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ABSTRACT   

An  experimental  study  is  conducted  using  a  0.075-m  ID  pipe  to  inves�gate  characteris�cs  of  two-  and                  
three-phase  stra�fied  flow  in  a  horizontal  pipeline.  Experiments  are  conducted  under  low  to  medium                
liquid  loading  condi�ons  which  is  common  in  wet-gas  and  long  transporta�on  pipelines.  The  flow                
characteris�cs  inves�gated  include  flow  pa�ern,  liquid  holdup  and  pressure  drop.  The  experimental              
range  covers  superficial  gas  Reynolds  numbers  from  6314  to  200734,  superficial  liquid  Reynolds  numbers                
from  160  to  4391  and  water-cut  values  from  0  to  90%.  Differen�al  pressure  transducers,  quick  closing                  
valves  and  a  high-speed  camera  are  u�lized  to  obtain  the  relevant  data  and  the  trends  inves�gated.  The                   
observed  flow  pa�erns  are  stra�fied  smooth,  stra�fied  wavy  and  stra�fied-annular  flow.  The  transi�ons               
between  flow  pa�erns  vary  as  a  func�on  of  water-cut.  The  effect  of  water-cut  on  liquid  holdup  and                   
pressure  drop  were  rela�vely  negligible  especially  at  low  water-cut  condi�ons  and  the  fine  mixing  of  the                  
oil-water  mixture  may  be  par�ally  responsible  for  this.  As  a  result,  with  the  excep�on  of  flow  pa�ern                   
transi�ons,  the  performances  of  classical  two-phase  flow  models  (for  the  predic�on  of  liquid  holdup  and                 
pressure  drop)  appear  unaffected  when  applied  to  air–oil–water  3-phase  flows  especially  at  high               
water-cuts.     

1 INTRODUCTION     

1.1 Background   

Gas-liquid  stra�fied  flow  at  low  liquid  loading  condi�ons  is  o�en  encountered  in  numerous  industrial                

applica�ons  involving  horizontal  pipelines  [1,  2].  Preference  for  this  flow  regime  in,  for  instance,  long                 

distance  transfer  pipelines  transpor�ng  steam–water  as  well  as  natural  gas–oil  mixtures,  provide  the               

thrust  for  con�nued  research  for  improved  equipment  design  as  well  as  op�mal  produc�on.  Stra�fied                
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flow  also  offers  the  advantage  of  lower  pressure  drops  than  slug  flow  for  example  and,  in  addi�on,                   

remains   free   from   the   challenges   of   intermi�ent   behaviour   of   the   la�er   [3].   

Low  liquid  loading  refers  to  a  condi�on  in  a  pipeline  where  the  liquid  volumetric  flow  rate  is  considerably                    

lower  than  the  gas  volumetric  flow  rate.  This  condi�on  is  very  common  in  wet  gas  transport  pipelines  [4,                    

5]  where  gas  condensa�on  can  occur  at  certain  condi�ons  of  temperature  and  pressure.  The  small                 

quan�ty  of  liquid  can  be  transported  either  as  liquid  film  on  the  pipe  wall  at  low  gas  flows  or  in  the  form                        

of  dispersed  droplets  at  high  gas  veloci�es.  Droplets  formed  are  ejected  into  the  gas  phase  due  to  the                    

shear  at  the  gas-liquid  interface  [6]  and  can  travel  at  high  veloci�es  compared  to  the  liquid  velocity                   

inside  the  film.  Thus,  they  play  a  cri�cal  role  in  liquid  transporta�on.  Furthermore,  it  is  recognized  that                   

droplet  accelera�on  in  the  gas  space  results  in  a  higher  pressure  drop  in  the  system.  Even  though  the                    

amount  of  liquid  can  be  extremely  small  inside  low  liquid  loading  systems,  its  impact  on  the  pressure                   

drop  and  further  flow  assurance  challenges  including  hydrate  forma�on  and  top-of-line  corrosion  can  be                

significant.  Addi�onally,  gas  transporta�on  flow  facili�es  and  collec�on  systems  are  designed  using              

certain  low  liquid  loading  flow  models  implemented  into  commercial  so�ware.  The  reliability  of  the                

system   design   is   therefore   directly   affected   by   the   accuracy   of   these   flow   models   [7].     

Simultaneous  flow  of  water  with  oil  and  gas  is  common  in  produc�on  pipelines  in  the  petroleum                  

industry.  In  many  cases,  the  water  frac�on  in  the  liquid  phase  can  be  in  excess  of  90%  [8–10].  This  is                      

a�ributable  to  a  number  of  reasons  including  forma�on  water  flow  to  the  well  because  the  oil  field  is                    

mature,  water  injec�on  into  the  reservoir  to  enhance  produc�on  as  part  of  enhanced  oil  recovery                 

processes  [11,  12]  or  to  maintain  pressure  at  the  la�er  stage  of  produc�on  [13].  This  may  influence  the                    

afore-men�oned   flow   characteris�cs   [14].     

Considering  the  complex  nature  of  gas-water-oil  flows,  a  three-phase  flow  system  can  be  analyzed  as  a                  

pseudo  two-phase  gas-liquid  flow  system  with  an  effec�ve  viscosity  and  average  proper�es  determined               

for  the  liquid  phase  [15–18].  The  prime  aim  of  this  study  is  to  inves�gate  the  main  flow  characteris�cs:                    

flow  pa�ern,  liquid  holdup  and  pressure  drop  in  a  three-phase  system.  A  secondary  aim  of  this  study                   

seeks  to  validate  the  predic�ons  of  popular  models  exis�ng  in  literature  including  Beggs  and  Brill  (1973)                  

[19],  Lockhart  and  Mar�nelli  (1949)  [20],  Mukherjee  and  Brill  [21,  22],  Xiao  et  al.  [23]  and  the  TUFFP                    

model  of  Zhang  et  al.  [24]  using  the  experimental  results.  In  order  to  assess  the  efficacy  of  these                    

published  models  (developed  for  tradi�onal  2-phase  flows),  the  current  experimental  data  is  treated  as  a                 

pseudo  2-phase  system.  We  show  in  the  results  sec�on  that  this  approach  is  acceptable,  as  the  pressure                   
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drop  and  holdup  data  compared  with  predic�ons  by  several  models  is  acceptable.  This  is  especially  so  for                   

the   models   of   Mukherjee   and   Brill,   Xiao   et   al.   as   well   as   that   of   Lockhart   and   Mar�nelli.     

1.2 Previous   Works   

A  more  comprehensive  understanding  of  the  low  liquid  loading  pipe  flows  is  essen�al  to  develop  more                  

physical  and  accurate  flow  predic�on  models  [4]  and  in  the  design  of  wet  gas  pipelines  and  downstream                   

facili�es  of  deep-water  gas  fields  [5].  Currently,  laboratory  experiments  offer  the  most  suitable  way  to                 

carry  out  carefully  designed  flow  experiments  in  order  to  observe  and  understand  the  underlying                

processes.  The  most  important  parameters  which  can  provide  insight  into  this  problem  and  can  also  be                  

extracted  through  laboratory  experiments  under  low  liquid  loading  flows  include  pressure  drop,  liquid               

holdup,  entrained  liquid  frac�on,  film  thickness  circumferen�al  distribu�on,  we�ed  frac�on,  wave             

characteris�cs  (amplitude  and  frequency),  velocity  fields  inside  the  gas  phase  and  liquid  film  (obtained                

by  employing  popular  techniques  including  par�cle  image  velocimetry  (PIV)  [25–29]  and  high  speed               

planar  laser-induced  fluorescence  [30,  31]),  wall  shear  stress  distribu�on  (acquired  using  hot  film               

anemometry  [32]),  and  droplet  velocity  and  size  distribu�ons.  Efficient  design  and  opera�on  require               

sound  knowledge  of  the  behaviour  and  reliable  es�mates  of  these  mul�phase  flow  characteris�cs  in                

pipes   [10,   33–35] .     

Several  authors  have  reported  significant  findings  from  studies  of  two-  [19,  21,  36–39]  and  three-phase                 

flows  [16,  40–44].  Further,  some  studies  have  been  conducted  in  other  research  centres  to  analyse  low                  

liquid  loading  flow  for  two-phase  [1,  4,  5,  45,  46]  and  three-phase  [14],  [45],  [47]–  [49].  Compara�vely,                   

few  experimental  studies  under  these  condi�ons  have  been  reported  for  three-phase  flows.  Dong  et  al.                 

[47]  modified  the  6-in  ID  facility  of  Fan  et  al.  [45]  to  conduct  low  liquid  loading  three-phase  flow                    

experiments.  Water,  air,  and  oil  (with  the  viscosity  of  13  mPa  s)  were  the  flowing  fluids.  The  distribu�on                    

of  oil  and  water  in  liquid  phase  for  different  flowing  condi�ons  was  observed  and  categorized.  In                  

addi�on,  a  model  comparison  was  provided  for  flow  characteris�cs.  Gawas  [48]  employed  the  same  6-in                 

ID  facility  of  Dong  et  al.  [47]  to  inves�gate  the  droplet  characteris�cs  of  three-phase  low  liquid  loading                   

flow.  He  conducted  his  experiments  using  an  oil  with  viscosity  of  1.3  mPa  s  for  different  values  of                    

water-cut  and  developed  correla�ons  for  entrainment  of  liquid  droplets  in  gas  phase  for  two-  and                 

three-phase  flows.  He  also  analyzed  the  droplet  size  distribu�on  and  developed  a  correla�on  for                

interfacial  wave  celerity.  A  summary  of  these  studies  is  presented  in  Gawas  [48].  Karami  et  al.  [14]                   

u�lized  the  facility  of  Gawas  [48]  with  the  main  objec�ve  of  inves�ga�ng  targeted  flow  parameters                 

including  liquid  holdup,  water  holdup,  wave  pa�ern,  and  pressure  gradient  under  three-phase  low  liquid                

loading  flow  condi�ons  to  improve  understanding  of  the  flow  phenomena.  The  experimental  results  for                
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different  flow  characteris�cs  were  analyzed  and  evaluated.  In  addi�on,  commonly  used  models  were               

evaluated  using  the  acquired  experimental  data.  Quite  recently,  Karami  et  al.  [49]  has  reported  a                 

modelling  study  of  three-phase  low  liquid  loading  flow  in  horizontal  pipes  and  also  inves�gated  droplet                 

entrainment   in   three-phase   flow   at   low   liquid   loading   condi�ons   [49].   

From  the  experimental  studies  reviewed,  the  liquid  phases  are  reported  to  be  introduced  separately  into                 

the  test  sec�on.  Cases  where  the  liquid  consists  of  a  homogeneous  mixture  of  oil  and  water  have  not                    

been  reported.  In  the  current  study,  two-  and  three-phase  experiments  are  conducted  at  low  liquid                 

loading  condi�ons.  Air  and  oil  are  u�lized  for  the  two-phase  experiments  while  for  the  three-phase                 

experiment,  a  homogenous  mixture  of  oil  and  water  as  the  liquid  phase  and  air  cons�tu�ng  the  gas                   

phase  are  employed.  The  prime  aim  of  this  study  is  to  inves�gate  the  main  flow  characteris�cs:  flow                   

pa�ern,   liquid   holdup   and   pressure   drop.     

1.2.1 Flow   Pa�ern   Predic�on   

Flow  pa�ern  correla�ons  differ  for  all  authors.  Beggs  and  Brill  [19]  as  well  as  Mukherjee  and  Brill  [22]                    

opted  for  empirical  models  while  Xiao  et  al.  [23]  as  well  as  Zhang  et  al.  [24]  u�lized  theore�cal                    

approaches.  Xiao  et  al.  [23]  adopted  the  model  of  Taitel  and  Dukler  [50]  with  minor  modifica�ons.                  

