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ABSTRACT 

 

APPLICATION OF ISOKINETIC SAMPLING TECHNIQUE FOR LOCAL 

SOLID DENSITIES IN UPWARD LIQUID-SOLID FLOWS THROUGH AN 

ANNULUS  

 

CAMÇI,  Gülden 

 

M.  Sc . ,  Depar tment  o f  Chemica l  Eng ineer ing 

Superv isor :  Prof .  Dr .  Tü lay A.  Özbe lge 

 

September ,  2003,  150 pages 

 

  

In th is  s tudy,  rad ia l  so l id  dens i ty  d is t r ibut ions in upward 

f lowing water- fe ldspar mixtures through a concentr ic  annulus were 

invest igated.  Local  so l id dens i ty  measurements were per formed at  a  

test cross-sect ion in the fu l ly  developed f low region of  a concentr ic  

annulus,  which is  a part  of  a c losed-loop system cons is t ing of  a head 

tank,  a var iab le speed s lurry pump, an or i f icemeter,  a heat exchanger,  

an annu lus,  a temperature probe,  and a dra in l ine.   The so l id part ic les 

with mean diameters of 72 and 138 µm at two di f ferent feed sol id 

concentrat ions of  1 and 2 % v/v were used in the prepared s lurr ies.   

The dependent var iab les be ing loca l  so l id  dens i ty ,  loca l  mixture 

ve loc i ty ,  and ax ia l  f r i c t iona l  pressure drop a long the test-sect ion,  an 

exper imenta l  work was performed to obta in the radia l  so l id dens i ty 

prof i les  and ax ia l  pressure grad ients  at  d i f ferent  operat ing condi t ions.   

 

To determine the local  so l id densi t ies ,  a  sampl ing probe was 

used. At the beginning, this probe was used as a pitot tube to 

measure the local  veloc i t ies in the test cross-sect ion.  Mak ing use of  

these data,  loca l  so l id  dens i t ies  were measured wi th the same probe 

under i sok inet ic  and nonisok inet ic  cond i t ions to  compare both.   
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For th is  purpose,  an isok inet ic  sampl ing uni t  was des igned and 

constructed to withdraw the samples under isokinet ic  f low condit ions,  

at  which the sampl ing veloc i ty in the probe equated to the true f low 

veloc i ty in the annulus very c lose ly.  The required constant back-

pressure was suppl ied by pressur ized N2 gas to equate these 

ve loc i t ies to each other.  The amounts of  so l ids in the s lurry samples 

co l lected at  seven d i f ferent radia l  locat ions in the test  area under 

isokinet ic a nd non -isok inet ic  condi t ions were determined by the 

grav imetr ic  method.   

 

Loca l  so l id dens i t ies showed more uni form trends at  the feed 

sol id concentrat ion of 1% v/v than those at 2% v/v. Increasing the 

feed so l id concentrat ion and part ic le s ize changed the shape of these 

prof i les .  The obta ined loca l  so l id  dens i t ies  were genera l ly  h igher  near  

the outer wal l  than those near the inner wal l ;  th is  resul t  was 

cons istent with the l i terature.  As a genera l  t rend, loca l  so l id dens i t ies 

showed a decreas ing trend at  ar ound a d imens ion less rad ia l  d is tance 

of λ=0.4, where the s lurry ve loc i ty prof i le  had i ts  maximum value.  I t  

was observed that the two- phase ax ia l  f r ic t ional  pressure gradients 

a long the test  sect ion in the fu l ly  developed f low region increased 

wi th  increas ing feed so l id  concentrat ion and the part ic le  s ize at  a  

constant  s lurry  f low rate.   

 

Isok inet ic  sampl ing resul ts  showed that the loca l  so l id dens i t ies 

increased cons is tent ly  wi th the increas ing s lurry  ve loc i ty  at  a l l  rad ia l  

d istances in the annular gap, whi le th is  t rend was not observed c lear ly 

in  the non-isok inet ic  measurements.  A lso the var iat ions of  the loca l  

so l id dens i t ies a long the radia l  d is tance were more obvious in the 

isokinet ic  resul ts whi le these var iat ions were obscured under 

nonisok inet ic  condi t ions by the exper imenta l  error  at  a h igher leve l .    

 

 

 

Keywords :  Loca l  so l id  dens i ty;  Isok inet ic  sampl ing; Two- phase ax ia l  

f r ic t iona l  pressure drop; Radia l  so l id  concentrat ion d is t r ibut ion;  

Annular f low. 
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ÖZ 

 

ESMERKEZLI IKI  BORU ARASINDAKI YUKARI YÖNLÜ SIVI- KATI  

AKISLARINDA LOKAL KATI DERISIMLERI IÇIN IZOKINETIK ÖRNEKLEME 

TEKNIGININ UYGULANMASI 

 

CAMÇI,  Gülden 

 

Yüksek L isans Tez i ,  K imya Mühendis l ig i  Bö lümü 

Tez Yönet ic is i :  Prof .  Dr.  Tülay A.  Özbelge 

 

Ey lü l  2003,  150 sayfa 

 

         

Bu ça l i smada esmerkezl i  i k i  boru aras inda (annulus)  yukar i  

yön lü  akan su-fe ldspat kar is imlar in in bö lgese l  kat i  yogunlugu 

dagi l imlar i  ince lenmist i r .  Bö lgese l  kat i  yogunlugu ö lçümler i  annulus ’un 

tam gel ismis  ak is  a lan indak i  kes i t inde ö lçü lmüstür  ve annulus ’un dahi l  

o ldugu kapal i - devre s istemde bir  bes leme tanki ,  b i r  h iz i  ayar lanabi len 

çamur pompas i ,  b i r  or i f i smetre,  b i r  i s i  deg is t i r i c i ,  b i r  s icak l ik  sondas i  

ve bir  bosaltma hatt i  yer a lmaktadir .  Çamur kar is imlar i  72 ve 138 

mikron olmak üzere ik i  degis ik büyüklükte kat i  parçacik kul lan i larak ve 

hacimsel o larak %1 ve 2 olmak üzere ik i  degis ik kat i  besleme 

konsantrasyonunda haz i r lanmist i r .  Degis ik  ça l i sma kosu l lar inda radya l  

yöndeki  kat i  yogunlugu prof i l ler i  ve test bölges indeki  eksenel  

sürtünmel i  bas inç kay ip lar in i  e lde etmek iç in gerçek les t i r i l en 

deneylerde,  bagiml i  degiskenler:  bö lgese l  kat i  yogunlugu,   bö lgese l  

kar is im h iz i  ve test  bö lges indeki  eksenel  sürtünmel i  bas inç kaybi  

o lmustur .   

 

 Bölgesel  kat i  yogunlukar i  b i r  örnekleme sondasi  ku l lan i larak 

ö lçülmüstür.  Bu sonda bas langiçta bölgesel  h iz lar i  bulmak iç in b ir  p i tot  

tüp olarak kul lani lmist i r .  Bu ver i ler  kul lani larak, bölgesel  kat i  
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yogunluk lar i  ayni  örnekleme sondas iy la izok inet ik ve kars i last i rma 

yapmak amaciy la izok inet ik  o lmayan sart larda da gerçek lest i r i lmist i r .   

 

 Bu amaç la , numuneler i  i zok inet ik  örnek leme sart lar i  a l t inda 

a labi lmek iç in b i r  izok inet ik örnekleme ünites i  tasar lanmis ve 

kurulmustur.  Bu durumda sondadaki  örnekleme hiz iy la gerçek ak is  

h iz in i  çok yakin o larak es i t lemek mümkün olmaktadir .  Hiz lar i  es i t lemek 

için ger ek l i  o lan sab i t  dengeley ic i  bas inç,  Azot  gaz i  i le  sag lanmist i r .  

Test  a lanindaki  yedi  degis ik radyal  noktada a l inan izok inet ik ve 

izok inet ik o lmayan sart lardaki  numuneler in iç indeki  kat i  miktar lar i  

grav imetr ik  yöntemle tay in edi lmist i r .   

 

 Hac imsel  o larak % 1 kat i  bes leme konsantrasyonunda e lde 

edi len bölgesel  kat i  yogunluklar i ,  % 2 kat i  bes leme konsantrasyonuna 

göre daha tekdüze bir  davranis göstermist i r .  Artan kat i  parçac ik 

konsantrasyonu ve parçac ik büyüklügü, bölgese l  kat i  konsantrasyonu 

graf ik ler in in se k l in i  degist i rmist i r .  Bö lgese l  kat i  yogunluk lar i  genel l ik le  

l i teratürdeki  ça l ismalara benzer o larak annulus ’un d is  duvar i  c ivar inda 

iç duvar yakin indaki lere göre daha faz la bulunmustur.  Kat i  

yogunluklar i  λ=0.4 olan boyutsuz b ir  radyal  uzakl ikta,  h iz prof i l ler in in 

maks imum oldugu noktada,  genel  o larak aza lan b i r  t rend göstermist i r .  

Test  bö lümü boyunca tam gel ismis ak is  bö lges inde ik i - faz  eksene l  

sürtünmel i  bas inç degis imler in in sabi t  b i r  kar is im hiz inda,  artan kat i  

bes leme konsantrasyonu ve parçac ik büyüklügüy le ar t t ig i  

göz lemlenmist i r .   

