssfer enhancement factors for the
single and back to back bend configurations whiehewobtained in the current study will
be used to improve the geometry factors. The reBeantributions can be summarized

as:

a. Developed a robust local mass transfer measureteehhique to measure the
mass transfer for higBc conditions in single and two phase flows for dfet

piping geometries

b. Investigated the effect of Reynolds number on maassfer distribution and
enhancement in single ®Mends under single phase flow. (“Experimental
investigation of mass transfer in O@ipe bends using a dissolvable wall

technique”, International Journal of Heat and Maassfer, 65, p. 280-288, 2013)
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c. Performed mass transfer measurements in S-confignrbend geometry under
single phase flow condition and determined the cefief separation distance.
(“Mass transfer in dual pipe bends arranged in aor8iguration”, International

Journal of Heat and Mass transfer, Submitted A@¥3)

d. Examined the mass transfer in singl€ B&nd under a range of annular two phase
conditions and determined the effect of air andewatiperficial velocity changes
on mass transfer. (“Mass Transfer in Single Benddeu Annular Two Phase

Flow Conditions”, Journal of Heat Transfer, Subedtipril, 2013)

e. Investigated the effect of separation distance eetwbends arranged in S-
configuration under two phase annular flow condisidor separation distances
L/D of O, 1, 5, 10, 20 and 40 (*“Mass Transfer in Spghdual pipe bends under
annular two phase flow conditions”, Internation@uthal of Heat and Mass

Transfer, Submitted August, 2013)

f. Provided mass transfer enhancement factors in tzablck bends which will be

utilized to improve the geometry factors in #&C predictive codes

g. Elicited the mechanism of the mass transfer enlmeane for two phase annular

flow at the different locations of the dual S- shdyend

8.4. Recommendationsfor futurework

The effect of Reynolds number on the mass traresfaancement was performed in the

range 40,000 to 130,000 while the Reynolds numlyeradustrial applications can be
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over a million. Dual bends exists in the industagblications in different configuration
depending on the angle between the first and thmonsk bend. Some of these
configurations were not investigated in the litarat The recommendations for future

work can be summarized as follows

* The work discussed in this thesis was performea small bore pipe, 2.54 cm in
diameter, and therefore relatively IdRe. The effect of the pipe diameter on flow
scales and boundary layer thickness and thus ors rrassfer need to be
investigated. Experiments need to be expandedrge laore pipe to verify the
Reynolds number exponent against that obtained fileencurrent small bore

results.

« Bends in different orientations are common comptsmannuclear power stations
and since the bend configuration is concluded teeha significant effect on the
enhancement factor. The effect of the dual bendiguration forU shape and out
of plane with 90 rotation is being investigated at McMaster. Outptfne dual
bends with different angles of rotation, as showffigure 8.1, need to be studied
to determine the effect of the angular orientatbtbthe second bend on the mass

transfer enhancement.

» Shear stress is an important parameter in detemmihie mass transfer rate. Shear
stress measurements along the bend wall (such iag u&ll mounted strain
gauges) are required to better understand thelabore between shear stress and

mass transfer.
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* Bends with different radius of curvature exist iffetent industrial applications.
Experiments at different/D are required to understand the effect of radius of

curvature on mass transfer enhancement.

/ Y 4hape bend
Inlet

45° bend
C shape bend \

-45° bend Out of plane bend

Figure 8.1: Schematic of the dual bend with différ@ngular orientations of the second

bend
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Appendix A

Uncertainty analysis
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A.lUncertainty analysis

The uncertainties associated with the presentedsunements are discussed in this
appendix. For a given variabl¥)( that is a function of other independent paranse®)

Y = (X, X,, X5, X,...0) (AD
the total uncertainty inY) can be expressed in terms of the uncertaintieghef
independent measured value$) (using the Kline and McClintock method (Coleman &
Steels, 1998), given as:

AY = \/ zN: {% Axij (A2)

i=1 i

whereAX; is the uncertainty in each independent measuredbtar The summation of
the terms on the right hand side of Equation Axegithe overall uncertainty in the
dependent variabley]. This analysis will be applied to the expressused to calculate

the mass transfer coefficient.

A.2 Uncertainty in the mass transfer

coefficient

The mass transfer coefficient is calculated udnegfollowing equation

do 1
h=p—x— A3
P dt AC (A3
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wheres is the thickness of local mass removed normahécsurfaceAC is the difference
between species concentration at the wall andarbthk flow andh is the mass transfer
coefficient. The total uncertainty in the mass $fan coefficient can be estimated using

equation A.2 as follows:

M = |(x0) + (s xanc) +(Zxap)  (as
total — aS aAC ap p ( . )
. a6
:S(gradient) = Fr
Substituting from equation A.3 in equation A.4:
_ep 2 pS * (S ?
Ahyorar = j(ﬁ X AS) + <_W X A AC) + (E x Ap) (A.5)

The uncertainty of the laser scanning was detemniog scanning a standard block
multiple times and was found to be on the ordet®i mm, with 95% confidence level.