Based  on  the  an�cipa�on  of  wave  development  due  to  either  the  interfacial  shear  or  as  a  result  of                    

instability  due  to  the  ac�on  of  gravity,  Taitel  and  Dukler  [50]  proposed  the  following  criterion  based  on                   

the   theory   of   Jeffery   to   account   for   waves   induced   by   the   “wind   effect”:   

  

(1)   

where  s  is  the  sheltering  coefficient.  For  the  la�er,  Taitel  and  Dukler  [50]  proposed  a  value  of  0.01  to                     

match  their  experimental  data.  Andritsos  [51],  however,  showed  that  this  value  is  not  accurate  for  gas                  

flows  with  liquids  of  high  viscosity  and  suggested  a  value  of  0.06  based  on  their  experiments.  Xiao  et  al.                     

[23]  adopted  the  s  value  of  0.06  for  their  model.  This  correla�on  (equa�on  1)  served  as  the  transi�on                    

criteria  from  stra�fied-smooth  to  stra�fied-wavy  flow  regime.  For  the  stra�fied  to  non-stra�fied              

transi�on,  Xiao  et  al.  [23]  again  adopted  the  theory  proposed  by  Taitel  and  Dukler  [50]  model  which                   

assumes  that  a  finite  wave  exists  on  the  gas-liquid  interface  of  an  equilibrium  stra�fied  flow.  The  la�er,                   

extending  the  Kelvin-Helmholtz  theory  to  analyse  the  stability  of  finite  waves  in  pipes,  claimed  that  when                  
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the  pressure  suc�on  force  is  greater  than  the  gravity  force,  waves  tend  to  grow  and  thus  stra�fied  flow                    

cannot   be   preserved.   Their   analysis   led   to   the   following   criterion   for   this   transi�on:   

  

(2)   

It  can  be  observed  that  the  flow  pa�ern  transi�on  equa�ons,  which  are  func�ons  of  fluid  proper�es,                  

capture  the  an�cipa�on  of  wave  development,  during  the  flow.  However,  they  seem  not  to  account  for                  

liquid   viscosity.  

The  TUFFP  model  [24]  is  capable  of  predic�ng  bubble,  stra�fied,  slug  and  annular  flows.  Flow  pa�ern                  

equa�ons  for  stra�fied  flow  are  based  on  those  which  govern  transi�on  from  slug  flow.  The  main  flow                   

characteris�c  used  for  the  transi�on  is  the  behaviour  of  the  liquid  film  of  the  slug,  which  the  authors                    

note,  becomes  infinitely  long  when  the  transi�on  from  slug  flow  to  stra�fied  (or  annular)  flow  occurs.                  

Given  the  superficial  gas  velocity,   and  making  a  guess  for  the  superficial  liquid  velocity,                 

the  film  liquid  holdup  is  calculated,  which  value  is  used  to  calculate  a  new  superficial  liquid  velocity                   

which   integrates   liquid   entrainment   frac�on.   

  

(3)   

where   and   represent  velocity  of  the  liquid  film,  liquid  film  holdup  and  liquid                 

entrainment  droplet  frac�on  respec�vely.  The  curve  of  versus   in  their  established  flow               

pa�ern  map  defines  the  boundary  between  slug  flow  and  stra�fied  (or  annular  flow).  Further,  due  to                  

lack  of  a  definite  boundary,  the  transi�on  from  stra�fied  flow  to  annular  flow  was  es�mated  using                  

Grolman  correla�on  [52]  for  we�ed  wall  frac�on,  taking  0.9  as  the  transi�on  criteria.  The  authors                 

claimed  that  this  ensured  a  con�nuous  transi�on  between  stra�fied  and  annular  flows  for  hydrodynamic                

calcula�ons.     

The  Beggs  and  Brill  [19]  model  broadly  classifies  the  flow  pa�erns  into  segregated  (stra�fied-smooth,                

stra�fied-wavy  and  annular),  intermi�ent  (plug  and  slug)  and  distributed  flows  (bubble  and  mist).  To                

predict  the  flow  pa�ern,  this  model  relies  on  the  Froude  number,  no-slip  holdup  and  empirically                 
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determined  parameters,   to   which  are  func�ons  of  no-slip  holdup.  The  representa�ve               

mathema�cal   expressions   are   presented   in   equa�ons   (4)   to   (6)   as   follows:   

  

(4)   

  

(5)   

,  ,    

,   (6)   

In   this   model,   the   segregated   flow   regime   is   bounded   by:   

 or    

(7)   

The  Mukherjee  and  Brill  [21]  model  predicts  bubble,  slug,  stra�fied  and  annular-mist  flow  in  horizontal                 

and  inclined  pipes.  The  flow  pa�ern  map  is  based  on  empirically  determined  and  dimensionless  gas  and                  

liquid  velocity  numbers.  The  model  proposed  that  horizontal  stra�fied  flow  regime  occurs  when  the                

liquid   velocity   number,     is   greater   than   transi�onal   liquid   velocity   number,   ,   where:   

  (8)   

and   the   subscript   ST   refers   the   stra�fied   transi�ons.   

  ,     ,   

(9)   
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The  model  proposed  that  the  annular-mist  flow  regime  occurs  when  the  gas  velocity  number,   is                  

greater   than   transi�onal   gas   velocity   number,   ,   where:   

  

(10)   

and   the   subscript   SM   refers   the   slug-annular   transi�ons.   

1.2.2 Liquid   Holdup   Predic�on   

To  predict  total  liquid  holdup,  ,  in  the  stra�fied  flow  regime,  using  the  Xiao  et  al.  [23]  model,  the                     

film   thickness   was   determined   and   applied   using   the   following   equa�ons:   

,   where 

(11)   

  

(1)   

  

For   annular   flow,   total   liquid   holdup   is   calculated   as:   

  

(2)  The  liquid  phase  in  annular  flow  in  horizontal  pipes  exists  in  two  forms;  liquid                 

film  flowing  along  the  pipe  wall  and  liquid  droplets  entrained  in  the  gas  core.  Unlike  the  case  of  ver�cal                     

flow,  the  liquid  film  is  not  circumferen�ally  uniform  but  is  thicker  at  the  bo�om  than  at  the  upper                    

periphery  of  the  pipe.  This  behaviour  is  captured  by  ,  represen�ng  the  dimensionless  liquid  film                 

thickness.   In   this   model,   it   is   solved   from   the   combined   momentum   equa�on.     

The   TUFFP   model   [24]   assumes   a   flowing   film   of   liquid   and   predicts   the   liquid   holdup   as:   
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(3)   

For   the   segregated   flow   pa�ern,   the   Beggs   and   Brill   model   [19]   predicts   liquid   holdup   as:   

  

(4)   

The  Mukherjee  and  Brill  model  [21]  employs  a  general  empirical  model  to  predict  total  liquid  holdup  for                   

uphill   and   horizontal   flows   for   all   flow   pa�erns:   

  (5)   

The  Lockhart  and  Mar�nelli  model  [20]  is  a  flow  pa�ern-independent  separated  model  which  assumes                

that  the  phases  flow  separately  from  each  other  with  each  phase  flowing  in  a  por�on  of  the                   

cross-sec�onal  area  of  the  pipe.  It  employs  single-phase  methods  based  on  the  hydraulic  diameter                

concept.  Matching  condi�ons  are  required  to  couple  the  two  phases  to  obtain  a  solu�on.  For  a  given  set                    

of  flow  condi�ons,  the  solu�on  is  obtained  by  first  calcula�ng  the  Lockhart  and  Mar�nelli  parameter,  X                  

(equa�on   17)   culled   from   Shoham   [20]   as   follows:     

  

(6)   

When  calcula�ng  X,  one  should  determine  the  liquid  and  gas  flow  regimes,  namely  laminar  or  turbulent.                  

Values  of  the  liquid  holdup  can  then  be  determined  from  a  graphical  solu�on  provided  by  the  authors                   

[20].     

1.2.3 Pressure   Gradient   Predic�on   

The  Beggs  and  Brill  model  determines  the  pressure  drop  (gradient)  using  equa�on  (18)  which  represents                 
the  fric�on  and  gravita�onal  pressure  gradients  respec�vely.  Notably,  the  two-phase  fric�on  factor  and               
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the  liquid  holdup  parameters  play  key  roles.  The  two-phase  fric�on  factor, ,  is  a  func�on  of                 
normalized   fric�on   factor   determined   from   the   smooth   pipe   on   the   Moody   diagram.   

  
(18)   

  and   represent   no-slip   and   slip   densi�es   respec�vely.   

Where   
(19)   

To  calculate  the  pressure  drop  using  the  Lockhart  and  Mar�nelli  model,  as  presented  by  Shoham  [20],                  
the  Lockhart  and  Mar�nelli  parameter,  X,  is  determined  from  given  input  data.  Calcula�on  of  the                 
Lockhart  and  Mar�nelli  parameter  requires  determina�on  of  the  nature  of  the  gas  and  liquid  flow                 

regimes,  that  is,  whether  they  are  turbulent  or  laminar.  Corresponding  values  of  either  or                

 can  be  read  from  the  graph.  Depending  on  the  choice  of  fric�on  mul�plier,  fric�on  pressure  gradient                   
(equa�on   20   and   21)   can   then   be   calculated   as   follows:   

  

(20)   

  

(21)   

Results  presented  on  the  graph  are  based  on  empirical  data  sets  obtained  from  small  diameter  pipes                  

sizes  (ranging  between  1.5  mm  and  25.4mm)  and  liquids  of  various  viscosi�es.  It  is  also  important  to                   

note  that  though  the  model  focuses  on  predic�on  of  fric�on-related  pressure  drop,  it  does  not  account                  

for  shear-stresses.  In  addi�on,  the  model  neglects  the  gravita�onal  component  of  the  pressure  drop,                

which  is  significant.  Finally,  equa�ons  to  capture  liquid  droplet  entrainment  effects  are  absent  in  the                 

calcula�ons.     

The  Mukherjee  and  Brill  model  [21]  employs  a  two-fluid  mechanis�c  model  to  predict  pressure  drop  for                  

stra�fied   (Equa�ons   22   -   25)   and   annular   (Equa�on   26)   flows   respec�vely.     
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For   stra�fied   flow  

  (gas-phase) 

(7)   

  (liquid-phase) (8)   

  

(9)   

  

(10)   

where   P   is   the   total   perimeter   of   the   pipe   

For   annular   flow   

  

(11)   

 ,  where   is  the  no-slip  fric�on  factor,  calculated  using  the  Colebrook               

equa�on   

The   TUFFP   model   [24]   employs   equa�ons   27   or   28   to   calculate   the   pressure   drop   (gradient).     

  

(12)   

  

(13)   
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The  relevant  equa�ons  employed  in  the  Xiao  et  al.  [23]  model  for  pressure  gradient  predic�on  is  shown                  

in   equa�ons   29   to   35.   

For   stra�fied   flow   

  

(14)   

where     ,     and 

(30)   

  is   calculated   from   the   following:   

  

(31)   

  

(15)   

Using   ,       ,   

(16)   

  and   represent   the   hydraulic   diameters     

For   annular   flow   

  

(34)   

where       and 

(35)   
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  is   calculated   from   the   following:   

  

(36)   

  

(17)   

Using   ,     

(18)   

 ,  ,     

(39)   

The   liquid   entrainment   frac�on   correla�on   presented   by   Oliemans   et   al   [53]   was   u�lized   in   this   model.   