 

 Izok inet ik  örnek leme sonuç lar i ,  bö lgese l  kat i  yogunluk lar in in 

ar tan kar is im h iz iy la  her radyal  uzak l ik ta ar t t ig in i  göstermektedi r .  Bu 

davranis ,  izok inet ik o lmayan sart larda yapi lan ö lçümlerde net o larak 

göz lenememist i r .  Ayr ica,  bö lgese l  kat i  yogunluk lar indaki   radyal  

uzak l ik  boyunca gerçek lesen degis imler  izok inet ik  örnek leme 

sart lar inda daha aç ik  o larak iz lenebi lmist i r .  Izok inet ik  o larak 

yapi lmayan ö lçümlerde bu degis imler daha yüksek deneysel  hatanin 

etk is iy le aç ikça gözle nememist i r .  
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Anahtar Sözcükler:  Bölgesel  kat i  yogunlugu; Izok inet ik örnekleme; 

Ik i-faz l i  eksenel  sürtünmel i  bas inç kaybi;  Radyal  kat i  konsantrasyon 
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                         CHAPTER 1 

 

 

 INTRODUCTION 

 

 

 

  Mul t iphase f lu id  systems conta in  more than one phase,  a t  least  

one of them being a f lu id.  The disperse phase may consist  of  sol id 

part ic les,  gas bubbles,  or l iquid droplets when the cont inuous phase is  

a l iquid. T he dynamics of  mul t iphase systems compr ises of  mass,  

energy,  charge,  and momentum transports  in these systems.  

Mult iphase systems might have gas-sol id part ic les,  gas- l iqu id droplets ,  

l iquid -gas bubbles,  l iqu id- l iqu id drop lets ,  and l iqu id-so l id part ic les.  

The las t  sys tem has app l i cat ions  in  f lu id i zed beds,  f lo ta t ion,  and 

sed imentat ion [1 ]. 

 

There are two methods of approach to the dynamics of 

mul t iphase systems: ( i ) .  cons ider ing the dynamics of  a  s ing le  part ic le  

and then extending i t  to a mult iphase system in an ana logous fash ion,  

l ike in  molecu lar  (k inet ic)  theory of  gases.  ( i i ) .  invest igat ing the 

cont inuum mechanics of  s ingle -phase f lu ids,  then us ing a s imi lar  way 

to expla in what happens in the presence of part ic les.  K inet ic  theory of  

gases is based on the molecular  interact ions,  which can be cons idered 

analogous to interact ions among part ic les .  Genera l ly ,  the shapes of  

the part ic les in mult iphase systems are not spher ica l .  To make 

i r regular  shapes as ideal ,  part ic les are assumed to be as spher ica l .  

Smal l  l iqu id droplets attempt to be spher ica l  because of  the surface 

tension phenomenon. I f  f ie ld ef fect or gravi ty comes into p icture,  

droplets  tend to have shapes that  cause min imum potent ia l  or  

smal les t  res is tance to f low [1 ]. 
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The factors  that  a f fect  the so l id- l iqu id  f lows can be s ta ted as  

fo l lows: part ic le- part ic le interact ion, the v i r tual  mass affect ,  part ic le 

inert ia ,  cross ing -tra jector ies ef fect ,  drag,  turbulence,  and the Magnus 

effect .  I f  the volumetr ic concentrat ion of sol ids is  less than 0.3%, the 

par t i cl e-part ic le interact ions are considered to be negl ig ib le for 

spher ica l  part ic les [ 2] .  When hav ing neutra l ly  buoyant part ic les ,  

ve loc i ty of  so l id phase and ve loc i ty of  f lu id are accepted as equal  in 

the laminar f low regime even i f  the concentrat ion of  so l id s  i s  large 

([3 ],[4 ] ) .  Part ic le  interact ions can be neglected in d i lute s lurr ies [5 ] . 

 

 Part ic le  behavior  in gas- so l id f lows depends on [ 6]:   

1 .  Drag force (due to s l ip  ve loc i ty) 

2. L i f t  force (because of the rotat ion of part ic les and gas veloc i ty 

grad ient) 

3.  Grav i ty  force ( important  for  hor izonta l  f low) 

4. Part ic le- part ic le  and part ic le- wal l  interact ions 

5.  E lectrostat ic  forces 

 

 Transportat ion of  so l id- f lu id mixtures f inds many use in 

industry;  such as food process ing and ster i l i zat ion operat ions [ 7-9 ].  

The des ign of  s ter i l i zat ion equipment i s  d i f f i cu l t  because of  the 

complex i ty in predict ing the ve loc i ty and heat t ransfer  rates.  These 

parameters af fect  the qual i ty  of  the product  [ 10 ].  Suspens ion f lows 

have largely been used in the transportat ion of sol id raw mater ia l s ,  

products ,  so l id  wastes and s ludges [11] ,  min ing and benef ic ia t ion 

plants [ 12 ].  A lso c i rcu lat ing f lu id ized beds,  hydraul ic  t ransportat ion of  

minera ls  and ores,  min ing and benef ic iat ion p lants,  minera l  and 

chemica l  process industr ies,  chemica l  and foss i l  energy app l i cat ions 

are some of  the other examples of  s lurry f lows [13] .  I f  the f lows of  

such kind of mixtures are not understood wel l  enough, i t  causes some 

inef f ic ienc ies in the use of  the equipment or some problems in the 

operat ions depending upon the improper des ign of  them. This  subject  

is  not c lear enough yet.  Most of the present def ic iencies are ra ised 

f rom the lack of  exper imenta l  data [ 14 ] . 
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         Di f ferent f low patterns can be observed in l iqu id-so l id  f lows as  

in the other f low systems. Geometry of  the system, operat ing 

condi t ions and phys ica l  propert ies of  the f lu ids,  a l together af fect  the 

f low pattern [15 ].  Internal  f low pattern plays a ro le in the 

performance of  a system. By knowing the loca l  concentrat ions,  th is  

phenomenon could be understood. A lso pressure drop, corros ion,  

eros ion,  and power requirements depend on the concentrat ion of  

so l ids in s lurry systems [13 ] .  Est imat ion of the pressure drop in s lurry 

pipel ine design is not easy because of the complexity of the process. 

Shape and s ize d istr ibut ions of  so l id part ic les are s igni f icant factors in 

predict ing the pressure drop through a pipel ine, which is very 

important in the des ign of  hydrotransport  systems [11 ].  On the other 

hand, restr ic ted amount of  exper imenta l  data makes d i f f icu l t  to get 

va l id est imat ions for  large-sca le  p lants  [ 16 ] . 

 

  Pressure drop increases when the so l id part ic les are present 

in the f lu id,  s ince the veloc i ty between the sol id part ic les  ( interst i t ia l  

ve loc i ty)  i s  h igher than the superf ic ia l  ve loc i ty .  Another  reason 

y ie ld ing higher pressure drops in the presence of sol id part ic les is  

because of the higher turbulence in sol id - l iquid f low than that in 

s ingle- phase f low, and due to the increase in the form drag [17 ]. 

 

  The appl icat ion of  upward l iqu id-so l id f lows in hydraul ic 

t ransport  in industry require the operat ing veloc i ty being h igh enough 

to keep the cont inuous f low of  so l ids .  Nonethe less ,  h igh ve loc i ty  

causes excess energy losses or somet imes p ipe wear [18 ].  In the 

hydraul ic  t ransportat ion of  sett l ing  so l ids  in  hor izonta l  p ipes,  the 

t ransport  ve loc i t ies  smal ler  than the suspending ve loc i ty  are used at  

most of the t ime, to be more economical  [19 ].  S lurry f low in p ipes is  

d i f ferent f rom the homogeneous l iquid f low in severa l  aspects:  for the 

la t ter  case, the nature of the f low depends on the physica l  propert ies 

of the f lu id,  whi le for the former case two di f ferent types of f low 

af fect  the system: 

 

i )  Homogeneous s lurr ies:  These s lurr ies have uni form sol id part ic le 

d istr ibut ion in l iquid medium. S ize of  th e part ic les is  very smal l  ( f ine) 

and so l id concentrat ion is  h igh.  
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i i )  Heterogeneous s lurr ies:  Distr ibut ion of  the so l id part ic les is  not 

uni form. There are concentrat ion gradients through the vert ica l  ax is  

of  a hor izontal  p ipe, even at h igh f low rates,  s i nce the so l id  and f lu id 

phases keep their  ident i t ies so that part ic le- f lu id interact ions may be 

s igni f icant .  Part ic le s izes are larger and so l id concentrat ion is  lower 

than the homogeneous s lurr ies  [11] . 

    

  To be able to predict  the pressure gradients for  s lurr ies  f lowing 

in hor izonta l  p ipes more correct ly ,  s lurr ies  can be d iv ided into two 

main groups:  set t l ing and non-set t l ing .  In  non-set t l ing s lur r ies ,  the 

mixture is  assumed to behave as a homogeneous f lu id and the sett l ing 

tendency of sol id part ic les cou ld be neglected.  However,  set t l ing 

s lurr ies  are cons idered as two- phase mixtures and set t l ing ve loc i ty  of  

so l ids cannot be ignored. Four f low patterns can be def ined for 

s lurr ies:  s tat ionary bed,  s l id ing bed,  heterogeneous suspens ion,  and 

pseudo -homogeneous suspens ion [20] .  F low veloc i ty wel l  above the 

terminal  ve loc i ty of  part ic les prevents the sett l ing of  so l ids in vert ica l  

p ipe l ines,  whi le turbulence prevents the sett l ing of  so l ids in hor izonta l  

p ipe l ines [11 ]. 

 

 Exper imenta l  s tud ies  re lated wi th upward l iqu id-so l id  f lows 

have been performed for years.  Nevertheless,  exper imental  work 

about annular geometry is  not encountered prevalent ly .  A l though, i t  

has large app l icat ion areas in  industry ,  the complex i ty  in  ana lyz ing 

the system prevents to get  enough data.  Double p ipe heat 

exchangers,  nuc lear  reactor  coo lers ,  extruders ,  s lurry t ransport  

reactors ,  and f lu id ized beds are some of  the examples f rom industry  

[21 ]. 