The random uncertainty due to variability in th#i&h casting diameter was estimated by
scanning multiple original test sections to be appnately £0.15 mm. The average

uncertainty in the slop&S was estimated using equation A.6

Smax — Smin

AS =( (4.6)

2 >at every point

The uncertainty in the slope is estimated to bes*P0° m/s. The uncertainty in the

concentration measurement including the calibratiomelation is approximately +0.005
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kg/m®. The uncertainty in the measured density of thesgsn was +40 kg/fh The total

uncertainty is in the mass transfer coefficieiti)(is estimated to be approximately +18%

A.3Effect of change in pipe diameter on Re:

The Uncertainty in Re increased over the coursth@fexperiment due to the change in
the local water velocity associated with the inseean test section diameter. The

uncertainty in the Reynolds number due to changkameter is estimated as follows:

" _pVD 40
et— M _T[th _— Dt—DO+2X5
4
R€t= Q
v(D,y42 X ;)
ARe; = R R —4Q(1 ! )
= N =R = \D, T (0,42 X 8,

265, 265,
re, = ) = ey (o2 )

D,(D, + 2 X &; (D, + 2 %X 6,
at t=60 min §,,~0.04D,
AR L
ARe, — 20 W2 =0.074 oo Over the total testinme
Reo DO + 2 X 61_— ReO

ARe,, = 3.7% Re

The average uncertainty in the Reynolds number d&@rminutes experiment is

approximately 3.7% of the initial Re reported ie gingle phase results.
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A.4 Uncertainty in flow field measurements

The Uncertainty in the PIV measurements was estidifailowing Raffel et. al (2007).

The recording and processing parameters are astatbinelow.

Table A.1: Recording parameters

Field of View

76.2x76.2 mm

Total Sensor Size

2048x2048 pixel

Total Image size

1350x1350 pixel

Spatial Calibration

31 um/pixel

Number of Acquisitions per case

200 shots

Processing Parameters

Initial Window Size

64 pixels x64 pixels

Subpixel Interpolation Scheme

Guassian

Window Distortion Scheme

SYorder Deformation Scheme

Final Window Size

32 pixels x32 pixels

Overlap Ratio 75%
Validation Rate >99%
Error analysis
Uncertainty in Particle Displacement .
0.1 pixel

(Raffel et. al, 2007)s o
Relative Uncertainty in Particle

2%

Displacement£,/A)
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The uncertainty in the velocity is estimated from

_AX

= (A.7)

AU

The uncertainty in the delay time between lasesganiis on therder of nano-seconds,
therefore can be neglected. The dominant unceytanthat in the displacement the

uncertainty in velocity is estimated to be 1.5%h& mean velocity.
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Appendix B

Material Properties
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CHO05, C, PLASTER, MARCH 1, 2010

Lol do bbbl gty

&

clelalaly

J{WW
T RS T I I B

10 20 30 40 50 60

2-Theta - Scale

WJCHO005, C, PLASTER, MARCH 1, 2010 - File: CH005.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 60.000 ° - Step: 0.040 ° - Step t
Operations: Import

00-033-0311 (*) - Gypsum, syn - CaS04-2H20 - Y: 30.00 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 6.28450 - b 15.20790 - ¢ 5.6776

!‘l. .7.500-037-1496 (*) - Anhydrite, syn - CaSO4 - Y: 1.00 % -d x by: 1. - WL: 1.5406 - Orthorhombic - a 6.99330 - b 7.00170 - ¢ 6.24110 - al

.1'00-041-0224 (1) - Bassanite, syn - CaS04-0.5H20 - Y: 1.00 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 12.02800 - b 6.93200 - ¢ 12.69

()]

Figure B.1: Material composition analysis (sample €
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CHO06, PLASTER A, MAR2, 2010

o

0 T [T T

AL TN

10 20 30 40 50 60

2-Theta - Scale

@CHOOS, PLASTER A, MAR2, 2010 - File: Ch006.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 60.000 ° - Step: 0.040 ° - Step time:
Operations: Import
100-033-0311 (*) - Gypsum, syn - CaSO4-2H20 - Y: 30.00 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 6.28450 - b 15.20790 - ¢ 5.6776
[11100-037-1496 (*) - Anhydrite, syn - CaS0O4 - Y: 1.50 % - d x by: 1. - WL: 1.5406 - Orthorhombic - a 6.99330 - b 7.00170 - ¢ 6.24110 - al
.1/00-041-0224 (|) - Bassanite, syn - CaS04-0.5H20 - Y: 3.00 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 12.02800 - b 6.93200 - ¢ 12.69

[$)]

Figure B.2: Material composition analysis (sample A
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CHO07, PLASTER B, MAR2, 2010

Lin (Counts)

TP PO Y MMMWM

O Xi] T U171 ) [.{I I
5 10 20 30 40 50 60

2-Theta - Scale

@CHOO?. PLASTER B, MAR?2, 2010 - File: Ch007.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 60.000 ° - Step: 0.040 ° - Step time:

Operations: Y Scale Add 40 | Background 4.571,1.000 | Import
00-033-0311 (*) - Gypsum, syn - CaSO4-2H20 - Y: 30.00 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 6.28450 - b 15.20790 - ¢ 5.6776
.1/00-041-0224 (1) - Bassanite, syn - CaS04-:0.5H20 - Y: 1.00 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 12.02800 - b 6.93200 - ¢ 12.69

Figure B3: Material composition analysis (sample B)
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CHO005 CHO006 CHO007
C A B
CaSa.2H,0O ~95% 92% 97%
CaSa 2% ~2% -
CaSa.0.5H0 1% 1% ~1%
OTHERS 2% 2% 2%

Table B.1: Summary of the different material constiuents from different random

samples
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(@)

(©)

Figure B.4: SEM microscopic image of the gypsum casnicro structure dendrites
with magnifications of (a) 500x (b) 1000x (c) 2000x
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Figure B.5: Calibration of the water electrical corductivity variation with gypsum

dissolution
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Appendix C

Comparison of single and two phase mass

transfer
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C.1 Two phase test matrix

McMaster University ecvbnical Engineering

Water flow

2.5 [GPM] 25[GPM] | 25[GPM] | 1.5[GPM] | 3.5 [GPM]
rate
&V superticial 0.28 [m/s] 0.28 [m/s] | 0.28 [m/s] [ 0.17 [m/s] | 0.41 [m/s]
Air flow rate 25 [SCFM] | 28 [SCFM] | 35 [SCFM] | 35 [SCFM] | 35 [SCFM]
&V superficial 22 [m/s] 24.5 [m/s] 29 [m/s] 29.5 [m/s] | 28.7[m/s]
Void fraction
0.91 0.92 0.93 0.94 0.91

(Martinelli’s
model)

Table C.1: Test matrix and void fractions estimatedased on Martinelli’'s Model

[25]
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Figure C.1: Test conditions located on the two phasflow map of Taitel and Duckler

(1967)

C.2 Comparison of mass transfer coefficient:

The Sh in the straight pipe section obtained for annul@o phase flow conditions
obtained from the experimental measurements wagamd to that for single phase flow
at similar average liquid flow velocity and Reyn®ldumber. Thesh for single phase
flow was obtained from the straight pipe correlatiof Blumberg (1970), at the same
average liquid velocity as the estimated annutguidi film velocity, similar to Wang et.
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al (2002), assuming only liquid exists in the pgess section. The comparison shows
approximately 30-50% increase$h for the two phase flow compared to the single phas
flow as shown in figure C.2. This increase couldalteibuted to the effect of the liquid
film waviness in addition to the process of liquitbplets deposition and re-entrainment
to and from the liquid film. The latter may resuit penetration of the liquid viscous
sublayer which could affect the mass transfer haten the wall. The Reynolds number
for the annular two phase flow was based on the dipmeter since the mass transfer

occurs only on the interface between the liquid duadpipe wall.

_ pv Dpipe _ p vfilm Dpipe
Resingle phase — 1 and Retwo phase — n

This comparison requires measurement of the walhisktress, since the single and two
phase flow conditions were claimed to have the s8méor the same shear stress by

Wang et. al (2002).
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< Annular Two phaseflow (Current study)
o Single phase-blumberg(1970)
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Figure C.2: Comparison of the mass transfer coeffient for single and two phase

flow in a straight pipe
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Appendix D

Processing Matlab Routines
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D.1 Subtracting the original cloud from an ideal mathematical model
of the shape

closeall
clearall
clc

load C:\Research\Analysis\Singlebend\ext40.txt
cloud=ext40;

cloudnew=sortrows(cloud,1);
x=(-cloudnew(;,1))/25.4;
y=-(38.1+cloudnew(:,2))/25.4;
z=(-50.8+cloudnew(:,3))/25.4;

transcloud=[x,y,z].*25.4;
dimwrite(C:\Research\Analysis\Singlebend\Trans\transclotdesxt, transcloud,delimiter; '\t);
ansl=done transformation'

%% %%%%%%%%%%% Define the domain of every segment
=0;
k=0;
I=0;
p=0;
v=0;
for i=1:length(x);
if O<x(i) & x(i)<=7.985;
=+
xpipeup(j)=x(i);
ypipeup()=y(i);
zpipeup(j)=z(i);
end
if 8<x(i) & y(i)<=1.5;
k=k+1;
xbend1(k)=x(i);
ybend1(k)=y(i);
zbend1(k)=z(i);
end
if 1.5<y(i)& y(i)<=6.5;
[=1+1;
xseppipe(l)=x(i);
yseppipe(l)=y(i);
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zseppipe(l)=z(i);
end
end

ans=done decomposition'

%% %%%%%%%%%%% Upstream Pipe
Xpipeupc=xpipeup;

ypipeupc=ypipeup;

zpipeupc=(zpipeup);
thetaslopepipeup=(zpipeupc./ypipeupc);
thetapipeup=(((atan(thetaslopepipeup)).*(180/pi)));
rpipe=(zpipeupc.*2+ypipeupc.”2).”0.5;
deltapipeup=rpipe-0.5;