  

2 METHODOLOGY   

2.1 Descrip�on   of   the   Flow   Facility   

The  experiment  was  implemented  on  a  test  rig  capable  of  inclina�ons  from   0~90 °  (Figure  1)  at  the  Gas                    
Li�  Innova�on  Centre,  Yangtze  University,  China .   For  two-phase  flow,  the  desired  volume  of  oil  was                 
pumped  into  a  mixing  tank,  and  pressurized.  A�er  pressure  stabiliza�on  and  measurement,  the  liquid  is                 
mixed  with  compressed  gas  and  introduced  into  the  test  sec�on.  The  liquid  returns  to  the  mixing  tank                   
while  the  air  is  released  into  the  atmosphere  a�er  the  gas-liquid  mixture  has  passed  through  the                  
separator.  For  three-phase  flow,  oil  and  water  were  pumped  into  the  mixer,  s�rred  con�nuously  �ll  a                  
homogeneous   mixture   is   achieved,   mixed   with   gas   and   introduced   int   the   test   sec�on.   

12   
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Figure   1.   Experimental   setup   –   (a)   photo   of   the   test   rig,    (b)   schema�c   diagram   with   numbers   deno�ng   (1)   Flow   
Entrance   of   Oil   (2)   Flow   Entrance   of   Water   (3)   Oil-Water   Mixer   (4)   Liquid   Pump   (5)   Pressure   Meter   (6)   Regulator   
(7)   Moisture   Content   Tester   (8)   Flow   Meter   (9)   Adjus�ng   Pressure   Valve   (10)   Gas-Liquid   Mixer   (11)    Drain   Pipe   
(12)   Quick   Closing   Valve   (QCV)   (13)   Differen�al   Pressure   Transducer   (14)   Stainless   Steel   Sec�on   (15)   Viewing   

Sec�on   (16)   Valve   (17)   Gas-Liquid   Separator,   (c)   Test   sec�on   posi�ons   of   QCVs   and   Pressure   transducers     

The  test  sec�on  (Figure  1)  is  a  pipe  of  length  10.6  m  and  an  ID  of  0.075  m.  The  viewing  sec�on  consists                        
of  an  acrylic  tube  with  a  length  of  7  m.  Stainless  steel  pipes  of  lengths  1.1  m  and  2.5  m  respec�vely  are                        
fixed  at  each  end  of  the  acrylic  tube.  Pressure,  temperature  and  pressure  differen�al  sensors,  as  well  as                   
quick  closing  valves  and  other  devices  are  installed  on  the  stainless-steel  sec�ons  of  the  pipe.  The                  
distance  between  the  two  quick  closing  valves  is  9.5  m.  The  distance  between  the  differen�al  pressure                  
transducers  is  8  m.  Control  of  the  devices  as  well  as  extrac�on  of  data  is  done  directly  online  at  the                      
control  center.  Details  of  the  measuring  equipment  u�lized  for  the  experiment  are  presented  in  Table  1.                  
Air  cons�tuted  the  gas  phase  while  oil  and  an  oil-water  mixture  respec�vely  were  used  as  the  liquid                   
phase.  The  fluid  proper�es  are  presented  in  Table  2.  The  varia�on  of  oil  viscosity  with  temperature  is                   
also   presented   in   Figure   2.   
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Table   1:   Details   of   the   measuring   equipment   u�lized   for   the   experiment   

  
Table   2:   Fluid   proper�es   used   in   the   experiment   

  

  

  
Figure   2:   Varia�on   of   oil   viscosity   with   temperature   

2.2 Experimental   Procedure   and   Measurement   

For  this  study,  a  constant  liquid  flow  rate  was  maintained,  while  the  gas  flow  rate  is  adjusted.  When  the                     
system  was  deemed  steady  (approximately  10  minutes  from  the  start  of  the  experiment),  the                
experimental  flow  pa�ern  was  observed  and  recorded.  Except  for  liquid  holdup,  all  other  experimental                
data  were  recorded  every  5  seconds  for  3  minutes,  and  finally  the  average  value  of  each  measurement                   
parameter  was  obtained.  Each  complete  test  took  approximately  20  minutes  depending  on  the  �me                
required  to  reach  steady-state.  A�er  the  data  recording  is  completed,  the  quick  closing  valve  is  closed                  
trapping  fluids  flowing  in  the  test  sec�on.  The  liquid  holdups  are  measured  by  using  a  9.5  m  longitudinal                    
pipe  sec�on.  The  quick  closing  valve  has  a  response  �me  is  0.3~0.5  s.  The  trapped  oil-water-air  mixture  is                    
allowed  to  se�le  for  5  minutes  and  the  pipe  raised  to  facilitate  draining  of  the  liquid  into  a  measuring                     

14   
  

Equipment   Parameter   measured   Measuring   range   Measurement   error  
Rosemount   305   1S   

Pressure   transducers     
Pressure   0~3.5MPa   ±0.1%   

Endress+Hauser/80E50   Liquid   Flow   Rate   2~20   m 3    /h   ±0.3%   
Endress+Hauser/65F1H   Gas   Flow   Rate   160~2000   m 3    /h   ±1%   

Rosemount   305   1S   
Differen�al   pressure     

Pressure   Drop   0-0.249   MPa   ±0.1%   

  Gas   Liquid   

Fluid   Air   Oil   Water   

Density   ( )   
1.205  820   1000   

Viscosity   ( )   
0.0181    (20℃)   11.33    (20℃)   1   

Surface   tension   ( 

)   

-   0.0287 (20℃)   0.071    (20℃)   
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cylinder.  The  liquid  holdup  is  determined  by  calcula�ng  the  volume  of  the  liquid  and  dividing  it  by  the                    
volume  of  pipe-sec�on.  Flow  pa�erns  were  visualized  directly  and  also  observed  using  a  Canon  Xtra                 
NX4-S1  high-speed  camera  capable  with  a  pixel  resolu�on  of  resolu�on  of  1024x1024  up  to  3000  frames                 
per  second  (fps).  The  maximum  frame  rate  is  50,000  fps  with  a  reduced  resolu�on.  Videos  and  pictures                   
of  the  flow  pa�ern  were  obtained  and  used  for  analysis  during  the  study.  The  range  of  measurements                   
taken   during   the   experiments   is   presented   in   Table   3.   

Fully  developed  flow  is  a  key  requirement  for  studying  the  behaviour  of  mul�phase  flows.  For  this                  
experiment,  observa�ons  with  the  camera  were  made  at  L/D  =  133  and  at  this  loca�on  it  was  assumed                    
that  the  flow  was  fully  developed.  A  survey  of  similar  experiments  indicates  that  fully  developed  flow                  
pa�erns  in  horizontal  pipes  were  reported  at  lower  L/D  values  by  a  number  of  researchers  including                  
Oddie  et  al.  [41]  (L/D=73.3)  and  Ajay  et  al.  [54]  (L/D=98.4).  We  were  therefore  convinced  that  our  L/D  of                     
133   represents   a   more   than   sufficient   flow   development   length.     

Table   3:   Range   of   experimental   condi�ons   

3 RESULTS   AND   DISCUSSIONS   

3.1 Flow   Pa�ern   Descrip�on     

Two-  and  three-phase  flow  pa�erns  have  been  studied  and  classified  by  several  authors  [9,  12,  14,  50,                   

55–60].  In  gas-oil-water  flow,  both  gas-liquid  and  oil-water  flow  pa�erns  are  o�en  observed  at  the  same                  

�me.  However,  due  to  the  homogeneous  nature  of  the  oil-water  mixture  in  this  experiment,  three-phase                 

flow  pa�erns  were  not  considered.  Categoriza�on  of  observed  flow  pa�erns  were  limited  to  gas-liquid                

classifica�on.  Similari�es  in  observed  flow  pa�erns  were  found  in  reports  by  Spedding  and  Spencer  [61],                 

Hewi�  [15]  (when  the  oil-water  is  considered  fully  mixed)  as  well  as  Karami  et  al.  [14].  Varia�ons  in                    

temperature  influenced  the  liquid  viscosity  for  both  two-  and  three-phase  flows.  Varia�ons  in  liquid                

viscosity,  in  turn,  affected  the  superficial  liquid  Reynolds  numbers.  It  was  found  that  liquid  viscosity                 

influenced  the  flow  condi�ons  at  which  two-  and  three-phase  flows  exhibited  flow  pa�erns  observed                

during   the   study.   values   are   reported   as   a   range   to   account   for   this   phenomenon.   

Flow  pa�erns  observed  during  the  study  include  stra�fied  smooth,  stra�fied  wavy  (2-dimensional  (2D)),               

3-dimensional  (3D),  roll  waves  and  stra�fied-annular  [12]  also  described  as  atomiza�on  [14]   or  entrained                

droplet  flow  [36,  62].  The  appearance  of  waves  at  the  gas-liquid  interface  can  be  considered  transi�on                  
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Superficial   liquid   velocity   (m/s)   0.03   –   0.13   
Superficial   gas   velocity   (m/s)   1.27   –   40.37   

Pressure   (MPa)   0.01-0.07   
Temperature    (℃)   10.65   –   29.69   

Pressure   Drop   (kPa)   0.03   –   5.70   
Liquid   Holdup   (-)   0.039   –   0.532   

Water-cut   (%)   0   -   90  
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from  the  stra�fied  smooth  to  the  stra�fied-wavy  flow.  This  can  be  a�ributed  to  the  Kelvin-Helmholtz                 

instability   theory   [51,   63].   The   wave   structures   changed   with   varying   flow   condi�ons.   

Generally,  when  the  gas  flow  rate  was  increased,  2D  waves  appeared  at  the  interface  first  and  later  gave                    

way  to  3-D  waves  which  were  replaced  with  more  irregular  roll  waves  and  finally  atomiza�on  of  liquid                   

droplets.  At  low  superficial  phase  veloci�es  (low  superficial  gas  and  liquid  Reynolds  numbers)  stable                

stra�fied  smooth  flow  was  observed  for  all  water-cuts  (Figure  3,  first  row).  The  stra�fied  smooth  regime                  

did  not  cover  a  wide  range  of  gas  flow  rates.  Transi�on  to  stra�fied-wavy  (2D  flow)  was  observed  at                    

 of  approximately  19392  and   values  of  591  and  592  for  water-cuts  of  0%  and  30%                   

respec�vely  (Figure  3,  second  row).  As  can  be  observed,  there  are  no  ripples  on  the  liquid  surface  at                    

these  condi�ons  for  water-cut  of  60%  and  90%  respec�vely.  For  these  water-cuts,  transi�ons  occurred  at                 

 of  approximately  29685  and  26950  respec�vely  and  were  marked  with  gentle  ripples.  The  2D                 

waves  extended  across  the  en�re  pipe  sec�on  and  included  interface  movements  and  liquid  level                

fluctua�ons   only   in   the   ver�cal   direc�on.   
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Figure   3:   Flow   Pa�ern   for   (a)   0%   (b)30%   (c)   60%   (d)   90%   at   various   superficial   phase   veloci�es.   SS   (stra�fied   
smooth)   flow,   SW   (2D)   stra�fied   wavy   (2   Dimensional)   flow,   SW   (3D)   stra�fied   wavy   (3   Dimensional)   flow,   SW   

(RW)   stra�fied   wavy   (roll   waves)   flow,   SA   (A)   annular   (atomiza�on)   

Transi�on  to  and  onset  of  3D  flow  also  varied  for  different  water-cuts  in  terms  of  superficial  liquid                   