 

 Knowledge of  rad ia l  so l id phase concentrat ion d ist r ibut ion is  

necessary in model ing the t ransport processes in d ispersed f low 

systems [22 ].  Loca l  so l id  concentrat ions in  such systems can be 

determined by severa l  methods such as with vert ica l  counter f low 

meters,  stra ight p ipe concentrat ion meters,  γ- Ray beam absorpt ion,  

u l t rason ic  methods,  photographic methods,  conduct iv i ty methods,  and 

isokinet ic sampl ing. Isokinet ic sampl ing is chosen s ince i t  is  the best 
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for  the set- up that wi l l  be studied due to economical  and pract ica l  

reasons.  This system is  not expensive,  and i ts  construct ion is  easy.  

Isok inet ic  sampl ing condi t ion is  sat is f ied when the undis turbed f low 

veloc i ty and the withdrawal  ve loc i ty with in the sampl ing probe are 

equal  to each other .  Mixture is  f lowing in a large f low area before 

coming to the sampl ing tube.  Ve loc i ty  of  the mixture changes due to 

the presence of the sampl ing tube, which restr icts the f low area. In 

th is  s i tuat ion ve loc i ty increases because of  the decrease in the 

d iameter.  To equal ize the veloc i t ies f lowing in the p ipe and with in the 

sampl ing tube,  i sok inet ic  sampl ing i s  used.   

 

 Pred ic t ion of  rad ia l  so l id  dens i ty  d is t r ibut ions i s  c ruc ia l  

especia l ly  in food industry.  Design of the process equipment depends 

on those predict ions.  Power,  operat ing cost ,  and heat transfer rates 

are affected by densi ty d istr ibut ions.  These a l tog ether af fect  the 

qua l i ty  of  the product .  For  example,  in  the des ign of  a  s ter i l i zer ,  

conservat ive assumpt ions made due to the lack of  data wi l l  cause a 

product  that  is  commerc ia l ly  ster i le ,  but  wel l  overcooked, less 

des i rab le and hea l thy for  the consumer [ 9] .  The measurement  of  

rad ia l  loca l  so l id  dens i t ies  was per formed prev ious ly  [21 ] i n  the  same 

set-up under non-isok inet ic  sampl ing condi t ions.  These resu l ts  d id not  

g ive cons istent  t rends.  Therefore,  the a im of  th is  study is  to des ign 

and construct  an isokinet ic  sampl ing uni t  for  the accurate 

measurement of  loca l  so l id dens i t ies in upward l iqu id-so l id  f lows 

through same the concentr ic  annulus of  the c losed -loop system used 

in the prev ious study [21 ],  thus to obta in re l iab le and reproduc ib le 

exper imenta l  data necessary for  the model ing and des ign of  these 

systems. The resu l ts  between non- isok inet ic  and isok inet ic  sampl ing 

wi l l  be compared to exp la in the reasons of  get t ing d i f ferent  t rends in 

so l id dens i ty prof i les.  
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CHAPTER 2 

 

 

LITERATURE SURVEY  

 

 

 

Hydraul ic  t ransportat ion of  so l id waste,  coa l  and minera ls  is  

more economica l  and ecologica l  over the convent ional  t ransportat ion 

techniques.  Many exper imenta l  s tud ies were performed re lated wi th 

s lurry f lows and some corre lat ions were obta ined in terms of  

measurable quant i t ies .  However,  many of  the corre lat ions are l imi ted 

due to the short  range of  examined var iab les.  Analyt ica l  s tudies are 

restr icted s ince the f low nature of such mixtures is  rather complex 

[23 ].  Suspension f low f inds use in the transportat ion of  so l id raw 

mater ia ls ,  products ,  so l id  wastes,  and s ludges.  I t  i s  necessary to 

s impl i fy  the condi t ions to use corre lat ions.  For instance,  a l though 

s lurr ies cons is t  of  mixed s ized of  part ic les ,  mean va lue of  the 

diameters is  taken. Also part ic le sha pe is a factor to f ind the part ic le 

s i ze  d is t r ibut ion and i t  i s  assumed to have spher ica l  shape for  a l l  

part ic les [ 11 ] . 

 

Some examples for gas- sol id type of  t ransportat ion are so l id-

propel lant rockets,  nuc lear- propuls ion equipment,  H-i ron processes ,  

and pneumat ic  convey ing [24] .  Some other industr ia l  examples of gas -

so l id f lows can be g iven as fo l lows: moving bed cata lyt ic  reactors,  

combust ion of  meta l l i zed propel lant  in rocket  nozz les,  pneumat ic  

convey ing dev ices,  nuc lear  reactor  cool ing,  and gas- so l id  separator  
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systems. Design and contro l  of  such systems need the knowledge of 

loca l  concentrat ion and loca l  ve loc i ty of  gas and so l id phases s ince 

s l ip  ve loc i ty  i s  needed [25] . 

 

F low character ist ics of sol id - l iqu id s lurr ies  were searched in 

hor izonta l  p ipe l ines [23 ].  To f ind pressure drop and shear st ress at  

the p ipe wal l ,  mix ing length theory was used. Model ing was performed 

cons ider ing the two- phase f lu id as a var iable densi ty f lu id.  Veloc i ty 

prof i les were found by so lv ing the proper Navier-Stokes equat ions.  

Thus,  var ious f low parameters were determined. A s imi lar  approach 

was used in model ing the upward f low of d i lute s lurr ies through a 

concentr ic  annulus [ 26 ] .   

 

 Exper iments were performed to be able to understand the ef fect  

of  so l id part ic les on f lu id turbulence for  fu l ly  developed s lurry f lows 

[27 ].  Upward f low of so l id-water  suspens ions was stud ied in  a p ipe.  A 

ve r t i ca l  3- in ID pyrex p ipe was used and sol id concentrat ion range 

changed f rom 0.5 to 2.5 % v/v.  So l id  part ic les  were g lass and copper 

spheres.  Samples were taken at d i f ferent pos i t ions a long the d iameter 

at  d i f ferent  d is tances f rom the in jector .  The potass ium chlor ide 

content  (d i f fus ing content)  of  the samples was analyzed by measur ing 

the e lectr ica l  conduct iv i ty  of  the samples.  I t  was reported tha t ,  i f  

average s l ip ve loc i ty between the sol id and the f lu id was smal l ,  then 

sol ids had not a s igni f icant ef fect  on the d i f fus ion rate of  KCl  in low 

so l id  concentrat ion cases.  A lso d i f fus ion rate was invest igated in  the 

turbulent f low region. Rate of di f fus ion to the f lu id was affected by 

the concentrat ion of  so l ids and the rat io of  the s l ip ve loc i ty to the 

f lu id ve loc i ty .  A lso wi th the increas ing Reynolds number,  so l ids had 

smal ler  e f fect  on the f lu id  turbu lence.  When hav ing low so l id  

concentrat ions,  ve loc ity  f luctuat ions were smal l  in  the rad ia l  d i rect ion 

and mot ion was l inear .  L iqu id samples were taken by a sta in less stee l  

tube.  I t  was dr iven by a micrometer  screw. 

 

2.1.  Concentrat ion and Voidage Dist r ibut ions 
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 In order  to  pred ic t  mass t ransfer ,  pressure drop,  and react ion 

between the l iqu id and part ic les ,  i t  i s  necessary to know the loca l  and 

average part ic le  concentrat ion and ve loc i t ies  [ 28 ] .   

 

Transportat ion of  so l id- l iqu id mixtures wi th hydraul ic  p ipe l ine 

systems is  a usefu l  method in the industry onl y if proper 

instrumentat ion is  used to measure the so l id concentrat ion and f low 

rate of  such suspens ions,  which are not  easy because of  hav ing much 

var iab les involv ing the process.  Some examples are i ron ore p ipe l ines 

[29 ],  sh ipp ing o f  bu lk  so l ids  [30 ],  a nd movement  of  in- p lant  f ines . 

 

Interst i t ia l  vo idage prof i les were measured in both stat ic  and 

f lowing beds of  near ly buoyant granular mater ia ls  in aqueous so lut ions 

by γ-ray tomography technique [7 ].   Exper imenta l  apparatus was a 

c lear acry l ic  hopper and a detachable vert ica l  stand- p ipe.  The f low 

regime trans i t ions were observed dur ing vert ica l  t ransport  of  the 

granular  so l id- l iqu id mixtures.  A ba l l - va lve contro l  led the outf low of 

the stand -pipe.  Steady state condi t ions were taken into account.  Wal l  

f r i c t ion and interpart ic le  ef fects  were neglected.   Three d i f ferent  

p last ic part ic les were used as test ing mater ia l  in the f low exper iments.  

Mater ia l  A was hard and part ic le shape was near ly spher ica l .  Mater ia l  

E and mater ia l  F were soft .  Densi ty of  the part ic les was between 1030 

and 1094 kg/m3.  Part ic les of  E and F were near ly cy l indr ica l  and 

near ly spher ica l ,  respect ive ly.  Equiva lent d iameters of  A,  E and F were 

3.76,  4 .46,  and 4.11 mm, respect ive ly .  A lso,  wi th equ iva lent  d iameter  

of  9.56 mm and densi ty of  1130 kg/m3,  the soaked peas were t r ied in  

the exper iments.  Dynamic ( f lowing) voidage prof i les were obta ined 

us ing the steady-state d ischarge from a hopper through a vert ica l  

s tand- p ipe of  coarse granular  so l id- l iqu id mixtures,  us ing the 

tomographic data. It  was concluded that ,  the f low regime trans i t ions 

depended strongly upon the sol id mater ia l  propert ies.  Radia l  and 

hor izonta l  l ine prof i les  of  interst i t ia l  vo idage were obta ined at  

d i f ferent heights with in the conica l  hopper and vert ica l  s tand- p ipe 

sect ions. 