Lpipeup=0+xpipeupc;

%% %%%%%%%%%%%%% First Bend
xbend1lc=xbend1-8.0;

ybendlc=ybend1-1.50;

zbendlc=zbend1-0.0;
Rbend1=(xbendlc."2+ybend1c.”2).”0.5;
yclbend1=1.5-Rbend1;
phiislopebend1=(xbendlc./ybendlc);
phibendl=abs(atan(phiislopebend1l)).*(180/pi);
thetaslopebendl=(zbendlc./yclbendl);
thetabendl=(atan(thetaslopebend1l)).*(180/pi);
rbend1=(yclbend1.A2+zbend1c.*2).”0.5;
deltabend1=rbend1-0.5;
Lbend1=8+(phibend1*1.5*pi/180);

%% %%%%%%%%%%%%% Downstream Pipe
Xseppipec=xseppipe-9.5;
yseppipec=yseppipe-1.5;
zseppipec=zseppipe-0.0;
thetaslopeseppipe=(zseppipec./-xseppipec);
thetaseppipe=(atan(thetaslopeseppipe)).*(180/pi);
rseppipe=(zseppipec."2+xseppipec.”2).”0.5;
deltaseppipe=rseppipe-0.50;
Lbendlend=max(Lbendl);
Lseppipe=10.356+yseppipec;

ans2=Done subtraction’
%% %%%%0%%%%% %% % %%
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pipeup=[thetapipeup;Lpipeup;deltapipeup];
bendl=[thetabendl;Lbendl;deltabend1];
seppipe=[thetaseppipe;Lseppipe;deltaseppipe];

%% %% Write the output file

map=[pipeup;bendl;seppipe];
dimwrite(C:\Research\Analysis\Singlebend\map40ext.imép, delimiter; \t");
\t);

D.2 Re-gridding the output of the first step into a unform grid

%this program regrids the data and writes the dutpthe file called
%output.out

load C:\Research\Analysis\Singlebend\map40ext.ti%%%% reads the file to 'matrix
matrix=map40ext;

cc =120;

% input('Enter the number of angle subdivisions: "Yoangle subdivision is about 100-150
thetastarting = -75;

% input('Enter the starting angle: ); &bshg about is about 5 degrees.

rr =2000;

% input('Enter the number of length subdivisiois: ‘%length subdivision is about 600

zstarting = 0.1;

%input('Enter the starting z location (should bgat&e): ); %the starting z location is abo1D5
zending = 15.3;

%input('Enter the ending z location (should be tigg '); %the starting z location shibible a bit
less than the actual length of the pipe

zgap = (-zending+zstarting)/rr;

thetaending = 150+ thetastarting;

thetagap = (thetaending-thetastarting)/cc;

rpipe = 0.5; %radius of the test pipe is 0.5 inches

dt = thetagap/2%small change in theta angle
dz = zgap/2;%small change in z direction

theta = matrix(:,1);
zcart = matrix(:,2);
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wear = matrix(:,3);

%% %%%%%%%%%% Formulate Gridding matrix
%%%% formulate streamwise gridding matrix
zgridding = zeros(rr,cc);
fori=1:cc

zgridding(:,i) = linspace(zstarting,zending;rr)
end

%%%% formulate crosswise gridding matrix
thetagridding = zeros(rr,cc);

fori= Llirr
thetagridding(i,:) = linspace(thetastartingtét@ading,cc);
end

worn = griddata(zcart,theta,wear,zgridding,thetédjrg); %triangle-based linear interpolation is the
default

%% Interplolating the radius by averaging the radifithe nearest points.
fori=1:r
forj=1:cc
ind = find(zgridding(i,j)-dz<zcart & zcargridding(i,j)+dz & thetagridding(i,j)-dt<theta &
theta<thetagridding(i,j)+dt);

if ind>0
worn_ave(i,j) = sum(wear(ind))/lengtid);
else
worn_ave(i,j) = worn(i,j);
end
end
end

zettavector = reshape(zgridding',rr*cc,1);
thetavector = reshape(thetagridding',rr*cc,1);
wear_avevector = reshape((worn_ave)',rr*cc,1);

%% %% Write the output file
outputmatrix = [thetavector, zettavector, wear_aoter];
dimwrite(C:\Research\Analysis\Singlebend\contour40ext dxtputmatrix,delimiter; \t');
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D.3 Check the alignment of the samples scans based onrsnetry of
the upstream pipe surface topography

closeall

clearall

clc

load C:\Research\Analysis\Singlebend\cont\contour4Qext.t
load C:\Research\Analysis\Singlebend\trans\transclouxi4ée
tic

%% left to right correction

ans=done loading’

a=0;

for gg=1:20;

a=a+l;

nn=length(contour40ext);

contour60up=contour40ext;

theta=contour60up(:,1);