Reynolds  number.  It  was  observed  that  at  increasing  water-cut  in  the  three-phase  flow  higher  superficial                 

liquid  Reynolds  numbers  are  required  for  this  flow  regime.  Stra�fied  wavy  (3D)  flow  pa�ern  at                  

value  of  39282  and   values  of  591,  592,  939  and  2687  for  water-cut  of  0%,  30%,  60%  and  90%                      

respec�vely  is  shown  in  Figure  3  (third  row).  At  these  flow  condi�ons,  rivulets  could  be  observed  in  the                   

inner  upper  periphery  and  side  walls  of  the  test  sec�on,  especially  for  water-cut  of  60%  and  90%.  These                    

became  more  pronounced  as  fluctua�ons  in  the  we�ed  wall  frac�on  increased.  This  phenomenon  can                

also  be  a�ributed  to  secondary  flows  in  the  gas  phase.  The  exact  mechanism  for  the  appearance  of                   

rivulets  con�nues  to  elude  researchers.  However,  some  explana�ons  have  been  offered  by  a  few  who                 

have  also  observed  it.  The  observa�on  reported  by  Spedding  and  Spence  [61]  occurred  within  what  they                  

classified  as  stra�fied  with  roll  wave  as  well  as  film  and  droplet  regimes.  The  authors  a�ributed  it  to                    

wave  washing  and  droplet  deposi�on.  Shmueli  et  al.  [12]  made  a  similar  observa�on  at  water-cuts  of                  

50%  and  75%  respec�vely.  They  also  a�ributed  it  to  oil  viscosity  and  surface  tension.  Mori  et  al.  [64]  did                     

not  observe  such  a  phenomenon.  However,  contrary  to  the  general  asser�on  that  roll  waves  are  the  sole                   

propagators  of  droplets,  they  reported  the  incep�on  of  droplets  before  the  incep�on  of  roll  waves  at  all                   

viscosi�es.  They  a�ributed  this  observa�on  to  the  ac�on  of  small  waves.  Considering  the  condi�ons  at                 

which  rivulets  were  observed,  in  this  experiment,  droplets  produced  by  the  small  waves,  as  suggested  by                  
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Mori  et  al.  [64],  could  be  the  plausible  explana�on  at  lower  values  of  .  On  the  other  hand,  the                     

occurrence  of  droplets  as  a  result  of  roll  waves  and  wave  washing  could  explain  the  phenomenon  at                   

higher     values   as   suggested   by   Spedding   and   Spence   [61].     

The  onset  of  atomiza�on  usually  occurs  in  the  roll  wave  regime  [14].  For  this  study,  however,  the                   

phenomenon  could  not  be  accurately  es�mated.  It  could  be  observed  at  high  gas  and  liquid  superficial                  

veloci�es.  The  roll  waves  at  the  various  water-cuts  and  flow  condi�ons  are  presented  in  Figure  3  (fourth                   

row).  At   value  of  97459,  roll  waves  are  observed  at  water-cut  of  0%  and  30%.  At  water-cut  of                     

60%  and  90%,  however,  the  flow  pa�ern  seemed  to  be  transi�oning  to  stra�fied  annular  flow  at                  

water-cut  of  60%  and  90%.  Also,  a  mist  could  be  seen  flowing  over  the  liquid  film  while  the  upper                     

periphery  of  the  pipe  was  covered  with  rivulets  of  liquid.  The  tangen�al  waves  at  the  side  walls  became                    

more  pronounced  and  the  fluctua�on  in  the  we�ed  wall  level  increased  with  increase  gas  and  liquid                  

veloci�es  especially  for  water-cuts  at  60%  and  90%  (Figure  3,  fourth  row).  Also,  the  amplitude  of  the                   

waves  reduced  compara�ve  to  the  2-  and  3D  waves.  Similar  observa�ons  of  atomiza�on  were  reported                 

by  Fan  et  al.  [45],  Dong  et  al.  [47]  and  Shmueli  et  al.  [12].  At  high  liquid  and  gas  flow  rates,  the                        

stra�fied-annular  (atomiza�on)  flow  regime  was  observed  at  all  water-cuts.  This  phenomenon  occurred              

at  values  of  194917  and  values  of  814,  718,  1290  and  3695  for  water-cut  of  0%,  30%,                   

60%  and  90%  respec�vely  (Figure  3,  fi�h  row).  The  slope  of  the  waves  became  compara�vely  gentle                  

during  atomiza�on  at  higher  water-cuts.  Similar  observa�ons  were  made  by  Shmueli  et  al.  [12]  and                 

Karami   et   al.   [14].     

3.2 Comparison  with  flow  pa�ern  maps  of  Mandhane  et  al  (1974)  and  Taitel  and  Dukler                

(1976)   

The  Mandhane  et  al.  [56]  flow  pa�ern  map  is  the  most  widely  accepted  regime  map  [61]  using  the                    

superficial  phase  veloci�es  as  mapping  parameters.  The  experimental  data  for  water-cut  of  30%  and  90%                 

was  superimposed  on  the  map  for  comparison  (Figure  4).  It  can  be  observed  that  the  map  agrees  with                    

stra�fied-smooth  data  for  three-phase  flows.  Though  the  flow  pa�ern  map  of  Mandhane  et  al.  [48]  does                  

not  predict  the  stra�fied-annular  flow  regime,  the  map  captures  it  as  annular  possibly  because  of  the                  

similar  characteris�cs.  It  seems  to  have  slight  difficul�es  predic�ng  the  upper  boundary  of  the  air-oil                 

data  for  the  stra�fied-wavy  flow  regime.  This  limita�on  can  perhaps  be  a�ributed  to  the  fact  that  it  was                    

developed  with  air-water  mixtures.  Overall,  it  can  be  concluded  that  the  flow  pa�ern  map  agrees  with                  
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the  data  with  water-cut.  Experimental  data  for  0%  and  90%  water-cut  is  presented  on  the  Taitel  and                   

Dukler  [50]  flow  map  in  Figure  5.  The  Taitel  and  Dukler  flow  pa�ern  map  does  not  predict  a  stra�fied                     

annular  flow  regime.  Data  points  in  this  regime  are  predicted  by  the  Taitel  and  Dukler  map  as  annular                    

flow.   In   general,   it   is   found   that   the   map   also   agrees   with   the   experimental   data.     

  

Figure   4:   Comparison   of   experimental   data   with   Mandhane   et   al.   (1974)   flow   pa�ern   map   

  
Figure   5:   Comparison   of   experimental   data   with   the   Taitel   and   Dukler   (1976)   flow   pa�ern   map   

3.3 Liquid   holdup     

Two-  and  three-phase  characteris�cs  of  total  liquid  holdup  were  inves�gated  using  the  experimental               

data  collected.  Liquid  viscosity  for  both  two-  and  three-phase  flows  were  influenced  by  varia�ons  in                 

temperature  during  the  experiments.  This,  in  turn,  affected  the  superficial  liquid  Reynolds  numbers.  As  a                 

result,  a  range  of   values  were  obtained  for  each  superficial  liquid  velocity  at  each  water-cut.                  
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For  this  study,   values  varied  from  160  to  4391  while   values  varied  from  6355  to                   

200757.  It  is  shown  that  total  liquid  holdup  decreases  asympto�cally  when  the  superficial  gas  Reynolds                 

number  increases  for  all  cases  of  water  cut  (Figure  6).  Total  liquid  holdup  is  found  to  decrease  more                    

rapidly  when  superficial  gas  Reynolds  number  increases  from  6315  to  approximately  49724  for  both  two-                 

and  three-phase  flows  beyond  which  the  decrease  becomes  gradual.  An  increase  in  gas  velocity  results                 

in  a  rapid  increase  in  liquid  film  velocity  especially  near  the  interface.  Entrainment  can  occur,  and  hence                   

a  rapid  decrease  in  liquid  holdup.  Further  increases  in  the  superficial  gas  velocity  cannot  increase  the                  

liquid  film  velocity  significantly  as  a  result  of  fric�on  between  the  thin  liquid  film  and  the  pipe  wall,                    

hence,  a  reduced  rate  of  decrease  of  liquid  holdup  is  observed.  This  result  agrees  with  the  findings  of                    

Dong  et  al.  [47].  However,  in  the  experimental  study  reported  by  Dong  et  al.  [47],  they  observed  that                    

when  the  superficial  gas  velocity  increases  from  15  to  17.5m/s,  the  liquid  holdup  even  increases,                 

explaining  that  within  this  velocity  range,  the  we�ed  wall  frac�on  con�nues  to  increase  and  a  thin  liquid                   

film  begins  to  form  around  the  pipe  due  to  deposi�on  of  the  liquid  droplet  entrainment  by  the                   

high-speed  gas  flow.  As  a  result,  the  overall  liquid  velocity  decreases  because  of  the  drag  on  the  pipe                    

wall,  and  the  liquid  holdup  increases.  As  can  be  observed  from  Figure  6(a-d),  such  an  observa�on  was                   

not  made.  Total  liquid  holdup  loss  can  also  be  a�ributed  to  stronger  wave  structure  and  interfacial  shear                   

stresses  as  well  as  liquid  entrainment  (as  a  result  of  high  superficial  liquid  velocity).  High  superficial  gas                   

veloci�es   increase   entrainment   and   hence   reduced   liquid   holdup   values.     
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Figure   6:   Varia�on   of   Liquid   holdup   with   gas   Reynolds   number   at   (a)   0%   (b)   30%   (c)   60%   (d)   90%   water-cuts   

At  a  fixed  water-cut,  it  could  be  observed  that  total  liquid  holdup  increases  as  superficial  liquid  velocity                   

increases.  The  introduc�on  of  an  addi�onal  volume  of  water  is  responsible  for  this  phenomenon.                

However,  some  discrepancies  are  noteworthy.  The  effect  of  superficial  liquid  velocity  is  observed  only                

beyond   values  greater  than  49723.  Below  this  value,  the  effect  of  superficial  liquid  velocity  is                  

not  obvious.  It  can  also  be  no�ced  that  at  water-cut  of  90%,  and  at   values  greater  than  99448,                     

the  effect  of  liquid  superficial  velocity  become  negligible  (Figure  6).  No  remarkable  differences  in  two-                 

and   three-phase   liquid   holdup   characteris�cs   were   observed.   

Figures  7a  and  7b  present  the  varia�on  of  total  liquid  holdup  with  superficial  gas  Reynolds  number  at                   

different  superficial  liquid  veloci�es  and  water-cut.  Akin  to  the  observa�ons  for  pressure  drop  (Figure  8),                 

the  effect  of  water-cut  on  liquid  holdup  is  not  obvious.  Though  water-cut  appears  to  exert  some                  

influence  at  lower  superficial  gas  veloci�es,  the  effect  is  insignificant.  Similar  trends  are  observed  at                 

different  superficial  liquid  veloci�es.  The  similarity  in  liquid  mixture  proper�es  (density  and  viscosity)  of                

the  liquid  proper�es  to  that  of  water  as  water-cut  increases  could  be  the  reason  for  this  observa�on.                   
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Despite  the  diameter  differences,  it  is  found  that  the  observa�ons  agree  with  those  of  Karami  et  al.  [14]                    

and  oppose  that  of  Dong  et  al.  [47]  who  observed  that  the  liquid  holdup  decreases  as  water-cut                   

increases   for   flows   with   oil-water   mixtures.   

  

  

Figure   7:   Varia�on   of   liquid   holdup   with   superficial   gas   Reynolds   number   for   different   water-cuts   at     
values   of   (a)   0.03   m/s   and   (b)   0.04   m/s   

3.4 Pressure   Drop   

A  plot  of  pressure  drop  against  superficial  gas  Reynolds  number  is  presented  in  Figure  8  for  two-  and                    

three-phase  flows  at  varied  superficial  liquid  Reynolds  numbers.  Pressure  drop  increased  as  values  of                

increased  for  all  cases  of  water-cut.  This  can  be  a�ributed  to  fric�on  increase  between  the  gas                  

and  the  pipe  wall  and  also  at  the  gas-liquid  interface.  As  suggested  by  Dong  et  al.  [47],  the  presence  of                      

liquid  reduces  the  flow  area  of  gas,  which  increases  the  actual  gas  velocity  and  hence  the  pressure  drop.                    