 

 A capaci t ive method was used to determine the instantaneous 

spat ia l  so l id  content of  a mixture [31] .   A  measur ing sensor  hav ing 
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two capaci tors was insta l led in the p ipel ine system. To be able to 

measure quick changes in t ime and shorten the measur ing space,  the 

author used such a method. When the d ie lectr ic  constant changed, the 

capac i ty  of  a  para l le l  p la te capac i tor  would change.  The smal l  change 

in the d ie lectr ic  constant of  water was depending on the temperature 

and i t  was accepted as negl ig ib le.  Hor izo nta l  f low was s tud ied.  The 

capac i ty of  both capac i tors was accepted as equal .  The hor izonta l  p ipe 

had 39.8 mm internal  d iameter and was made of p lex ig lass.  At the end 

of the exper iments i t  was reported tat the amount and the distr ibut ion 

of sol id body content  caused changes in capac i ty .  A lso some re lat ions 

were deve loped re lated wi th the capac i ty  and spat ia l  so l id  body 

content  for  hydrotransportat ion of  mixtures.   

 

Cal ibrated conduct iv i ty probes can be used to measure the 

e lectr ica l  conduct iv i ty of  l iqu ids [32 ].  The operat ion f requency of  

these devices is  general ly  equal  or above 1kHz. Foods having high 

moisture or h ighly concentrated f lu ids show a strong dependence on 

e lectr ica l  conduct iv i ty.  I t  is  a funct ion of  f requency in such a case. 

Th is  property is  important in the food ster i l i zat ion processes.  To 

opt imize the des ign of  them the f requency that would be used in the 

process should be determined careful ly.  Because, i t  is  important for 

the amount of  power supply and thus the economic aspect  of  the 

des ign.   

 

Phase d is t r ibut ion and turbulent  s t ructure of  so l id/ f lu id upf lows 

were invest igated in a vert ica l  p ipe [ 8 ].  They measured the vo lume 

fract ion by using a Laser- Doppler Anemometer (LDA).  Spec i f ic  grav i ty 

and mean d iameter  of  the ceramic and expanded polystyrene part ic les 

used in the exper iments were 2.45, 2.32 mm and 0.032, 1.79 mm, 

respect ive ly.  Mean diameter of  2 mm of spher ica l  part ic les was 

exper imented.  Ceramic part ic les  whose spec i f i c  grav i ty  were h igher  

than water  and expanded po lystyrene part ic les  whose speci f ic  gravi ty 

were lower than water  were used as so l id  mater ia ls .  S ize d is t r ibut ion 

of  the large spher ica l  part ic les was measured. Both the radia l  and 

ax ia l  ve loc i t ies were eva luated.  Because of  hav ing negat ive buoyancy,  

part ic les lagged in the l iqu id phase near the center  of  the p ipe.  The 

part ic le ve loc i ty was higher near the wal l .  I f  the l iquid f low rate was 
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increased,  then the re lat ive ve loc i ty  between the part ic les and the 

l iqu id becomes lower at  the center of  the p ipe.  That was true for 

ceramic part ic les and the reverse was va l id for  polystyrene part ic les.  

Unl ike po lystyrene part ic les ,  ceramics had larger  inert ia .  At  low f low 

rates the volume fract ion prof i les indicated that,  unl ike polystyrene 

part ic les,  ceramic part ic les have a uni form distr ib ut ion.  However,  

increased f low rate caused cor ing.  Loca l  vo lume fract ion,  loca l  

ve loc i ty,  turbulence intens i ty,  Reynolds stresses were measured by 

LDA. A s ingle- beam γ -ray Dens iometer was used for  correct ion.  L iqu id 

f low rate  was measured by a  ca l ib rated m agnet ic  f lowmeter .  

 

A high speed c ine photography technique was used to measure 

the concentrat ion and ve loc i ty  of  so l id  part ic les .  D i f ferent  f low rates 

of  carr ier  f lu id were tr ied [33] .  A hydraul ic  conveying test  r ig was 

used in  the exper iments .  I t  had a pumping system, a p ipe,  and a 

separator.  The pump was able to minimize the contaminat ion of the 

so lut ion.  Pump and valves were p lated with a n icke l  phosphorus a l loy 

to min imize the ef fect  of  abras ion.  The p ipe l ine was made of  g lass 

with 40 mm internal  d iameter .  The study was per formed af ter  s teady 

state condi t ions were at ta ined.  Dynamic equi l ibr ium s i tuat ion was 

eva luated cons ider ing the mix ing and grav i tat iona l  set t l ing of  the 

part ic les .  Hor izonta l  p ipe f low was taken into account.  Concentrat ion 

prof i les  were obtained in tree- dimensional  form. L iquid was a mixture 

of arocolor and propanol ,  and sol id phase consisted of boros i l icate 

glass part ic les.  Some part ic les were marked and put in the suspension 

to be able to fo l low them. Test sect ion of the pipe was a ls o made of  

boros i l icate g lass.  Then the mot ion of the marked part ic les started to 

be observed. I t  was recorded by a h igh-speed c ine camera.  Frame 

speed range was between 500 to 3000 frames per second. A dig i ta l  

data p lot ter  eva luated these record ings.  The ana lys is  was made at  the 

c ircular cross-sect ion of  the p ipe.  The re lat ive concentrat ion was 

obta ined by count ing the marked part ic les at  a def in i te length.  The 

part ic le  ve loc i ty  was reached by count ing the marked part ic les  at  a 

def in i te length and t ime. 580 µm of mean part ic le s ize was used in the 

study.  Ax ia l  ve loc i ty  and ax ia l  f luxes were determined.  The average 

vert ica l  concentrat ion prof i les  were compared for  gamma attenuat ion 
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method and h igh-speed c ine camera technique. It  was reported that 

the agreement was wel l .   

 

So l ids  concentrat ion was measured wi th an economic and 

basic method in s lurry l ines [ 13 ] .  The inst rument was based on the 

res is tance of  s lurry .  Dependent var iab les were f lu id propert ies ,  

ve loc i ty ,  temperature,  part ic le  s ize,  and p ipe-wa l l  mater ia l .  The a im of  

that  s tudy was to  measure the concentrat ion of  so l ids  over  a  smal l  

vo lume with a conduct iv i ty probe to obta in an effect ive ca l ibrat ion 

procedure and to compare the conduct iv i ty method with γ -Ray 

absorpt ion and isok inet ic  sampl ing methods.  5 cm ID of a luminium 

pipel ine,  a var iab le-speed motor pump, a heat exchanger,  a magnet ic 

f lowmeter,  a stand tank,  and a rotatable jo int  were present in the 

exper imenta l  set- up. An L-shaped conduct iv i ty  probe made from 

sta in less  s tee l  was used.  Spher ica l  and i r regular part ic les were the 

test ing mater ia l .  They cons isted of  g lass beads,  polystyrene, f ine 

sand, medium sand, and coarse sand part ic les.  Ranges of  the mean 

d iameter and dens i ty were 0.19-5.5 mm and 1.06- 3.0 g/cm3 , 

respect ive ly .  Measurements  were made at  d i f ferent  po ints  a long the 

p ipe.  The l iqu id was tap water.  At  250 C,  tap water had a res ist iv i ty of 

2720 Ω .  Di f ferent probe pos i t ions were tr ied.  I f  the probe approached 

the p ipe wal l ,  then the vo l tage increased.  15 runs were performed. I t  

was observed that  ve loc i ty  was not  an important  factor .  Water  

res is t iv i ty  and sensor vo l tage decreased whi le  temperature was 

enhanced. The resul ts  were compared with the resul ts  obta ined by 

isok inet ic  sampl ing and γ -Ray Absorpt ion techniques.  The resu l ts  were 

close and cons istent  wi th each other.  Concentrat ion of  so l ids was 

measured at di f ferent points of the pipe by conduct iv i ty probe, 

isokinet ic sampl ing, and γ- Ray absorpt ion (Chord- average 

concentrat ions were found by γ- Ray absorpt ion,  whi le sampl ing probe 

gave local  concentrat ion in s i tu va lues).  Bulk ve loc i t ies were measured 

by a magnet ic  f low meter . 

 

Concentrat ion of  so l ids,  dens i ty ,  s ize of  the so l id part ic les,  

v iscos i ty and densi ty of  the l iquid af fect  the sett l ing character ist ics of  

the s lurr ies.  I f  the densi ty of the f ine part ic les is very c lose to the 

dens i ty of  the carr ier  l iqu id in a s lurry,  these are ca l led non-set t l ing 
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s lurr ies which fo l low the pseudo- homogeneous f low. If  the density and 

s ize of the part ic les are large, they are cal led sett l ing s lurr ies.  Some 

examples for such sol ids are sand, gravel ,  and coal .  The behavior of  a 

f low-sedimentat ion of  a s lowly sett l ing suspens ion f low was modeled 

in a c ircular pipe [ 34 ].  To do th is ,  sca led down exper imenta l  data was 

used at constant pressure.  According to the authors,  f i rs t  

sedimentat ion occurred at the lower sect ion of the pipe, then f low was 

decreased. Later p lug f low region covered the whole cross -sect ion. It  

was reported that laminar f low of s lowly-sett l ing s lurr ies could be 

reached wi th smal l  p ipe d iameters .  By the f low sed imentat ion model ,  

character ist ics of the s lowly- sett l ing s lurr ies were invest igated.  