L=contour60up(:,2);

delta60=contour60up(:,3);
L1=1039*120/2;L.2=((309*120)/2)+L1;L3=length(L); %% L1 need to be modified in the new analysis
to (761*120)

ans=make sure you correct L s for the good scannegkesn

%%%%%%%%%%%%% %% partl %%%%% %% %% %% %% %% % %% %% %

X_raw60(1:L1)=(0.5+delta60(1:L1)).*sin(theta(1:Lpj180);
y_raw60(1:L1)=(0.5+delta60(1:L1)).*cos(theta(1:Lh)*180);
ycl60(1:L1)=y raw60(1:L1);

z raw60(1:L1)=L(1:L1);

%9%%%%%%%%%%%% %% part2 %%%%%%%%%%%%% %% %% % %%
phi(L1+1:L2)=(L(L1+1:L2)-3.35)*180/(1.5*pi);
Inplane60(L1+1:L2)=(0.5+delta60(L1+1:L2)).*cos(thét1+1:L.2)*pi/180);
x_raw60(L1+1:L.2)=(0.5+delta60(L1+1:L2)).*sin(thetd(*1:1 2)*pi/180);
y_raw60(L1+1:L2)=(1.5+Inplane60(L1+1:L2)).*cos(phi(+1:L 2)*pi/180);
z_rawb0(L1+1:L2)=(1.5+Inplane60(L1+1:L2)).*sin(phi+1:L2)*pi/180);
R60(L1+1:L2)=(y_raw60(L1+1:L2)."2+z_raw60(L1+1:L22).”0.5;
ycl60(L1+1:L2)=R60(L1+1:L2)-1.5;
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%%%%%%%%% %% %% % %% part3 %%%% %% %% %% %% %% % %% %% %

X_raw60(L2+1:L3)=(0.5+delta60(L2+1:L3)).*sin(thet&+1:L3)*pi/180);
y_raw60(L2+1:L3)=(0.5+delta60(L2+1:L3)).*cos(theta(+1:L.3)*pi/180);
ycl60(L2+1:L3)=y raw60(L2+1:L3);

z_raw60(L2+1:L3)=L(L2+1:L3);

%%% %% %% % %% %% % %% %% %% % %% %% %% % % %% % %% %% %% estimatiethation of the
mean
%%%%% %% % %% %% % %% %% %% % %% % % %% % %% %% %% %% %% from Zero

sample=20;
k=0;
f=1;
for i=5:120:nn;
if i>(nn-120);
break
end

for j=i:i+sample;
k=k+1;
xleft60(k,f)=contour60up(j,3);
if f==floor(nn/120);
break
end
if k>=sample;
k=0;
f=f+1;
end
end
end
k=0;
f=1;
for i=87:120:nn;
if i>(nn-120);
break
end
for j=i:i+sample;
k=k+1;
xright60(k,f)=contour60up(j,3);
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if f==floor(nn/120);
break
end

if k>=sample;
k=0;
f=f+1;
end
end
end

dev60=xright60-xleft60;

avgdev60=mean(dev60);

for count=1:nn/120;
phil(count)=[0+count*0.0155];
end

figure (a);

subplot311;

AXIS([0 15.7 -0.05 0.05]);
hold all

plot(phil,avgdev60);

pl = polyfit(phil,avgdev60,1);
yfit60= [polyval(pl,phil)];
plot(phil,yfit60);

%%%%%%%%% correct for the mean dev.
xshift60=yfit60(500)/1.75;
X_raw60new=x_raw60-xshift60;
r60=(x_raw60new.”2+ycl60.72).70.5;
delta60new=r60-0.5;
contour60new=[theta,L,delta60new;

%%%%%%%%% estimate the local error in the cross-wisection
k=0;
f=1;
for i=5:120:nn;
if i>(nn-120);
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break
end

for j=i:i+sample;
k=k+1;
xleft6Onew(k,f)=contour60new(j,3);
if f==floor(nn/120);
break
end
if k>=sample;
k=0;
f=f+1;
end
end
end
k=0;
f=1;
for i=87:120:nn;
if i>(nn-120);
break
end
for j=i:i+sample;
k=k+1;

xright60new(k,f)=contour60new(j,3);

if f==floor(nn/120);
break
end

if k>=sample;
k=0;
f=f+1;
end
end
end
dev60new=xright60new-xleft6Onew;
avgdev60new=mean(dev60new);

figure(a)

subplot312

AXIS([0 15.7 -0.05 0.05));
hold all
plot(phil,avgdev60new);
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p5 = polyfit(phil,avgdev60new,50);

yfit60Onew= [polyval(p5,phil)];

plot(phil,yfit6Onew);

%%% %% %% % %% %% % %% %% %% %% %% % %% % % %% % %% %0 % % %% %% % %0 % %% % % Y% %0 Yo
%% %% % %% % %% %% % %% %

% yfit60Onew=yfit60new',

i=1;
for j=1:nn-119;
x60(1,))=x_raw60new(1,j)-yfit60Onew(1,i);
if rem(j,120)==0;
i=i+1;
end
end

%%%%%%% trimming loop

thetanew=[];

yclnew60=[];