The  liquid  forms  a  gas-liquid  interface  genera�ng  an  interfacial  fric�on  which  is  normally  higher  than  the                  

gas-wall  fric�on,  especially  when  the  gas-liquid  interface  becomes  wavy.  Further,  the  observa�on  could               

be   influenced   by   increments   in   the   density   of   the   gas   phase   as   a   result   of   entrained   liquid.   
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Figure   8:   Varia�on   of   pressure   drop   with   gas   Reynolds   number   and   liquid   velocity   at:   (a)   0%   and   (b)   90%   

water-cut   respec�vely     

The  results  also  revealed  that  water-cut  and  superficial  liquid  velocity  do  not  have  a  significant  effect  on                   

pressure  drop  (Figures  8).  This  could  be  a�ributed  to  the  homogeneous  nature  of  the  oil-water  mixture                  

and  negligible  slip  between  the  oil  and  water  phases  such  that  at  each  water-cut  the  three-phase                  

mixture  exhibits  characteris�cs  of  two-phase  flows.  The  trend  can  be  related  to  the  observed  flow                 

pa�erns.  Increases  in  superficial  gas  velocity  leads  to  flow  pa�ern  transi�ons  from  stra�fied  smooth  to                 

stra�fied  annular.  As  such,  it  was  found  that  low  pressure  drops  can  be  observed  during                 

stra�fied-smooth  flows  while  high  pressures  drop  could  be  associated  with  stra�fied-annular             

(entrainment-laden)  flows.  Further,  decreasing  liquid  holdup  corresponded  to  increases  in  pressure             

gradient  for  reasons  discussed  earlier  (Figure  9).  At  rela�vely  high  liquid  holdup  values,  corresponding  to                 

stra�fied-smooth  flow  pa�ern,  the  pressure  drops  are  low.  Pressure  drop  rapidly  increases  at  transi�on                

to  stra�fied-wavy  and  stra�fied  annular  flows  even  with  gradual  reduc�on  in  liquid  holdup  values.  This                 

trend   was   present   for   all   values   of   water-cut.     

In  general,  there  is  very  li�le  dis�nc�on  between  the  two-  and  three-phase  flow  with  respect  to  trends                   

related  to  pressure  drop.  Comparison  of  findings  on  the  rela�onships  between  pressure  gradient  and                

superficial  phase  veloci�es  as  well  as  water-cut  indicate  some  agreement  and  differences  with  report  in                 
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literature.  For  instance,  the  observa�ons  of  Karami  et  al.  [14],  Dong  et  al.  [47]  and  Al-Hadhrami  et  al.  [10]                     

agree  with  those  of  the  study  which  finds  that  as  superficial  gas  velocity  increases,  pressure  gradient                  

increases.  On  the  other  hand,  the  negligible  effect  of  superficial  liquid  velocity  is  only  endorsed  by                  

Karami  et  al.  [14]  who  reported  slight  changes  in  pressure  drop  for  two  different  values  of  superficial                   

liquid  velocity.  Both  Dong  et  al.  [47]  and  Al-Hadhrami  et  al.  [10]  reported  that  superficial  liquid  velocity                   

exerts  significant  influence  on  pressure  gradient.  Again,  the  weak  influence  of  water-cut  on  pressure                

drop  agrees  with  those  of  Karami  et  al.  [14]  and  differ  from  the  conclusions  of  Dong  et  al.  [47]  and                      

Al-Hadhrami  et  al  [10].  Dong  et  al.  [47]  observed  that  water-cut  exerted  some  influence  at  higher                  

superficial  gas  veloci�es  (17.5  m/s).  They  noted  that  pressure  gradient  increased  with  increasing               

water-cut  from  0  to  50%  and  a�ributed  it  to  increase  in  the  effec�ve  liquid  viscosity  due  water  dispersion                    

into  the  oil  phase.  On  the  other  hand,  pressure  gradient  was  found  to  decrease  with  increasing                  

water-cut  from  50%  to  100%.  They  a�ributed  this  finding  to  inversion  of  dispersion  to  water  con�nuous.                  

The  report  from  Al-Hadhrami  et  al.  [10]  indicated  an  ini�al  increase  and  then  decrease  with  increasing                  

water-cut.     

3.5 MODEL   EVALUATION     

3.5.1 Flow   Pa�ern   Predic�on     

For  this  study,  the  observed  flow  pa�erns  were  compared  with  the  predic�ons  of  selected  models                 

integrated  in  the  PIPESIM  so�ware  [65].  Model  predic�ons  are  assessed  with  respect  to  water-cut  as                 

well  as  the  en�re  experimental  data.  The  performance  of  the  models  for  flow  pa�ern  predic�on  is                  

displayed  in  Figure  9.  The  Lockhart  and  Mar�nelli  [20]  model  presents  no  flow  pa�ern.  Therefore,  no                  

predic�ons  are  included  in  this  assessment.  From  the  results,  it  is  found  that  at  0%  water-cut  (air-oil                   

mixture),  the  Xiao  et  al  [23]  model  exhibits  the  highest  performance  (66.7%),  followed  by  the  Beggs  and                   

Brill  (BB)  [19]  (43%)  and  the  TUFFP  [24]  (33%)  models  respec�vely.  The  Mukherjee  and  Brill  [21]  model                   

could  only  predict  20%  of  the  experimental  data.  Compared  to  the  Beggs  and  Brill  model  [19],  the                   

performance  of  the  la�er  is  surprising  considering  that  the  correla�ons  were  developed  based  on  liquids                 

of   higher   viscosi�es.     
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Figure   9:   Percentage   of   the   experimental   Flow   Pa�ern   predicted   by   Beggs   and   Brill,   Mukherjee   and   Brill,   

Lockhart   and   Mar�nelli,   Xiao   et   al   and   TUFFP   models   at   different   water-cuts   and   the   en�re   dataset   

When  the  models  are  assessed  with  the  three-phase  flow  data,  it  is  found  that  at  30%  water-cut,  only                    

the  Xiao  et  al.  [23]  model  presents  a  good  performance.  The  Mukherjee  and  Brill  (MB)  [21]  model                   

showed  an  improved  performance,  at  30%  water-cut.  When  the  water-cut  is  increased  to  60%,  the                 

Mukherjee  and  Brill  model  [21]  exhibits  a  be�er  performance  over  the  Beggs  and  Brill  and  TUFFP                  

models,  only  second  to  the  Xiao  et  al.  model.  The  Xiao  et  al.  model  exhibits  the  best  performance  at  this                      

water-cut.  At  90%  water-cut,  the  Xiao  et  al.  as  well  as  TUFFP  models  show  the  best  performances.  It  is                     

worth  no�ng  that  the  predic�ons  of  the  Mukherjee  and  Brill  model  improves  as  water-cut  increases,                 

exhibi�ng  the  best  performance  when  the  water-cut  is  60%  but  shows  a  reduced  performance  at  90%                  

water-cut.  Overall,  the  Xiao  et  al.  model  presents  an  outstanding  performance  (74%)  and  consistency  at                 

predic�ng  the  flow  pa�ern  for  all  water-cuts.  This  is  followed  by  the  TUFFP  model  which  predicts  57%  of                    

the  flow  pa�ern  accurately.  The  Beggs  and  Brill  as  well  as  Mukherjee  and  Brill  models  accurately  predict                   

less   than   50%   of   the   observed   flow   pa�erns.     

The  Xiao  et  al.  [23]  model  consistently  performed  well  at  all  cases  of  water-cut  considered.  This  can  be                    

a�ributed  to  the  theory  adopted  from  Taitel  and  Dukler  [50]  which  captures  the  dynamics  of  possible                  

occurrence  of  waves  at  the  gas-liquid  interface  as  well  as  suitable  equa�ons  to  describe  the  transi�ons                  

from  stra�fied-smooth  to  stra�fied  wavy  and  from  stra�fied-wavy  to  annular  flow  regimes.  On  the  other                 

hand,  the  approach  adopted  by  the  TUFFP  model  [24]  could  explain  its  low  performance.  The  flow                  

pa�ern  predic�on  theory  and  correla�on  place  emphasis  on  determina�on  of  characteris�c  liquid  film  as                
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a  transi�on  criterion  but  fail  to  integrate  the  behaviour  of  the  gas-liquid  interface  during  stra�fied  wavy                  

flow  regime.  Furthermore,  there  are  no  delinea�ng  transi�on  equa�ons  for  stra�fied-smooth  and              

stra�fied-wavy   flow   regimes.   

The  performance  of  the  Beggs  and  Brill  model  [19]  is  found  to  be  lower  than  expected,  even  at  90%                     

water-cut  when  the  proper�es  of  the  mixture  are  close  to  that  of  water.  This  result  can  be  a�ributed  to                     

a  number  of  reasons.  First,  the  correla�ons  were  developed  based  on  air-water  mixtures  and  smaller                 

pipe  diameters.  The  viscosity  of  liquids  and  pipe  size  employed  in  the  experiment  are  higher  than  those                   

employed  in  the  development  of  the  correla�on.  Also,  it  can  be  no�ced  that  the  authors  lump  stra�fied                   

smooth,  stra�fied  wavy  and  annular  flow  into  a  single  flow  regime;  segregated  flow  regime.                

Iden�fica�on  of  the  exact  flow  regime  poses  challenges.  Further,  the  transi�on  correla�ons  are,  basically,                

func�ons  of  phase  veloci�es  and  do  not  account  for  the  physical  phenomena  of  wave  growth  and                  

interfacial  disturbances  which  occur  during  the  stra�fied  wavy  flows.  These  seem  to  limit  the  correla�on                 

accuracy   at   predic�ng   the   experimental   flow   pa�ern.   

Similarly,  though  the  Mukherjee  and  Brill  model  [21]  accounts  for  varia�ons  in  viscosity,  it  is  possible  its                   

overall  low  performance  can  be  a�ributed  to  its  inability  to  differen�ate  between  stra�fied-smooth  and                

stra�fied-wavy  flow  regimes  as  well  as  predict  well  the  dynamics  encountered  in  the  stra�fied-wavy,  3D                 

and  roll  wave  regimes.  The  correla�on  was  also  developed  with  a  smaller  pipe  diameter  than  was  used                   

for   this   study.   This   could   be   another   limita�on   to   accurate   predic�ons.   