Pseudo -steady state condi t ions were accepted when making 

der ivat ions.  An oven dry ing method was used to obta in so l id 

concentrat ion of  samples.  To model such kind of f low, general ly fu l ly 

empir i ca l  corre la t ions were used.   

 

The study for upward sol id- l iquid f low in a vert ical  p ipe was 

presented here [16] .  The a im of  th is  s tudy was to get  the 

concentrat ion prof i le ,  ve loc i ty prof i le ,  and pressure drop in vert ica l  

p ipes for  upward so l id- l iquid f lows. Equat ion of mot ion for two-f lu id  

model  was used. Equat ion of  cont inui ty and mot ion were used to 

der ive the two- f lu id model  in the turbulent f low regime. Steady state 

two-d imens ional  f low was cons idered.  In th is  s tudy,  the ef fects  of  

so l ids phase were searched to f ind the non- uni formity in the 

concentrat ion prof i les.  This non- uni formity af fects the veloc i ty prof i le 

and changes the pressure loss ,  espec ia l ly  at  h igh mean ve loc i t ies .  

Pressure drop can be est imated by energy ba lances.  Mechanica l  

propert ies of  so l id and mean veloc i ty of  f low affect  the concentrat ion 

prof i le  of  so l ids.  Exper iments were performed in a vert ica l  square duct 

of  40 mm inner s ide.  I ts  construct ion mater ia l  was a t ransparent 

res in.  Polycarbona te pel lets  wi th spec i f ic  weight of  1.14 and s i lbeads 

(s i l i ca ge l  spheres) having spec i f ic  weight of  1.88 were the so l id 

mater ia ls  tested in the f lu id phase of  water .  The part ic les had 

spher ica l  shape and 3mm in d iameter and they were semi-t ransparent .  

The ef fects of  dens i ty of  so l ids on the f lowing mixture were c lar i f ied.  

The exper iments showed that concentrat ion was not uni form in the 

rad ia l  d i rect ion at  a cross-sect ion of  the p ipe.  A lso i t  was changed 
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uniformly with densi ty and f low rate of  so l ids.  At the end of the 

exper iments i t  was rea l ized that ,  there was a great  d i f ference in the 

concentrat ion prof i les of  the tr ied sol id mater ia ls  because of their  

d i f ferent spec i f ic  weights.  This was caused by the magnitude of  the 

forces appl ied on the part ic les.  I t  was dependent on the re lat ive 

mot ion of f lu id and sol id veloc i ty gradients.  F lu id veloc i ty was 

measured with the help of  a p i tot  tube of  1.0 mm in d iameter.  

Concentrat ions were measured by the absorpt ion of  l ight beam. S ince 

the part ic les were semi- t ransparent,  the ef fect  of  over lapping of  the 

part ic les was neglected [ 16 ].    

 

L iqu id-sol id mixtures have been largely used in food 

process ing industr ies  [ 9] .  They genera l ly  have neutra l ly  buoyant  

part ic les in non- Newtonian f lu ids.  When a cont inuous ster i l i zat ion 

p lant  is  at tempted to perform, a conservat ive assumpt ion has to be 

made because of  having not enough data.   This assumpt ion is ,  product 

f low occurs in the laminar Newtonian f low regime. Asept ic food 

process ing was stud ied here [ 35 ].  Part ic le  and l iqu id ve loc i ty prof i les 

and sol id concentrat ion prof i les were obta ined, hor izonta l ly  in the 

laminar f low regime. Viscos i t ies of  Newtonian f lu ids were between 

0.009 and 0.237 kg/ms. Spher ica l  part ic les of  0.16 < κ (radius of 

part ic le/radius of  p ipe) < 0.10 and 1.002< s (re lat ive densi ty:  part ic le 

densi ty/ l iquid densi ty) < 1.014 were tr ied.  L iquid ve loc i t ies were 

a lways greater than those of  the so l id part ic les.  Part ic le concentrat ion 

and ve loc i ty of  l iqu id were measured by ‘hot  wire ’  method. Veloc i ty of  

part ic les was  determined by a pulsed u l t rasonic  Doppler  ve loc imeter .  

 

Hydrodynamics of  water  fe ldspar (K2O.Al2O3.6SiO2) was 

invest igated [36] .  Exper iments were performed in a hor izonta l  copper 

p ipe having 41.5 mm internal  d iameter.  0.081, 0.161, and 0.227 mean 

d iameters of  fe ldspar part ic les were used.  The volume fract ion range 

of  so l ids was between 0.05-0.03.  Dens i ty  of  the part ic les was 1698 

kg/m3. Reynolds number changed from 14,000 to 115,000. By 

changing the operat ing condi t ions,  cons is tency d is t r ibut ions of  so l ids 

over a cross -sect ion were reported in the turbulent  f low reg ion.  A 

spec ia l ly  des igned sampl ing probe was used to measure so l id  

cons is tenc ies through the var ious po ints  of  the p ipe,  ax ia l ly .  Ins ide 
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and outs ide d iameters of  the probe were 2 and 4 mm, respec t ive ly .  

Taylor ’s  ser ies screens were used to get a uni form s ize d istr ibut ion of  

the so l id part ic les.  Sol id cons istency measurement was made by 

grav imetr ic  methods.  From the recorded data,  i socons is tency l ines of  

so l ids were drawn. With decreas ing so l id cons is tency and part ic le  s ize,  

Reynolds number was increased.  Therefore,  a more uni form so l id 

d is t r ibut ion was observed across the cross-sect ional  area of  the p ipe.  

Three d i f ferent  or ientat ions of  the sampl ing probe were t r ied.  They 

rea l ized that  f low patterns of  so l id- l iqu id suspens ions were dependent  

upon the part ic le s ize and the f low Reynolds number in a hor izonta l  

p ipe a long the vert ica l  d iameter.  Min imum and maximum cons istenc ies 

were near  the upper  wa l l  and at  the lower  wa l l ,  respect ive ly .  They 

found that the nature of  the f low was strongly dependent upon the 

in let  cons istency of  so l ids,  the part ic le s ize,  and the f low Reynolds 

number,  in hor izonta l  s lurry f lows.   

 

 The upf low character is t ics  of  fe ldspar-water  mix tures  were 

invest igated in an annulus [ 21 ] .  This k ind of transportat ion is  

preferable because of  the i r  low maintenance and operat ing costs .  The 

exper imenta l  set- up cons isted of  a vert ica l  annulus,  a by- pass l ine,  

two pressure t ransducers ,  a  head tank,  a  heat  exchanger ,  a  U- tube 

manometer,  a sampl ing probe,  an or i f i cemeter ,  a  rotameter ,  a  

temperature probe,  a  centr i fuga l  s lur ry  pump and a dra in  l ine .  

Hor izonta l  and vert ica l  l ines were made of galvanized i ron. Inner and 

outer  d iameters of  the annulus were 12.5 and 2.5 cm, respect ive ly .  

Therefore aspect  rat io  was equa l  to  0 .2.  Steady s tate condi t ions were 

taken dur ing the exper iments.  Both the laminar and the turbulent 

f lows were t r ied.  Hydraul ic  d iameter was 10 cm. Fr ic t ional  pressure 

drop was measured wi th a  U- tube manometer that had CCl4 i n  i t .  20 –

100 of inc l inat ion of manometer plane with the hor izontal  was used, in 

the measurement of  very smal l  pressure drops.  When two- phase f low 

exper iments  were mak ing,  inc l inat ion ang le  was increased to  900 , 

s ince pressure drops became greater.  Radia l  loca l  so l i d  concentrat ions 

(RLSCs)  were measured in  a  f low area perpendicu lar  to  f low by a 

specia l ly  des igned sampl ing probe at a cross- sect ion of  the annulus.  

Inner and outer d iameters of  the sampl ing probe were 0.2 and 0.32 

cm, respect ive ly .  An or i f i cemeter  that  was ca l ibrated for  water  was 
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used to measure the f low rates.  To prepare the test ing feed solut ion, 

a sta in less steel  head tank was ut i l i zed.  Mean part ic le d iameters of  

0.0064, 0.0115, 0.0138, 0.0165, and 0.0230 cm of  fe ldspar part ic les 

were used. Density of fe ldspar was 2.4 g/cm3. So l id concentrat ion 

range of 0.3-2.3 (% v/v) feed s lurr ies were tr ied. Mixture veloc i ty was 

changed from 0.8 to 19.3 cm/s in the annulus.  273 runs were 

conducted tota l ly .  At  the end,  RLSCs and ax ia l  two- phase pressure 

drops were de termined.  The exper imenta l  data re lated wi th s ing le -

phase water  f lows were compared wi th the l i terature.  Loca l  so l id  

concentrat ions (LSCs) were found to be higher near the outer wal l  and 

lower near the inner wal l  of  the annulus.  For the same mixture 

veloci ty,  two- phase pressure drops increased with increased feed sol id 

concentrat ion (FSC) at each part ic le s ize.  Also for the constant 

mixture ve loc i ty and FSC, two- phase pressure drop increased wi th the 

part ic le s ize.  They c la imed that,  loca l  so l id concentrat ions d id not  

change too much in the radia l  d i rect ion at  very smal l  part ic le s ize and 

very low FSC cases,  but increased toward the outer wal l  for larger 

part ic les at  h igher FSCs.  Ax ia l  pressure drops were measured by 

pressure transducers.  With a rotameter,  the ca l ibrat ion of  or i f i cemeter  

was checked for  water  f low only .  By a grav imetr ic  method,  LSCs were 

measured.   