Lnew=][];

for i=1:length(x60);
yclnew60(i)=ycl60(i);
thetanew(i)=theta(i);
Lnew(i)=L(i);

end

yclnew60=yclnew60";

thetanew=thetanew',

Lnew=Lnew';

x60=x60";

r60=(x60.~2+yclnew60.72).70.5;
delta60correct=r60-0.5;

cont60upcorrect=[];
cont60upcorrect=[thetanew,Lnew,delta60correct];
delta60correct=[];

%  cont60upcorrect=cont60upcorrect’;
%  dimwrite('contunworncorrect2.txt', cont6Oupeat, 'delimiter’, '\t");

%%9% %% % %% % %% %% %% %% %% % %% %% %% % % % %% %% %% %% % %% %% %% %% %%

nnn=length(x60);
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for count=1:floor(nnn/120);
phi2(count)=[0+count*0.0155];
end
k=0;
f=1;
for i=5:120:nnn;
if i>(nnn-119);
break
end

for j=i:i+sample;
k=k+1;
xleftéOcorrect(k,f)=cont60upcorrect(j,3);

if f==floor(nnn/120);
break
end
if k>=sample;
k=0;
f=f+1;
end
end
end
k=0;
f=1;
for i=87:120:nnn;
if i>(nnn-119);
break
end

for j=i:i+sample;
k=k+1;
xright60correct(k,f)=cont60upcorrect(j,3);

if f==floor(nnn/120);
break
end
if k>=sample;
k=0;
f=f+1;
end
end
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end

dev60correct=[];

avgdev60correct=[];
dev60correct=xright60correct-xlefté0correct;
avgdev60correct=mean(dev60correct);

%0%%%%%%%

figure(a);

subplot313

hold all

AXIS([0 15.7 -0.05 0.05]);
plot(phi2,avgdev60correct);

p5 = polyfit(phi2,avgdev60correct,10);
yfit60correct= [polyval(p5,phi2)];
plot(phi2,yfit60correct);

%9%0%%%

x60=x60";

i=1;

for j=1:nn-120;
x260(1,))=x60(1,))-yfité0correct(1,i);
if rem(j,120)==0;

i=i+1;

end

end

yclnew260=[];

thetanew2=[];

Lnew2=[];

for i=1:length(x260);
yclnew260(i)=ycl60(i);
thetanew?2(i)=theta(i);
Lnew2(i)=L(i);

end

yclnew260=yclnew260";
thetanew2=thetanew?2’;
Lnew2=Lnew?2",
Xx260=x260";
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r260=(x260."2+yclnew260./2).%0.5;
delta60corrected=r260-0.5;

cont60upcorrected=[];
cont60upcorrected=[thetanew2,Lnew2,delta60corrécted
delta60corrected=[];

x60=[];x260=[];

yclnew60=[];yclnew260=[];

% filename=['cont40L2R' num2str(gg) ".txt7;

numg=num2str(gqg);

dimwrite([C:\Research\Analysis\Singlebend\cont\cont40exemtrixt], cont6Oupcorrectedjelimiter,
\t','precision3);

%% streamwise tilt
Llinch=floor((1/0.0155)*120);
k=0;
f=1;
for i=5:120:(L1-1*L1inch);
if i>((L1-1*L1linch)-119);
break
end
for j=i:i+sample;
k=k+1;
xleft60tilt(k,f)=cont60upcorrected(j,3);

if f==floor((L1-1*L1inch)/120);
break
end
if k>=sample;
k=0;
f=f+1;
end
end
end
k=0;
f=1;
for i=80:120:(L1-1*L1inch);
if i>((L1-1*L1linch)-119);
break
end
for j=i:i+sample;
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k=k+1;
xright60tilt(k,f)=cont60upcorrected(j,3);

if f==floor((L1-1*L1inch)/120);
break

end

if k>=sample;
k=0;
f=f+1;

end

end
end

%%%% top
k=0;
f=1;
for i=60:120:(L1-1*L1inch);
if i>((L1-1*L1linch)-119);
break
end
for j=i:i+sample;
k=k+1;
xtop60tilt(k,f)J=cont60upcorrected(j,3);
if f==floor((L1-1*L1inch)/120);
break
end
if k>=sample;
k=0;
f=f+1;
end
end
end
%%
tilt60=xtop60tilt-((xright60tilt+xleft60tilt)/2);
tilt6Oall=[tilt60];
avgtilt60=mean(tilté0all);

phi3=(phi2(floor(L1inch/120):(floor((L1-1*L1inch)/20))));

%%%%%%%%% plot the trend
c=a+5;

figure (c);

AXIS([0 15.7 -0.05 0.05]);