3.5.2 Considera�on   for   liquid-liquid   mixture   viscosi�es   

As  water-cut  increases  in  liquid-liquid  mixtures,  a  phenomenon  is  observed  where  there  is  a  phase                 

change.  For  accurate  evalua�on  of  the  pseudo  two-phase  flow  used  in  this  study,  therefore,  the  effec�ve                  

viscosity  of  the  oil–water  mixture  had  to  be  es�mated.  Several  authors,  including  Brinkman  [66],                

Einstein  [67],  Brauner  [68],  Becher  [69]  and  Guet  et  al.  [70]  have  proposed  correla�ons  for  this                  

es�ma�on.  The  correla�on  proposed  by  Guet  et  al.  [70]  is  a  hybrid  correla�on  which  u�lises  the  Becher                   

[69]  correla�on  (for  dispersed  water  in  oil  condi�ons),  a  modified  Becher  [69]  correla�on  (for  cases                 

where  coalescence  is  playing  an  important  role  and  the  maximum  drop  size  is  significantly  increased)                 

and  the  con�nuous  phase  viscosity  assump�on  (  for  dispersion  of  oil  in  water  condi�ons).  Their  results                  

indicated  that  the  proposed  correla�on  was  be�er  results  compared  to  predic�ons  of  the  exis�ng                

correla�ons.  This  correla�on,  however,  is  yet  to  be  integrated  into  the  PIPESIM  so�ware.  The  Brinkman                 

[66]  correla�on  has  been  u�lized  by  some  authors  who  have  analyzed  three-phase  flows  as  a  pseudo                  

two-phase  gas–liquid  flow  system  with  an  effec�ve  viscosity  and  average  proper�es  determined  for  the                
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liquid  phase  [15–17].  For  this  study,  therefore,  the  Brinkman  [66]  correla�on  and  the  Brauner  and                 

Ullmann  [71]  correla�ons  were  ac�vated  in  the  simulator.  The  Brauner  and  Ullmann  [71]  correla�on                

determined  the  point  of  phase  inversion  while  the  Brinkman  [66]  correla�on  determined  the  effec�ve                

liquid  mixture  viscosity  for  each  flow  condi�on.  The  Brauner  and  Ullmann  [17,  71]  correla�on  is                 

expressed   as:   

  

(40)   

where   c   is   the   cut-off/100,   ,     are   the   oil   and   water   viscosi�es   (cP)   

  ,     

The  Brinkman  [66]  correla�on  calculates  elevated  emulsion  viscosi�es  on  either  side  of  the  cut-off,  using                 

the   formula:   

  

(41)   

where   and   represent  the  viscosity  of  the  con�nuous  phase  and  the  volume  frac�on  of  the                   

discon�nuous   phase.   

  

3.5.3 Liquid   Holdup   and   Gas   Void   Frac�on   

Model  predic�ons  for  liquid  holdup,  obtained  using  the  PIPESIM  so�ware,  are  presented  in  two  parts:  as                  

performance  at  (1)  different  water-cuts  and  (2)  different  ranges  of  liquid  holdup.  Liquid  holdup  values                 

obtained  from  this  experiment  ranged  from  0.039  to  0.532.  For  the  different  ranges  of  liquid  holdup                  

values,  predic�ons  were  assessed  in  three  liquid  holdup  categories:  ,            

 and  .  Sta�s�cal  parameters  used  for  the  assessment  are  the  average              

absolute  percent  error  (AAPE)  (Eq.  42)  and  average  percent  error  (APE)  (Eq.  43).  A  pictorial  assessment                  

of   their   performance   compared   to   experimental   data   is   presented   in   Figure   10   and   11   respec�vely.   
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(42)   

  

(43)   

Where     and     represent   experimental   and   predicted   values   respec�vely.   

For  two-phase  flows  (air–oil  mixture)  with  the  excep�on  of  the  Lockhart  and  Mar�nelli  correla�on  all  the                  

models  exhibit  sa�sfactory  performances.  The  Xiao  et  al.  model  [23]  presents  an  excellent  performance                

with  the  least  predic�on  errors  (AAPE=25.67)  and  underpredic�on  (APE=12.79)  (Figure  10a).  The              

behaviour  of  the  liquid  film  appears  central  to  predic�on  of  liquid  holdup  in  this  model  therefore  it                   

employs  two  different  correla�ons  for  both  the  stra�fied  and  stra�fied-annular  flow  regimes.  This               

approach  seems  to  adequately  capture  the  behaviour  of  the  liquid  film.  Addi�onally,  the  correla�on                

accounts  for  the  effect  droplet  entrainment.  It  appears  this  approach  yields  more  accurate  results.  The                 

TUFFP  model  [24]  comes  second  to  the  Xiao  et  al  model  and  performs  be�er  than  the  empirical  models.                    

Unlike  the  Xiao  et  al.  model,  the  TUFFP  model  u�lizes  a  single  correla�on  to  predict  liquid  holdup  for                    

both  the  stra�fied  and  annular  flow  regimes.  For  the  stra�fied  and  annular  flow  pa�erns,  different                 

interfacial  fric�on  factors  are  u�lized  to  ensure  the  behaviour  of  the  liquid  film  is  captured.  However,                  

improved  accuracy  in  flow  pa�ern  predic�on  could  improve  its  performance.  Again,  the  model               

underpredicts  the  experimental  data  with  rela�vely  modest  predic�on  errors  (AAPE=48.83).  Similar             

findings  of  underpredic�on  were  reported  by  Karami  et  al.  [14]  from  their  study.  The  Beggs  and  Brill  [19]                    

as  well  as  the  Mukherjee  and  Brill  [21]  models  exhibit  rela�vely  high  errors  and  underpredic�on  of  the                   

experimental  data  (Figure  10a).  The  rela�vely  low  performance  of  the  models  can  be  a�ributed  to                 

oversimplifica�on  in  the  methods  employed  to  predict  flow  pa�ern.  Both  correla�ons  lump  the               

characteris�cs  of  three  unique  flow  regimes.  Lack  of  clear  delinea�on  of  the  flow  regimes  could  be                  

hindering  accurate  flow  pa�ern  predic�on  which  influences  correla�ons  for  liquid  holdup  predic�on.  The               

Beggs  and  Brill  model  is  empirical  in  nature  and  difficul�es  to  predict  liquid  holdup  for  at  different  flow                    

and  fluid  condi�ons  is  to  expected.  In  addi�on,  liquid  entrainment  and  the  behaviour  of  the  liquid  film                   

are  not  accounted  for.  The  Mukherjee  and  Brill  [21]  model,  however,  exhibits  a  be�er  performance                 

(AAPE=52.57)  possibly  because  the  liquid  proper�es  are  similar  to  those  used  for  used  for  its                 

development.  With  respect  to  the  current  experimental  data,  the  performance  of  the  Lockhart  and                
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Mar�nelli  model  [20]  is  found  to  be  unsa�sfactory  because  it  exhibits  the  highest  predic�on  errors  and                  

underpredic�on  (AAPE=94.42,  APE=94.42).  For  the  development  of  the  model,  liquid  hold  data  was               

obtained  using  pipe  diameters  smaller  than  what  was  used  for  this  study.  This  was  correlated  with  the                   

Mar�nelli  parameter  to  obtain  a  graphical  solu�on.  The  rela�vely  high  underpredic�on  is  a�ributable  to                

the   empirical   nature   of   the   fi�ed   curve   between   the   two   parameters.   

For  three-phase  flow  condi�ons,  though  all  models  underpredict  the  experimental  data,  they  are  found                

to  exhibit  a  large  degree  of  consistency  across  the  water-cuts  of  30%,  60%  and  90%  respec�vely  (Figure                   

10b-d).  This  could  be  an  indica�on  that  the  approaches  adopted  can  handle  varia�ons  in  fluid  proper�es,                  

especially  proper�es  of  the  composite  liquid  which  characterise  the  three-phase  (pseudo  two-phase              

flows).  The  assump�on  of  no-slip  between  the  liquid-liquid  interface  appears  to  be  valid  which  allows                 

the  models  to  make  observed  sa�sfactory  predic�ons.  It  is  also  possible  that  the  observed  performances                 

are  as  a  result  of  the  fact  that  es�mated  effec�ve  liquid  viscosi�es  are  within  ranges  for  which  the                    

correla�ons  were  developed.  The  consistent  excellent  predic�on  performance  of  the  Xiao  et  al.  [23]                

model  is  well  noted  (AAPE=45.09,33.61  and  35.91  for  30%,  60%  and  90%  water-cut  respec�vely).  In  all                  

cases,  the  la�er  exhibited  the  lowest  predic�on  errors  and  underpredic�on.  The  overall  performances  of                

the  models  are  sa�sfactory  for  the  reasons  discussed.  The  Xiao  et  al.  [23]  model  exhibits  the  best                   

performance,  followed  by  TUFFP  [24]  and  the  Beggs  and  Brill  [19]  models  respec�vely.  The  overall                 

performance  of  the  Xiao  et  al.  [23]  model  is  not  surprising  because  it  reflects  the  observa�ons  at  all                    

water-cuts.  Considering  that  the  same  character  of  the  flowing  media  is  using  to  evaluate  all  models                  

considered,  the  results  indicate  that  the  approach  adopted  by  the  models  considered  model  for  liquid                 

holdup  predic�on  can  be  considered  applicable  for  pseudo  two-phase  flows,  even  with  high  water-cut.                

However,   the   methods   adopted   by   Xiao   et   al.   yield   be�er   results.     

The  number  of  combined  two-  and  three-phase  data  points  used  for  evalua�on  at  the  various  holdup                  

ranges,  ,   and   are  30,  39  and  50            

respec�vely.  Results  of  assessment  of  model  predic�ons  at  various  categories  is  presented  in  Figure  11.                 

The  Beggs  and  Brill  [19]  model  exhibits  its  best  performance  at   (AAPE=52.94).  While                

its  predic�on  errors  increase  slightly  at  higher  values  of  liquid  holdup,  they  are  sa�sfactory.  Minami  and                  

Brill  reported  a  similar  observa�on  while  inves�ga�ng  liquid  holdup  in  wet  gas  pipelines.  They  found  that                  

the  Beggs  and  Brill  correla�on  performed  best  at  the  ,  which  is  even  less  than  what                  

was  obtained  in  this  study,  while  its  efficiency  reduced  at  higher  holdup  ranges.  Further,  at  this  range,                   
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the  performance  of  the  Mukherjee  and  Brill  [21]  model  is  also  found  to  sa�sfactory,  though  its  predic�on                   

errors  seem  to  increase  slightly  with  increasing  liquid  holdup  ranges  The  TUFFP  model  [24]  exhibits  a                  

sa�sfactory  performance  at   (AAPE=56.85)  as  well  as  ,          

 (AAPE=56.19)  categories.  At  ,  however,  its  performance  improves           

significantly  (AAPE=42.86).  The  Xiao  et  al  model  [23]  exhibits  superior  performance  in  all  the                

classifica�ons  with  rela�vely  low  predic�on  errors  and  underpredic�on.  It  is  important  to  note  that  the                 

predic�ons  of  the  correla�ons  improve  as  liquid  holdup  values  increase.  The  model  slightly  overpredicts                

the  experimental  data  at  ,  however,  this  occurs  within  acceptable  limits.  At              

,  the  Xiao  et  al.  [23]  model  exhibits  the  best  performance.  With  the  excep�on  of  the  Lockhart                   

and  Mar�nelli  [20]  model,  the  rest  exhibit  similar  sa�sfactory  performances.  At             

 and  ,  the  Xiao  et  al.  [23]  model  presents  the  best  performance               

followed   by   the   TUFFP   [24]   model.   
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Figure   10:   Comparison   of   liquid   holdup   predic�ons   with   experimental   data   at   water-cuts   of   (a)   0%   (b)   30%   (c)   
60%   (d)   90%  
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As  will  be  seen  in  the  next  sec�on,  the  large  sca�er  in  the  different  models  for  the  predic�on  of  liquid                      

holdup  do  not  significantly  affect  the  pressure  drops.  It  is  noted  that  other  parameters  such  as  the                   

fric�on  factors,  and  entrained  droplet  frac�on  are  at  play  as  well  as  the  holdup  which  the  pressure  drop                    

in  selected  models  (TUFFP  and  Beggs  &  Brill)  are  not  par�cularly  sensi�ve  to.  Nevertheless,  the                 

predicted  pressure  drops  compare  favourably  to  the  measured  values  especially  at  low  gas  Reynolds                

numbers.  

  

Figure   11:   Results   of   assessment   of   model   predic�ons   of   liquid   holdup   at   various   categories   

Gas  void  frac�on  for  each  condi�on  was  calculated  from  the  measured  liquid  holdups  and  was  compared                  

with  the  predic�ons  of  seven  dri�  flux  correla�ons  including  those  of  Bonnecaze  et  al.  [72],  Nicklin  et  al.                    