 

Sand-water  mixtures were used to get  on- stream veloc i ty ,  

part ic le  s ize,  and concentrat ion [37 ].  Upward f low of  mixture was in a 

2.5 cm ID of pers pex vert ica l  p ipe.  Concentrat ion and veloc i ty ranges 

were 1.0x10- 4–1.0 % w/w and 0.5-3.0 m/s,  respect ive ly .  I t  was 

real ized that,  the part ic le s ize and concentrat ion had s igni f icant 

effects on the results. In the experiments, two 5mW He - Ne laser  

beams were  used.  So l ids in the mixture were cont inuous ly ag i tated.  

Laser l ight scattered by the so l ids was taken by a photodetector and 

the resu l tant  e lect r ic  s igna ls  were autocorre lated.  Then the 

re lat ionship between the s ize,  concentrat ion,  and veloc i ty of  f lowing 

so l ids was obta ined.  The d i f f i cu l t ies  in  the on-s t ream measurement  of  

par t i c le  concentrat ion and s i ze  were repor ted as:   

1.  Phys ica l  character is t ics  of  s lurr ies  are not  understood c lear ly ,  

2.  Def in i t ion of  the measurement parameters  i s  not  enough,  

3.  The nature of the  on-l ine measurements i s  not  easy,  
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4.  The operat ing condi t ions of  the equipment are demanding.  

 

Instantaneous loca l  so l id concentrat ions were measured by a 

conduct iv i ty probe, when there is  mix ing in the e lectro lyt ic  so lut ion 

[38 ].  They searched the ef fects of  volume fract ion and sol id s ize on 

the concentrat ion s igna ls .  Concentrat ion s igna ls  gave informat ion 

about the mix ing t ime and mix ing mechanism of  the so lut ion.  

Turbulent f low regime was studied. At the center of the pipe, there 

was copper at the top and plat inum wire at the bottom. By sharpening 

the wire t ip,  the desired spat ia l  resolut ion could have been arranged. 

The t ip of the sensing electrode was 190 µm in d iameter .  For  

ca l ibrat ion,  the concentrat ion range of  0 to 0.03 M NaCl  so lut ions 

were used. Errors might have been caused from the change in 

temperature or e lectronics.  The res ist iv i ty was about 104 Ω .  CaCO3 

part ic les  wi th the dens i ty  of  2700 kg/m3 were used as the so l id  

mater ia l .  The ef fect  of  part ic les on th is  measurement was found to be 

dynam ic.  F luctuat ions in the conduct iv i ty s ignal  were ar ised f rom the 

presence of sol id part ic les.  I f  sol id volume fract ion was lower than 

5%, the ef fect  of  the so l ids on the instantaneous e lectro lyte so lut ion 

was d imin ished.  The spat ia l  reso lut ion and f requency response of  the 

local  concentrat ion s ignal  was used in th is  method. Therefore unmixed 

mass eddies could have been found.  The studied conduct iv i ty  probe 

had one large and a smal l  e lect rode.  The smal l  one was the sens ing 

e lec t rode.  The spat ia l  reso lu t ion of  the probe was prov ided by the 

sens ing e lect rode.   Frequency response range was 400-700 Hz and 10 -

4 cm3,  respect ive ly .  The concentrat ion measurement of  an e lectro lyt ic  

so lut ion required the ca l ibrat ion of  the conduct iv i ty probe. To do th is  

voltage versus concentrat ion of  the e lectro lyte graph was p lotted.  By 

changing surface of  the e lectrode, ca l ibrat ion curve would a lso 

change. The sens ing e lectrode meta l  was the most important 

parameter that af fected the t ime dependency of  the ca l ibrat ion curve 

(dr i f t ing).  Other factors were temperature,  meta l  ions,  f requency of  

the AC source,  and spat ia l  reso lut ion of  the sens ing e lect rode [39] .   

 

 Loca l  so l id concentrat ions were determined by a conduct iv i ty  

probe and sample withdrawal [ 40 ].  The uni formity of  the sample s 

depended on the part ic le inert ia ,  s t ructure of  the f low, and part ic le 
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bounc ing.  Sampl ing errors  caused f rom the sampl ing pos i t ion,  des ign 

of  the sampl ing probe,  bulk so l id  concentrat ion and part ic le  s ize were 

a l l  s tud ied.  Part ic le  s ize,  bu lk  so l id  concentrat ion,  mixer  rotat iona l  

speed were the dependent var iables for  so l id concentrat ion prof i les.  

Errors were s igni f icant when the s ize of  the part ic les were larger than 

1000 µm.  The tested so l ids were sand part ic les .  Concentrat ion of  

sand par t i c les  was measured in  a  mix ing tank.  Th is  tank was made of  

p lex ig lass with a d iameter of  0.292 m, three d i f ferent t ip angles of  

sampl ing tubes were used. By a var iable speed per ista l t ic  pump, 

samples were taken. Sampl ing ve loc i ty range was between 0.3 and 3 

m/s and sand part ic les  were non-conduct ing so l ids .  Ca l ibrat ion of  the 

conduct iv i ty  probe was needed.  Sampl ing probe was inserted in the 

l iqu id medium and then a potent ia l  was appl ied to the two e lectrodes.  

So some current could have f lowed. By increas ing the amount of so l ids  

in the solut ion, res istance of the surrounding medium was increased. 

Concentrat ion of so l ids could have been reached by measur ing the 

vol tage between these two e lectrodes.  Sol id concentrat ion was 

changed from 0.05 to 0.35 % v/v. Polystyrene part ic les  were the 

test ing so l id mater ia l  having densi ty of  1050 kg/m3.  Mean s ize of  the 

sand part ic les were 82, 255, 410, 500, and 1000 µm. At the end of the 

exper iments i t  was found that ,  sampl ing errors  were ra ised f rom the 

sampl ing ve loc i ty  and ax ia l  pos i t ions in  the stud ied tank.  The use of  

smal l  d iameter  sampl ing tube enhanced the sampl ing errors .   

 

 A double cross- beam Laser method was developed to determine 

loca l  part ic le concentrat ions for gas-so l id suspens ions in the turbulent 

f low reg ime a long a hor izonta l  rectangular  duct  [ 41 ] .  Exper imenta l  

study was carr ied out at von Karman Inst i tute (VKI).  Air  was the gas 

phase. Sol id part ic les were glass beads having 500 µm mean d iameter .  

An LDV device was used to measure the mean sol id veloc i ty.  Both 

s ing le beam and cross beam methods were used to get the sol id 

concentrat ion d ist r ibut ions.  Concentrat ion and mean ve loc i ty  of  the 

part ic les were measured s imul taneous ly at  the same points between 

the upper and lower wal ls  of  the rectangular  channel .  So l id  load ing 

ra t ios o f  1 .25,  2 .25,  and 3 .40 were t r ied .   
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A mult iphase f low model was developed for sett l ing, non-

co l lo ida l ,  and dense so l id- l iqu id mixtures in hor izonta l  p ipes [42 ].  By 

th is  way concentrat ion and veloc i ty d istr ibut ions were est imated. 

Some numer ica l  s imulat ions were per formed.  Resu l ts  obta ined f rom 

the der ivat ions and exper imenta l  resu l ts  were compared and 

consistent with each other.  To der ive the veloc i ty d istr ibut ion 

equat ion,  the loca l  vo lume- averaged t ime-smoothed mass  and 

momentum conservat ion equat ions were used.  Convect ive d i f fus ion 

equat ions were used to obta in the concentrat ion d istr ibut ion 

equat ions.  A lso eddy d i f fus iv i ty was added to the der ivat ion.  Two 

d i f ferent  p ipe d iameters were tested that  changed f rom 4 to 49.5 cm. 

So l id  par t i c le  s i ze  range was between 38.3 and 13,000 µm.  

 

I t  was reported that i f  f ine part ic les were not used as the sol id 

mater ia l  or  i f  the suspens ion was a dense one or  i f  the sampl ing 

ve loc i ty was h igh,  some ser ious errors might have been produced 

dur ing the part ic le s ize and concentrat ion measurements [43 ].  An  L-

shaped sampl ing probe was used in the wal l  sampl ing to get the 

concentrat ion and s ize d istr ibut ion of  so l id part ic les.  In th is  method, a 

smal l  aperture is  dr i l led in the wal l  of  the pipe. Operat ion is  s imple 

here.  

 

Co ncentrat ion d ist r ibut ion of  so l id part ic les were obta ined in a 

vert ica l  p ipe study ing both downward and upward f lows [ 44 ] . 

Concentrat ion prof i les of  upward f low were opposi te to those of 

downward f low, i f  smal l  Reynolds numbers were studied.  Radia l  

concentrat ion distr ibut ion of so l id part ic les was obta ined in the fu l ly 

developed f low region through the vert ica l  p ipe. A hopper was used to 

fed the so l id part ic les to the system. Internal  d iameter of  52 mm of a 

p ipe was the test  sect ion. By tak ing photographs, concentrat ion 

d is t r ibut ion of  so l id  part ic les was obta ined.  To h inder any lens ef fect ,  

a t ransparent polyacry late p lates were detached to the test  sect ion.  

The l ight  source was a xenon f lash tube for  the photographic  system. 