Ph.D. Thesis- Hazem Mazhar McMaster University echbnical Engineering

holdon

plot(phi3,avgtilt60(floor(L1inch/120):(floor((L1-1*1inch)/120))).";

p6 = polyfit(phi3,avgtilt60(floor(L1inch/120):(flog(L1-1*L1inch)/120))),1);

yfit60tilt= [polyval(p6,phi2)];

plot(phi2,yfit60tilt);

title('axi-symmetry deviation in upstreamand downstreaeiffontsize,15,fontname'Times New
Romarn;

xlabel(Streamwise length [inchfontsize,15,fontname'Times New Romajy'

ylabel(deviation [inch]'fontsize/15,fontname'Times New Romaj'

yzero=p6(2)*25.4;

tiltang=(atan(p6(1)))*(180/pi)*3;

strl = ([Streamwise tilt anglegium2str(tiltang)]);

str2=([& Streamwise shiftshum2str(p6(2))]) ;
text(7.5,-0.025,strontSize14,fonthame'Times New Romajy’
text(7.5,-0.035,strFontSize14,fontname'Times New Romajy’
h=gca;

set(h)FontSize15)

hold off

%%%%%%%%% correct the tilt

x=transcloud40ext(;,1); y=transcloud40ext(:,2);anscloud40ext(:,3);
tilt=tiltang*(pi/180);

shift=yzero*3;

R=((x."2+y."2).70.5)*tilt;

deltax=(R*sin(tiltang));

deltay=R*cos(tiltang);

ycorr=y+deltay+shift;
xcorr=x+deltax;
transcloud40ext=[];
transcloud40ext=[xcorr,ycorr,z];

if gg==19;
dimwrite(C:\Research\Analysis\Singlebend\trans\transcloag#txt, transcloud40extdelimiter, \t");
break

end

if abs(tiltang)<=0.002;
dimwrite(C:\Research\Analysis\Singlebend\trans\transcloag#txt, transcloud40extdelimiter; \t");
break

end
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%% Re-analyzing
ans=Re-analyzing....'
cloud=transcloud40ext;
x=((cloud(:,1))/25.4);
y=((cloud(:,2))/25.4);
z=((cloud(:,3))/25.4);

ansl=done transformation'
j=0;
k=0;
I=0;
p=0;
v=0;
for i=1:length(x);
if O<x(i) & x(i)<=7.985;
=+
xpipeup(j)=x(i);
ypipeup(j)=y(i);
zpipeup(j)=z(i);
end
if 8<x(i) & y(i)<=1.5;
k=k+1;
xbend1(k)=x(i);
ybend1(k)=y(i);
zbend1(k)=z(i);
end
if 1.5<y(i)& y(i)<=6.5;
I=l+1;
xseppipe()=x(i);
yseppipe(l)=y(i);
zseppipe(l)=z(i);
end
end

ans=done decomposition’

%%%%%%%%%%%%% Pipe up

Xpipeupc=xpipeup;
ypipeupc=ypipeup-0.02;
zpipeupc=(zpipeup)+0.01;

thetaslopepipeup=(zpipeupc./ypipeupc);
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thetapipeup=(((atan(thetaslopepipeup)).*(180/pi)));
rpipe=(zpipeupc.*2+ypipeupc.”2).”0.5;
deltapipeup=rpipe-0.50;

Lpipeup=0+xpipeupc;

%0%0%%%%%%%%%%%%% First bend

xbend1lc=xbend1-8.0;

ybendlc=ybend1-1.5;

zbendlc=zbend1+0.01;
Rbend1=(xbendlc.*2+ybend1c.”2).%0.5;
yclbend1=1.5-Rbend1;
phiislopebendl1=(xbendlc./ybendlc);
phibendl=abs(atan(phiislopebend1l)).*(180/pi);
thetaslopebendl=(zbendlc./yclbendl);
thetabend1=(atan(thetaslopebendl)).*(180/pi);
rbend1=(yclbend1.A2+zbend1c.*2).70.5;
deltabend1=rbend1-0.500;
Lbend1=8+(phibend1*1.5*pi/180);
%%%%%%%% %% %% %% % Separation pipe segment

Xseppipec=xseppipe-9.5;
yseppipec=yseppipe-1.5;
zseppipec=zseppipe+0.01;
thetaslopeseppipe=(zseppipec./-xseppipec);
thetaseppipe=(atan(thetaslopeseppipe)).*(180/pi);
rseppipe=(zseppipec.”2+xseppipec.”2).”0.5;
deltaseppipe=rseppipe-0.50;
Lbendlend=max(Lbendl);
Lseppipe=10.356+yseppipec;

ans2=Done subtraction’
%%%%% %% % %% %% %% %%

pipeup=[thetapipeup;Lpipeup;deltapipeup];
bend1=[thetabendl;Lbendl;deltabend1];
seppipe=[thetaseppipe;Lseppipe;deltaseppipe];
%%%%%%%% %% % %% %% %
pipeup=pipeup’;
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bendl=bend1’;

seppipe=seppipe’;
%69%6%%6%%%%%%%%% % %% %

map=[pipeup;bendl;seppipe];
%% Re-Gridding
matrix=map;

cc =120;

% input('Enter the number of angle subdivisions: "Poeangle subdivision is about 100-150
thetastarting = -75;

% input('Enter the starting angle: "); &bshg about is about 5 degrees.

rr =1000;

% input('Enter the number of length subdivisiois: '%length subdivision is about 600

zstarting = 0.1;