[73],  Hughmark  [74],  Gregory  and  Sco�  [75],  Ma�ar  and  Gregory  [76],  Kokal  and  Stanislav  [77]  and  Dix                   

[78]  as  presented  by  Woldesemayat  and  Ghajar  [78].  It  is  important  to  note  that  while  most  liquid                   

holdup  correla�ons  (including  those  considered  for  this  study)  require  flow  pa�ern  data,  these  dri�  flux                 

correla�ons  are  flow  pa�ern  independent.  Representa�ve  correla�ons  and  related  condi�ons  under             

which  they  were  developed  are  presented  in  Table  4.  AAPE  and  APE  (equa�ons  36  and  37)  are  the                    

sta�s�cal  parameters  used  to  evaluate  the  performance  of  the  predic�ons.  Results  of  the  assessment  is                 

presented  in  Table  5.  A  cross-plot  of  the  experimental  and  predicted  gas  void  frac�on  data  using  the  best                    

performing   correla�ons   is   presented   in   Figure   12.   

For  the  two-phase  experimental  data,  the  results  show  that  Bonnecaze  et  al.  [72],  Nicklin  et  al.  [73]  and                    

Kokal  and  Stanislav  [77]  present  the  best  performance.  In  fact,  it  is  found  that  they  exhibit  similar                   

performances.  The  second-best  performance  is  presented  by  Ma�ar  and  Gregory  [76]  and  is  followed  by                 

that  of  Dix  [78].  It  is  observed  that  differences  in  fluid  proper�es  as  well  as  pipe  dimensions  and                    
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configura�on  employed  in  the  development  of  the  correla�ons,  compared  to  those  u�lized  in  the  study,                 

has  no  effect  on  their  predic�ons.  All  correla�ons  agree  well  with  the  experimental  data  and  predict  with                   

compara�vely  low  AAPE  and  APE  values.  The  results  assessment  of  the  correla�ons  with  three-phase                

flow  data  indicate  a  be�er  performance  over  that  of  two-phase  flow.  However,  the  performance  trend                 

exhibited  by  the  correla�ons  remain  the  same.  When  the  two-  and  three-phase  data  are  combined,  the                  

correla�ons   s�ll   exhibit   very   sa�sfactory   performances.     

The  performance  of  Bonnecaze  et  al.  [72],  Nicklin  et  al.  [73]  and  Kokal  and  Stanislav  [77]  can  be                    

a�ributed  to  the  u�liza�on  of  a  dri�  velocity  component  which  accounts  for  pipe  and  fluid  proper�es.                  

All  authors  use  a  distribu�on  coefficient  ( )  of  1.2  which  seems  to  work  well.  Ma�ar  and  Gregory                   

[76]  employs  a  fixed  dri�  velocity  value  of  0.7  which  yields  good  results.  However,  it  can  be  inferred  from                     

results  of  Bonnecaze  et  al.  [72],  Nicklin  et  al.  [73]  and  Kokal  and  Stanislav  [77]  that  the  dri�  velocity  is  a                       

func�on  of  fluid  proper�es  and  pipe  diameter,  the  results  are  be�er.  Though  result  of  the  evalua�on  of                   

the  predic�ons  of  Hughmark  [74],  Gregory  and  Sco�  [75]  are  sa�sfactory,  their  performances  could                

improve  with  the  addi�on  of  a  dri�  velocity  component.  The  Dix  [78]  correla�on  presents  compara�vely                 

high  predic�on  errors.  This  could  be  the  result  of  his  method  to  es�mate  the  distribu�on  coefficient.  It  is                    

observed  that  es�ma�on  of  the  distribu�on  coefficient  yields  values  less  than  1  which  is  lower  than  1.2                   

u�lized  by  the  other  correla�ons.  Generally,  it  was  found  that  the  predic�ons  of  all  the  correla�ons  can                   

be   considered   sa�sfactory   and   agree   well   with   the   experimental   data.    

Table   4:   Selected   dri�   flux   correla�ons   for   predic�on   of   gas   void   frac�on   
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Author   Correla�on     Remarks     
Bonnecaze   et   al.   [72]   

    

Inclina�on  (  10  from     
horizontal)   

Nicklin   et   al.   [73]   

    

Pipe  I.D  =  1.02  in.  (0.0259  m),         

air-water,   inclina�on   (90  )   

Hughmark   [74]   
    

Pipe  I.D  =  1.049–3.0  in.       
(0.0264-0.0763  m)  air-water,     
horizontal   flow   

Gregory  and  Sco�     
[75]       

Pipe  I.D  =  0.75  in.  (0.01905  m),         
CO 2 -water,   horizontal   flow   
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Table   5:   Predic�ons   of   selected   dri�   flux   correla�ons   for   experimental   data   
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Ma�ar  and  Gregory     
[76]       

Pipe  I.D  =1.0  in  (0.0254  m),        

air-light  oil,  inclina�on  (    

10    from   horizontal)   
Kokal  and  Stanislav     
[77]   

    

Pipe  I.D  =  0.0258-0.0763  m,       

air-oil,  inclina�on  (-5  to  +9     

)   

Dix   [78]   

   

Data  obtained  using  rod      
bundles,  subcooled  boiled     
condi�ons   

WC   Stats   Bonnecaze   
et   al.   [72]   

Nicklin   et   
al.   [73]   

Hughmark   
[74]   

Gregory   
and   Sco�   

[75]   

Ma�ar   and   
Gregory   [76]   

Kokal   and   
Stanislav   

[77]   

Dix   [78]   

0%   AAPE   13.5484   13.5466   16.4679   16.5599   14.188   13.5844   21.6544   
  APE   -3.1258   -3.1226   -7.8404   -8.7466   9.1397   -3.1885   -21.6544   

30%   AAPE   8.1518   8.15   11.3246   11.6212   11.9638   8.1892   19.5239   
  APE   -1.6197   -1.6168   -6.0749   -6.9663   10.2887   -1.6789   -19.5239   

60%   AAPE   6.4383   6.4383   7.8854   7.8109   15.7691   6.4383   11.9087   
  APE   4.6035   4.606   0.4179   -0.4189   15.7691   4.548   -11.9087   

90%   AAPE   11.2829   11.2821   13.8257   13.7738   14.124   11.3012   16.3806   
  APE   0.4013   0.4039   -4.2394   -5.1154   12.2794   0.34   -16.3806   

Overall   AAPE   9.8554   9.8543   12.3759   12.4415   14.0112   9.8782   17.3669   
  APE   0.0648   0.0676   -4.4342   -5.3118   11.8692   0.0052   -17.3669   
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Figure   12:   Comparison   of   predic�ons   of   Bonnecaze   et   al.   [72]   (black)   ,   Nicklin   et   al.   [73]   (blue),   Kokal   
and   Stanislav   [77]   (red)    and   Hughmark   [74]   (yellow)   with   the   present   experimental   gas   void   frac�on   

data   

3.5.4 Pressure   Drop     

Figure  13  presents  a  cross-plot  of  the  experimental  and  predic�ons  of  the  selected  models  at  various                  

water-cuts.  The  performance  of  model  predic�ons  was  evaluated  using  sta�s�cal  parameters  AAPE  and               

APE   (Eq.   42   and   43).     

For  two-phase  flows  (0%  water-cut),  it  is  found  that  the  Xiao  et  al  model  [23]  exhibits  the  best                    

performance  (APPE=42.63,  APE=-4.02).  The  model  employs  a  two-fluid  approach  which  integrates  the              

roles  of  shear  stresses  and  fric�on  factors  in  the  predic�on  of  pressure  gradient  for  both  stra�fied  (Eq.                   

29)  and  annular  (Eq.  34)  flow  regimes.  The  adop�on  of  the  Taitel  and  Dukler  (1976)  model  for  stra�fied                    

flow  seems  to  work  well.  However,  perhaps  the  performance  of  the  model  could  s�ll  improve  if  more                   

efficient  closure  rela�onships  were  employed.  For  instance,  the  authors  reported  major  uncertain�es              

with  the  interfacial  fric�on  factor  in  stra�fied  flow  and  recommended  further  studies  to  iden�fy  more                 

accurate  predic�ve  correla�ons.  Further,  for  annular  flow,  both  correla�ons  for  liquid  entrainment  and              

interfacial  fric�on  factor  adopted  were  derived  from  annular  flow  experiments,  results  from  which  may                

not  be  accurate  for  horizontal  flow  condi�ons.  Also,  a  large  percentage  of  the  data  used  for  the                   

development  of  the  model  was  obtained  using  small  diameter  pipes.  This  could  be  nega�vely  influencing                 

accuracy  of  its  predic�on  since  data  obtained  using  compara�vely  larger  pipe  diameters  were  used  for                 

this  study.  Karami  et  al.  [14]  also  reported  a  good  performance  by  this  model  during  a  similar                   

experimental  study.  Though  the  TUFFP  model  employs  a  two-fluid  approach,  its  performance  is  not  as                 
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expected  (APPE=186.73,  APE=-186.73).  The  simplifica�on  of  the  stra�fied  and  annular  flow  regimes  into               

one  regime  could  be  posing  challenges  to  efficient  pressure  gradient  predic�on.  In  addi�on,  the  TUFFP                 

model  [24]  develops  correla�ons  for  the  various  flow  regimes  via  slug  flow.  The  same  basic  equa�ons  are                   

used  to  predict  the  flow  pa�ern,  pressure  gradient,  liquid  holdup  and  other  flow  behaviours  [79].                 

Selec�on  of  closure  rela�onships  (for  instance,  we�ability,  interfacial  fric�on  factor  and  wall  fric�on               

factors),  may  not  be  consistent  with  the  hydrodynamic  models  used  as  highlighted  by  the  authors  [24]                  

has  been  recently  demonstrated  by  Karami  et  al.  [80].  The  performance  of  the  Beggs  and  Brill  model  [19]                    

is  also  not  as  expected  (AAPE=131.98)  with  high  over-predic�on  (APE=-131.98).  Similarly,  overpredic�on              

of  the  Beggs  and  Brill  model  was  observed  by  Karami  et  al.  [14]  in  their  three-phase  flow  studies.  This                     

could  be  emana�ng  from  the  limita�ons  of  the  empirical  nature  of  the  model.  Under  low  liquid  loading                   

condi�ons  large  slip  occurring  between  the  gas  and  liquid  phases  due  to  large  velocity  differences  is  not                   

accounted  for.  Again,  the  model  does  not  account  for  present  shear  stresses  which  occur.  On  the  other                   

hand,  it  employs  a  Blasius-type  fric�on  factor  applicable  to  single-phase  flows.  For  the  calcula�on  of  the                  

fric�onal  pressure  drop,  the  model  employs  no-slip  condi�ons  in  the  two-phase  fric�on  factor               

calcula�on  as  well  as  the  density  which  fails  to  describe  to  phenomenon  in  the  flow  regime.  Addi�onally,                   

the  Beggs  and  Brill  model  was  developed  based  on  data  obtained  using  air-water  mixtures  and  smaller                  

pipes.  These  condi�ons  differ  from  what  was  obtained  for  the  study.  These,  combined  with  its  difficulty                  

to   sa�sfactorily   predict   the   flow   pa�ern   could   be   influencing   the   low   predic�on   performance   observed.   
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Figure   13:   Comparison   of   pressure   drop   predic�on   for   (a)   0%   (b)   30%   (c)   60%   and   (d)   90%   water-cuts   

Though  the  TUFFP  model  employs  a  two-fluid  approach,  its  performance  is  not  as  expected                