The photograph that  was obta ined f rom th is  system was d iv ided into 

e leven equal  sect ions and the number of part ic les was counted in each 

of  these sect ions.  Therefore so l id  concentrat ion d is t r ibut ions were 

obta ined. Di f ferent mean diameters of  d i f ferent so l id part ic les such as 
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glass bead,  urea res in  A,  B,  C,  D,  and po lystyrene were used in  the 

exper iments.  In the vert ica l  upward f low studies l iquid veloc i ty 

s t rongly af fected the so l id  concentrat ion prof i les  when g lass beads or  

urea res ins were used.  Concentrat ion of  so l ids  was h igh near  the pipe 

wal l ,  when low l iqu id ve loc i t ies  were studied.  Concentrat ion of  so l ids 

decreased near the wal l  of  the pipe as the l iquid veloc i ty was 

increased.  The concentrat ion of  so l ids  was found to  be low near  the 

p ipe wal l  but increased toward the axis of  the pipe when polystyrene 

part ic les were used as the so l id part ic les,  which had s l ight ly  h igher 

dens i ty f rom water .  These resul ts  were cons istent wi th another study 

[45 ].  Concentrat ion d is t r ibut ions were expla ined by the fo l lowing 

forces:   

i)  Part i c le-eddy d i f fus iv i ty  i s  a  s ign i f i cant  factor  when two- phase 

f lows are cons idered.  The va lue of  eddy d i f fus iv i ty  increases 

with increasing l iquid veloc i ty.  By th is way Re t (s t ream 

Reynolds number) r ises.  So the ef fect  of  part ic le-eddy 

d i f fus iv i ty  enhances.  Therefore concentrat ion prof i les become 

smooth.  

i i)  Velocity gradient of l iquid creates a force that acts on the 

part ic les suspended near the p ipe wal l .  One example is  

Saf fman’s  force.  I f  par t i c les  are smal l ,  Saf fman’s  force i s  va l id . 

i i i )  Anisotropy can cause turbulence in a pipe.  Th is  force i s  

accepted as proport ional  to the square of  the veloc i ty.  A lso th is  

force acts  on part ic les through the ax is  of  the p ipe. 

 

 LDA was used to get the concentrat ion and ve loc i ty prof i les of  

concentrated suspens ions in a rectangular  channel  [46] .  Opt ica l  

turb id i ty  prob lems were prevented by c lose ly  match ing the ref ract ive 

ind ices  of  so l id  and l iqu id  phases .  There were some smal l  mismatches 

of  the refract ive indices and some impur i t ies in the so l id part ic les.  

These caused the res idual  turb id i ty which created a Doppler s ignal  

when a part ic le  pass ing in the scat ter ing vo lume. The loca l  vo lume 

fract ions were reached by count ing the Doppler s ignals in a def in i te 

per iod of  t ime. Concentrat ion prof i le  showed a maximum near the 

center  of  the channel  while  ve loc i ty  prof i les  were b lunted.  

Exper imenta l  resu l ts  and theoret ica l  pred ic t ions were compared.  Mean 

part ic le d iameter of  89, 50, and 30 µm of monodispersed polystyrene 
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(d iv iny lbenzene cross- l inkage) were used in  the exper iments .  

Refract ive ind ices were measured by a refractometer .  Refract ive index 

of the l iquid phase was funct ions of temperature, and laser 

wavelength.  The magnitude of  the b lunt ing of  ve loc i ty prof i le  

increased with increas ing part ic le  concentrat ion.  The amount of  

part ic les was high in the center part of the channel .  Local  part ic le 

concentrat ion was not uniform along the gap of the duct.  S l ip veloc i ty 

between the part ic les and the f lu id increased with increas ing part ic le 

concentrat ion.   

 

2.2.  Velocity 

 

 So l id- l iqu id food mixtures behaving as  non- Newtonian f lu ids 

were discussed in this study [ 10 ].  A model of  strat i f ied f low through a 

tube was developed. Rheologica l  features of  the f lu id and sol ids 

loading affect  the veloc i ty prof i le of  any phase. In strat i f ied f low, 

local  part ic le concentra t ions and ve loc i t ies were d i f ferent  and formed 

di f ferent regions.  A homogeneous f low model  was adapted to a 

heterogeneous one.  Part ic le  d iameter  was 0.01 m and both dens i ty  of  

the f lu id and sol ids was 1000 kg/m3 .  Manipulated var iab les were s l ip 

ve loc i ty ,  so l ids  f ract ion,  and inter -f lu id  heat  t ransfer  coef f ic ient .  F low 

was assumed to be one- d imens iona l .   

 

Operat ing veloc i ty of  a mixture should surpass the terminal  

sett l ing veloc i ty of the largest part ic les by a factor of 4-5 in the 

ver t ica l  coarse-par t i c l e  pipe system des igns [18 ].  I f  th is  i s  ach ieved,  

then pressure drop of  the system can be found as  i f  the s ing le-f lu id  

case.  This research was made to get stable and safe operat ing 

condit ions for the vert ica l  t ransportat ion of  minera l- water  mixtures.  

Increas ing interest  on hydraul ic  t ransportat ion of  minera ls  and ores 

directed the author to perform this study. S ize, densi ty and 

concentrat ion of the part ic les are the key parameters for such 

systems. Exper imenta l  s tudies about the ef fects of  turbulence on the 

sett l ing condit ions of part ic les were performed [ 18 ] .  Mineral -water  

mixtures were used to get r id of the effect of  turbulence, vert ica l  

crushed grani te part ic les of  10- 15% by volume were transported in a 

vert ica l  p ipe in upward d i rect ion.  True transportat ion case was 
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cons idered.  Exper imenta l  set- up consisted of a sampl ing tank, a 

hoist ing pipel ine,  a pump, a motor,  a mix ing tank, a return pipe, and 

a t imed- sampler .  A 10 m length vert ica l  p ipe having an inner d iameter 

of  0 .094 m was used in  the exper iments .  F low was contro l led by a 

pump dur ing the exper iment.  The range of  the s ize of  the part ic les 

was between 1mm to 30 mm. Also pipe diameters of between 0.1- 0.3 

m were cons idered in th is  study.  Ir regular  shape of  crusted grani te 

part ic les decreased the terminal  sett l ing ve loc i ty.  For example,  i f  cube 

shaped part ic les were used,  terminal-set t l ing ve loc i ty  was decreased 

by 50%. Conservat ion of  mass ru les were ut i l i zed and steady state 

cond i t ions were taken in to  account .   

  

Upward f low of  ceramic spheres in a vert ical  20 m length pipe 

with 0.2 m of d iameter was studied [47 ].  The ceramic spheres were 13 

mm in d iameter.  He reported that s l ip ve loc i ty was approximately 

equal  to the terminal  sett l ing ve loc i ty of  so l ids,  at  low water 

ve loc i t ies .  Neverthe less,  re lat ive mot ion was decreased at  h igher 

veloc i t ies.  In his exper iments,  so l id densi ty was 2300 kg/m3 and so l ids 

had a concentrat ion of  3.8% v/v.  Average mixture ve loc i ty was about 

equal  to the water ve loc i ty at  low so l id concentrat ions.  Resul ts  of  the 

exper imenta l  work showed that  the termina l  set t l ing ve loc i ty  ind icated 

the re lat ive mot ion of  s ing le part ic les .  Water ve loc i t ies were three 

t imes greater than the sett l ing veloc i ty.  As veloc i ty increased, s l ip was 

decreased.  With the help of  a radioact ive t racer technique,  veloc i ty of  

spheres was determined.   

  

Industr ia l  p lants that transport coal  and ores ver i f ied that 

operat ing ve loc i ty should be h igher than twice the terminal  sett l ing 

velocity of part ic les [ 48 ].  Most of  such p lants operate at  the condi t ion 

of negl ig ible re lat ive ve loc i ty  between the const i tuents.  The uni form 

veloci ty of the part ic le due to the effect of gravity is cal led the 

terminal  sett l ing veloc i ty.  This is  va l id for a s ingle smooth sphere that 

is non -rotat ing. The standard drag curve expla ins the re l at ion between 

the drag coeff ic ient and the part ic le Reynolds number.  Part ic le shape, 

part ic le  roughness,  rotat ion,  and boundary surfaces af fect  the mot ion 

of  part ic les in st i l l  f lu ids.  For example,  i r regular  shape decreases the 

terminal  sett l ing ve loc i ty .  I t  is  important to know that the def in i t ion of 
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the terminal  sett l ing veloc i ty is  based on the assumpt ion of  neglect ing 

the ef fects of  turbulence.  However,  turbulence ex ists  l i t t le  or  much, in 

real i ty.  

 

Vert ica l  upward transportat ion of  so l id- l iquid mixtures  was  

invest igated in a p i lot  p lant [48] .  Ve loc i ty,  concentrat ion,  and energy 

consumpt ion were the s ign i f i cant  des ign parameters .  These were 

searched for  lead ore,  d i f ferent  i ron ores,  complex ore,  and per l i te  

minera l .  Part ic le s izes were large.  Maximum pa rt ic les were 8 mm in 

d iameter.  So l id dens i ty range was 2300- 4200 kg/m3 .  Concentrat ion 

range was between 25%- 40% v/v and veloc i t ies were observed 

between1.3- 1.9 m/s for the mixtures of  lead ore,  i ron ore,  and per l i te.  

He found the lowest poss ib le f low veloc i ty for  a steady state stable 

operat ion,  was about  4- 6 t imes of the terminal  sett l ing veloc i ty of the 

largest  part ic les .  Then the mixture behaved as i f  a  homogeneous 

mixture.  He said that tota l  pressure drop could be reached assuming 

the so l id-water mixtur e as  a  homogeneous Newton ian f lu id .   

   

L iqu id- part ic le  ve loc i ty  prof i les  were obta ined in a water  

suspension f lowing in the upward direct ion [1 ].  I t  was observed that ,  

the part ic les  that  were denser  than the f lu id  was near  the center  of  

the p ipe.  Nonetheless,  part ic les were f lowing faster than the f lu id 

near the p ipe wal l .  With increas ing f low rate,  s l ip ve loc i ty between the 

part ic les and the f lu id was decreased at the center of the pipe. 