%input('Enter the starting z location (should bgat&e): ); %the starting z location is abO1D5
zending = 15;

%input('Enter the ending z location (should be tiggs ); %the starting z location shebble a bit
less than the actual length of the pipe

zgap = (-zending+zstarting)/rr;

thetaending = 150+ thetastarting;

thetagap = (thetaending-thetastarting)/cc;

rpipe = 0.5; %radius of the test pipe is 0.5 inches

dt = thetagap/2%small change in theta angle
dz = zgap/2;%small change in z direction

theta = matrix(:,1);
zcart = matrix(:,2);
wear = matrix(:,3);

%r = sqrt(xcart.*xcart+ycart.*ycart);
%theta = acosd(xcart./r);

%formulate zetta gridding matrix
zgridding = zeros(rr,cc);
fori=licc
zgridding(:,i) = linspace(zstarting,zending;r)
end
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%formulate theta gridding matrix
thetagridding = zeros(rr,cc);
fori= Llurr
thetagridding(i,:) = linspace(thetastartingtét@nding,cc);
end

worn = griddata(zcart,theta,wear,zgridding,thetédjrg); %triangle-based linear interpolation is the
default

%interplolating the radius by averaging the radiithin the cell.
%zgridding-+ dz and thetagridding-+ dt
fori= Llirr
forj=1:cc
ind = find(zgridding(i,j)-dz<zcart & zcargridding(i,j)+dz & thetagridding(i,j)-dt<theta &
theta<thetagridding(i,j)+dt);
if ind>0
worn_ave(i,j) = sum(wear(ind))/lengtid);
else
worn_ave(i,j) = worn(i,j);
end
end
end

zettavector = reshape(zgridding',rr*cc,1);
thetavector = reshape(thetagridding',rr*cc,1);
wear_avevector = reshape((worn_ave)',rr*cc,1);

outputmatrix = [thetavector, zettavector, wear_aoter];

contour40ext=outputmatrix;
xleft6Onew=[];xright60new=[];xlefté0correct=[];xrig60correct=[];
xleft60tilt=[];xright60tilt=[]; xtop60tilt=[];xleft6 Otiltd=[];xright60tiltd=[];xtop60tiltd=[];
end

D.4 calculate the mass removal rate and mass transfepefficients
clc

clearall
closeall
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load C:\Research\Analysis\Singlebend\contunworncorredex
load C:\Research\Analysis\Singlebend\contunworncorrettin
load C:\Research\Analysis\Singlebend\contextcorrected.tx
load C:\Research\Analysis\Singlebend\contintcorrectéd.tx

%% bulk concentration
load C:\Research\Analysis\Singlebend\bconc.txt

%%
bconc=bconc;

ans=done loading'

% Enter the total length of the input file
mm=length(contextcorrected);
nn=length(contintcorrected);

% Please assure the file names are placed right

timeOint=contunworncorrectint; timeOext=contunwanectext; t0=0;
timel=contextcorrected; t1=[0 14]; ynewl=[tDe&t timel(1:mm,3)]*0.0254*1500;
time2=contintcorrected; t2=[0 17]; ynew2=][tiBiet time2(1:mm,3)]*0.0254*1500;

%% %%% Develop the integral of the concentratidfedence trend equation
cwMINUScb=2.4-bconc(:,2);
cwMINUScb=2.4-bconc(:,2);

recordtime=bconc(:,1); %%%%%%%%% set the testing time and recording
intervals
pl=polyfit(recordtime,cwMINUScb,?2); %%%% second order suggestion

initl=(((p1(1))/3)*t1.M3)+(p1(2))*t1."2+(p1(3))*tl; %%%%% Integal of the second order
init2=(((p1(2))/3)*t2.73)+(p1(2))*t2.2+(p1(3))*t2;

%% %%%% Calaculate the rate of mass removal
y2new=[];

C1=[);C2=(]; C3=[;CA=[l;
M1=[];M2=[};;M3=[];M4=[];

X1=[J;

Y1=[];
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for i=1:mm;

X1=[ones(2,1) init1(1:2)";
X2=[ones(2,1) init2(1:2)7;

Y1=ynewl(i,1:2)";
Y2=ynew2(i,1:2)";

SOL1=X1\Y1; SOL2=X2\Y2;
m1=SOL1(1); m2=SOL2(1);
c1=SOL1(2); c2=SOL2(2);

M1=[M1 m1]; M2=[M2 m2];
C1=[C1 c1]; C2=[C2 c2];

end

%% %%% Calculate the Sherwood number matrix
sh1=C1*(0.0254)/6.49e-10/(60);
sh2=C2'%(0.0254)/6.49e-10/(60);

%% Write the output matrix
zet=timel(1:mm,1);

fi=timel(1:mm,2);

K1= [zet, fi, shl];
K2= [zet, fi, sh2];

dimwrite(C:\Research\Analysis\Singlebend\Shext.i&t, ‘delimiter; \t);
dimwrite(C:\Research\Analysis\Singlebend\Shint,tk2, 'delimiter; '\t);
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