(APPE=186.73,  APE=-186.73).  The  simplifica�on  of  the  stra�fied  and  annular  flow  regimes  into  one               

regime  could  be  posing  challenges  to  efficient  pressure  gradient  predic�on.  In  addi�on,  the  TUFFP  model                 

[24]  develops  correla�ons  for  the  various  flow  regimes  via  slug  flow.  The  same  basic  equa�ons  are  used                   

to  predict  the  flow  pa�ern,  pressure  gradient,  liquid  holdup  and  other  flow  behaviours  [79].  Selec�on  of                  

closure  rela�onships  (for  instance,  we�ability,  interfacial  fric�on  factor  and  wall  fric�on  factors),  may  not                

be  consistent  with  the  hydrodynamic  models  used  as  highlighted  by  the  authors  [24]  has  been  recently                  

demonstrated  by  Karami  et  al.  [80].  The  performance  of  the  Beggs  and  Brill  model  [19]  is  also  not  as                     

expected  (AAPE=131.98)  with  high  over-predic�on  (APE=-131.98).  Similarly,  overpredic�on  of  the  Beggs             

and  Brill  model  was  observed  by  Karami  et  al.  [14]  in  their  three-phase  flow  studies.  This  could  be                    

emana�ng  from  the  limita�ons  of  the  empirical  nature  of  the  model.  Under  low  liquid  loading  condi�ons                  

large  slip  occurring  between  the  gas  and  liquid  phases  due  to  large  velocity  differences  is  not  accounted                   

for.  Again,  the  model  does  not  account  for  present  shear  stresses  which  occur.  On  the  other  hand,  it                    

employs  a  Blasius-type  fric�on  factor  applicable  to  single-phase  flows.  For  the  calcula�on  of  the                

fric�onal  pressure  drop,  the  model  employs  no-slip  condi�ons  in  the  two-phase  fric�on  factor               

calcula�on  as  well  as  the  density  which  fails  to  describe  to  phenomenon  in  the  flow  regime.  Addi�onally,                   

the  Beggs  and  Brill  model  was  developed  based  on  data  obtained  using  air-water  mixtures  and  smaller                  

pipes.  These  condi�ons  differ  from  what  was  obtained  for  the  study.  These,  combined  with  its  difficulty                  

to  sa�sfactorily  predict  the  flow  pa�ern  could  be  influencing  the  low  predic�on  performance  observed.                

Es�ma�on  of  the  total  pressure  gradient  using  the  Lockhart  and  Mar�nelli  model  requires  determina�on                

of  dimensionless  pressure  parameters  (func�ons  of  fluid  proper�es  and  the  phase  flow  rates).  Though                

the  model  is  flow  regime  independent,  it  a�empts  to  capture  the  physical  behaviour  of  the  liquid  and                   
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gas  phases  using  the  liquid  and  gas  Reynolds  numbers.  Further,  u�lisa�on  of  data  obtained  by  using                  

liquid  of  varied  viscosi�es  provide  an  inherent  ability  to  manage  fluctua�ons  in  liquid  viscosi�es,  a                 

property  which  is  observed  when  it  is  evaluated  using  three-phase  flow  data.  These,  perhaps,  provide                 

reasons  for  its  sa�sfactory  performance.  It  appears,  however,  that  sole  use  of  the  Reynolds  number  is                  

inadequate  to  fully  describe  the  dynamics  of  the  flow.  Iden�fica�on  and  applica�on  of  other                

dimensionless  numbers  for  this  purpose  could  improve  predic�ons  significantly.  The  performance  of  the               

Mukherjee  and  Brill  model  is  sa�sfactory  (AAPE=60.33).  For  pressure  gradient  predic�on,  the  model               

employs  a  two-fluid  model  for  stra�fied  flow  and  an  empirical  model  for  annular  flow.  Considering  the                  

poten�al  limita�ons  posed  by  the  empirical  correla�on,  it  is  possible  the  observed  performance  of  the                 

model   is   derived   from   predic�ons   of   the   stra�fied   flow   data   which   is   dominant.   

It  has  been  shown  that  the  three-phase  flow  systems  exhibit  similar  characteris�cs  akin  to  two  the                  

two-phase  flow  systems  (sec�ons  3.1-  3.4).  For  this  experimental  data,  it  is  found  that  models’                 

predic�ons  are  also  reasonable  for  three-phase  flow  systems  (Figure  13b-d).  It  is  surprising,  however,  to                 

observed  that  the  performance  of  all  models  improves  as  water  content  increases.  As  water-cut                

increases,  water  gradually  becomes  the  con�nuous  medium  and  the  gas-liquid  mixture  tends  to  become                

more  like  an  air-water  two-phase  flow  system.  At  90%  water-cut,  water  becomes  the  con�nuous  liquid                 

phase  mimicking  the  liquid  proper�es  used  for  correla�on  development  or  valida�on.  At  30%  water-cut,                

both  the  Beggs  and  Brill  [19]  and  TUFFP  models  present  errors  of  more  than  100%.  For  the  Beggs  and                     

Brill  model,  this  can  be  a�ributed  to  the  differences  in  liquid  viscosity  and  the  related  shear  stress  it  does                     

not  account  for.  The  predic�on  errors  of  the  rest  fall  below  85%  with  the  lowest  offered  by  the                    

Mukherjee  and  Brill  model  (AAPE=70.24).  At  water-cut  of  60%,  however,  the  Lockhart  and  Mar�nelli                

model  exhibits  the  best  performance  (AAPE=46.76)  followed  by  the  Xiao  et  al.  model  (AAPE=52.91).  All                 

models  exhibit  their  best  performance  at  water-cut  of  90%.  As  suggested,  this  could  be  a�ributed  to                  

favourable  liquid  proper�es.  It  is  also  observed  that  the  Mukherjee  and  Brill  model  [21]  exhibits  similar                  

performances   with   the   Xiao   et   al.   [23]   model   at   90%   water-cut.     

When  model  predic�ons  are  assessed  over  the  en�re  data  (two-  and  three-phase  flows),  it  is  observed                  

that  the  Lockhart  and  Mar�nelli  [20],  Mukherjee  and  Brill  [21]  as  well  as  the  Xiao  et  al  [23]  models  have                      

rela�ve  low  predic�on  errors  (AAPE=54.09,61.93,56.71  respec�vely).  In  addi�on,  it  is  observed  that              

overpredict   the   data.   The   Xiao   et   al   [23]   offers   the   least   overpredic�on   (APE=-0.28).     
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4 Conclusions   

An  experimental  study  has  been  conducted  using  air  and  oil  as  well  as  gas  and  homogeneously  mixed  oil                    

and  water  at  different  water-cuts  at  low  liquid  condi�ons  with  the  view  to  evaluate  predicted  target  flow                   

characteris�cs  (flow  pa�ern,  liquid  holdup  and  pressure  gradient)  of  selected  exis�ng  models.  The               

following  salient  conclusions  can  be  made  from  the  study.  Stra�fied  smooth,  stra�fied-wavy  and               

stra�fied-annular  flow  pa�erns  were  observed  during  the  experiment.  2D,  3D  and  roll  waves  were                

observed  as  superficial  gas  velocity  increased.  Water-cut  affected  the  flow  pa�ern,  shi�ing  the  transi�on                

boundary  between  stra�fied-wavy  and  stra�fied-annular  to  the  le�,  towards  lower  gas  superficial              

veloci�es.  The  influence  of  water-cut  on  pressure  drop  and  liquid  holdup,  however,  was  found  to  be                  

negligible.  With  regard  to  flow  pa�ern  predic�on,  the  Xiao  et  al  [23]  model  exhibits  an  outstanding  and                   

consistent  agreement  with  our  experiments  for  all  water-cuts  and  over  the  en�re  set  of  data  points.  The                   

performance  of  the  other  models  fluctuates  at  different  water-cuts.  This  could  be  because  they  were                 

developed  with  data  from  a  myriad  of  sources  which  do  not  necessarily  account  for  water-cut.  Their                  

performance  over  the  en�re  database  is  not  sa�sfactory.  The  Xiao  et  al.  (1990)  model  demonstrates  a                  

be�er  performance  when  the  accuracy  of  models  is  evaluated  for  liquid  holdup  predic�on.  The  model                 

presents  predic�ons  with  compara�vely  low  error.  The  TUFFP  model  exhibits  the  second-best              

performance.  The  predic�on  errors  of  the  Lockhart  and  Mar�nelli  model  are  rela�vely  high,  possibly                

because  it  was  developed  to  be  flow  regime  independent,  where  there  is  li�le  interfacial  slip  between                  

the  gas  and  liquid  phases.  When  the  models  are  assessed  based  on  the  liquid  holdup  values  it  is  found                     

that  the  Xiao  et  al.  (1990)  model  has  the  best  performance  in  all  categories.  Generally,  the  Lockhart  and                    

Mar�nelli,  Mukherjee  and  Brill  as  well  as  the  Xiao  et  al  models  predict  the  pressure  drop  data  with                    

acceptable  accuracies  for  the  air–water–oil  flows  studied.  The  performance  of  the  Lockhart  and               

Mar�nelli  correla�on  is  a�ributable  to  its  ability  to  capture  flow  condi�ons  and  also  inherent  manage                 

fluctua�ons  in  liquid  viscosi�es.  The  performance  of  the  Mukherjee  and  Brill  can  be  a�ributed  to  the                  

efficiency  of  the  two-fluid  model  employed  for  the  stra�fied  flow  data.  The  efficiency  of  the  Xiao  et  al.                    

model  is  a�ributable  to  its  ability  to  capture  the  flow  dynamics  in  the  stra�fied  and  annular  flow                   

regimes.   

Nomenclature   

  we�ed   wall   frac�on   [-]   

  minimum   we�ed   wall   frac�on   [-]   
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  Liquid   Holdup   [-]   

  Froude   Number   [-]   

  cri�cal   superficial   gas   velocity   (m/s)   

  diameter   of   pipe   (m)   

  area   of   pipe   ( )   

  total   perimeter   of   the   pipe   (m)   

  area   occupied   by   gas   and   liquid   phases   ( )   

  velocity   (m/s)   

  slug   or   mixture   velocity   (m/s)   

  mixture   velocity   (m/s)   

  density     

  surface   tension   (N/m)   

  gas   void   frac�on   [-]   

  pipe   roughness   (m)   

  film   thickness   (m)   
S sheltering   coefficient   [-]   

  dynamic   viscosity   (mPa   s)   

  accelera�on   due   to   gravity     

  non-dimensional   film   thickness   [-]   

  liquid   velocity   number   [-]   

  gas   velocity   number   [-]   

  liquid   viscosity   number   [-]   

  angle   of   inclina�on   ( )   

  angle   subtended   by   interface   (radians)   

  transi�onal   liquid   velocity   number   [-]   

  transi�onal   gas   velocity   number   [-]   
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  no-slip   liquid   holdup   [-]   

  Liquid   droplet   entrainment   frac�on   [-]   

  Lockhart   and   Mar�nelli   parameter   [-]   

  Blasius   two-phase   fric�on   factor   constants   [-]   

   pressure   gradient   (kPa/m)   

  coefficients   [-]   

  liquid   film   holdup   [-]   

  liquid   slug   holdup   [-]   

  fric�on   mul�plier   [-]   

,     shear   stresses   at   the   gas-wall   and   liquid   wall   interfaces   ( )   

  shear   stress   at   the   gas-liquid   interface   ( )   

  length   of   the   liquid   interface   (m)   
WC water-cut   

,   two-phase   fric�on   factor   [-]   

  Reynolds   Number   [-]   
  

Sub-scripts   

  liquid     

  gas   

  water   

  superficial   gas   

  superficial   liquid     

gas   core   
T transla�onal     
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