However,  i t  was a lso observed that ,  the part ic les that were less dense  

than the f lu id f lowed quicker than the l iquid at a l l  part ic le s izes.  

Volume fract ion prof i les of  the denser part ic les proved that there was 

a uni form distr ibut ion i f  the f low rate was low. Nevertheless,  i f  the 

f low rate was increased then cor ing occurre d. There were a lmost no 

part ic les in the region of 0.8 < [ ( r /R)=κ ] < 1.0. Less denser part ic le 

volume fract ions showed that there was a maximum close to the pipe 

wal l ,  i f  the f low rate was low. However,  wi th the increas ing f low rate,  

prof i le  was f la t tened.  Part ic le  ve loc i ty  prof i les  were determined by a 

laser- Doppler  anemometer . 

  

Exper iments on the upward f low of  so l id - l iqu id food mixtures 

were conducted in vert ica l  p ipes to obta in the part ic le ve loc i ty prof i les 
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[9] .  Del ivered so l id concentrat ion range was between 0- 10% by 

(we ight/vo lume) .  Fresh car rot  cubes wi th  edge s i ze  range of  6- 10 mm 

were the so l id part ic les in the exper iments.  They were stored at  50C.  

A vert ica l  tube of 44 mm in d iameter was used. The carr ier  f lu id was 

carboxymethylce l lu lose (CMC) so lut ion.  Carr ier  v iscos i ty  range was 

0 .3-0.8% CMC so lut ions.  Dens i ty  range of  so l id  par t ic les  was 1016 -

1030 kg/m3 .  Exper iments were performed at  the steady state.  At  the 

end, carr ier  v iscos i ty,  part ic le s ize,  and part ic le concentrat ion ef fects 

on the veloci ty  prof i les  of  part ic les  were obta ined.  With increas ing 

part ic le  concentrat ion,  part ic les  moved c loser  to the wal l ,  number of  

part ic les were decreased at  the center and veloc i ty prof i le  of  the 

part ic les became f lat  near the center of  the pipe. Also veloc i t ies c lose 

to the center l ine were d iminished. As concentrat ion increased, the 

shape of the veloc i ty prof i les became more dependent on the s ize of 

the part ic les.   

 

Gas-so l id mixtures are used largely in chemica l  and mechanica l  

engineer ing areas.  Some exampl es are nuc lear reactor cool ing,  

f lu id ized beds,  dust  co l lect ion,  and pneumat ic  conveying.  

Hydrodynamic character is t ics of  d i lute gas -so l id  suspens ions were 

invest igated theoret ica l ly  [49] .  Upward f low of suspensions was 

studied in a vert ica l  p ipe. By us ing a computer  program at  each so l ids  

loading rat io (SLR), the voidage, the external  force caused by 

par t i c le-wal l  and part ic le- par t ic le  in teract ions,  and the re lat ive 

veloc i ty between the two phases were calculated. Exper imental  data 

and theoret ica l  resu l ts  were cons is tent  wi th each other .  In the 

theoret ica l  analys is ,  a l l  of  the f low parameters were accepted as 

uni form along the radia l  d i rect ion.  The macroscopic momentum 

balances were performed for  both gas and so l id phases through the 

ax ia l  d i rect ion.  I terations were made to determine the drag ve loc i ty .  

Sol id and gas densi ty,  p ipe d iameter,  and part ic le s ize were the 

parameters that  govern the f low behavior .  

 

P lug f low character i s t i cs  o f  pu lp  suspens ion were searched in  a  

vert ica l  c i rcu lar  duct  [50 ].  Downward f low was cons idered.  Loca l  

ve loc i ty and veloc i ty gradient at  the wal l  of  the p ipe were determined 

ut i l i z ing an e lectrochemica l  method.  Pressure t ransducers measured 
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the pressure drop.  The pulp suspens ions were accepted as Newtonian 

l i qu id  eva lua t ing  the  re lat ions between ve loc i ty  grad ient  and shear 

stress,  f low rate and pressure drop,  exper imenta l ly .  However,  these 

pulp suspens ions were d i f ferent f rom Newtonian l iqu ids cons ider ing 

the exper imenta l  re lat ion between f low rate and ve loc i ty gradient at  

the wa ll  of  the p ipe and measured veloc i ty prof i le .   A lso a re lat ionship 

expla in ing the radia l  d istr ibut ion of  v iscos i ty was obta ined. Measured 

and ca lcu lated ve loc i ty prof i les were cons istent with each other.  This  

d i f ference was caused by the d i f ferent v iscos i ty values of the pulp 

suspens ion at  a rad ia l  pos i t ion.  The pulp suspens ion was a 

combinat ion of  potass ium ferr icyan ide and potass ium ferrocyan ide 

e lectro lytes,  ion exchanged water,  and beaten hardwood b leached 

craft  pulp.  

 

A n  L-shaped sampl ing probe was use d to get the velocit ies of 

both phases [ 51 ].  Cross- corre lat ion method was ut i l i zed.  F low rate of  

s lurry can be measured by u l t rasonic Doppler meters,  ventur i  f low 

meters,  or magnet ic f lux f low meters.  These devices g ive mean 

ve loc i ty  va lues .  On the other  hand, loca l  ve loc i t ies are required for 

the theoret ical  analys is to f ind the veloci ty distr ibut ion. In the cross -

corre lat ion method the trans i t  t ime between the sensor pairs  d isp laced 

axia l ly by a known distance is measured. 0.47 mm mean dimeter of 

sand- w a ter ,  1.7 mm of  acry l ic - water,  and 4.4 mm PVC- water  s lur r ies  

were used in the exper iments. Due to some kind of a boundary layer 

ef fect ,  probe fa i lure was observed i f  the f low was laminar.  Hor izonta l  

f low was studied.  

 

Veloc i ty prof i le of the f lu id in a pipe can be found by drawing 

the graph of the local  t ime- averaged ax ia l  ve loc i ty  at  one point  f rom 

the pipe axis or wal l  graph. To have ful ly develop f low, the shape of 

the above p lot  should not be dependent on the ax ia l  d istance from the 

entrance of  the p ipe [ 52 ].    

 

A  separated-phase f low model  was used in an annular  channel  

by means of vert ica l  downward f low for l iquid- gas mixtures [53 ] . 

Ve loc i ty d istr ibut ion and temperature d istr ibut ions in the l iqu id f i lm 

layer  and l iqu id  f i lm th ickness  were pred ic ted.  The stud ied heat  f lux 
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and mass f lux  ranges were between 6000 and 12000 W/m2 and 500 -

1100 kg/m2 s,  respect ive ly .  Th ickness of  the l iqu id f i lm was about a 

couple of  micrometers.  Heat t ransfer  coef f ic ient  ranged between 

2800 -7800 W/m2 K for l iquid nitrogen. It was boi l ing in the annular 

channel .  A lso heat t ransfer coeff ic ient and pressure drop a long the 

annular  channel  were obta ined.  The ca lcu lated heat  t ransfer  

coeff ic ients were 29% lower than the measured values.  Heat transfer 

coef f ic ient  and pressure drop increased whi le the gap of  the annular 

channe l  was decreas ing and the mass f lux  was increas ing.   

 

 V ideotap ing part ic les  were used in  suspended form in sod ium 

carboxymethy lce l lu lose (CMC) so lut ions in  a t ransparent  ho ld ing p ipe 

[55 ].  Th is  apparatus used in the exper iments was s imi lar  to the 

commerc ia l  asept ic  food process ing uni ts .  Log -normal  mode ls  cou ld  

have expla ined the veloc i ty d istr ibut ion of food part ic les.  Part ic le-f lu id  

interact ions were important at  the studied concentrat ions in that 

work .  So l id  phase was po lystyrene part ic les  hav ing 0.95 cm of  mean 

d iameter  and 1044.5 kg/m3 dens i ty .  Mot ion of  the part ic les was 

recorded on v ideotape and analyzed.  Three d i f ferent carr ier  v iscos i t ies 

(0 .2 ,  0 .5 ,  and 0.8 % CMC concentrat ion) ,  three pump speeds (100,  

120, and 140 rpm),  and four d i f ferent  part ic le  concentrat ions (0.2036,  

0.4072, 0.6108, and 0.8145% v/v) were t r ied.  At  the end,  i t  was seen 

that the most important factor af fect ing the ve loc i ty d ist r ibut ions was 

the v iscosi ty.  I f  v iscosi ty was low, fastest part ic le was present at the 

center- l ine.  A lso there were no part ic les moving faster  than twice of  

the mean velocity.  

 

 Some di f ferent ia l  equat ions were used to reach the ve loc i ty and 

concentrat ion d is t r ibut ions of  s lurr ies [12 ].  These had quas i- uni form 

character i st ics.  To interpret the interact ion between the sol id part ic les 

and the p ipe wal l ,  a  ‘ supported load ’  concept  was used.  I t  was seen 

that the s ize of the sol id part ic les affected the mix ing effects,  

turbulent  shear st resses,  and part ic le  interact ions.  Mean diameters of  

0.165, 0.48,  0.52,  and 13 mm of sand part ic les were tested.  Water 

was the f lowing l iqu id in 50 and 500 mm diameter p ipes.  Tr ied 

concentrat ion va lues were less than 40 % v/v.  Numer ica l  and 
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exper imenta l  resu l ts  were compared in  terms of  concentrat ion,  

ve loc i ty ,  and head loss ,  and the agreement  was we l l .   

 

A coa l- l iquid s lurry was used to test the acoust ic cross-

corre lat ion method [54 ] .  Ve loc i ty  prof i les were reached by th is  way.  

Di f ferent condi t ions ( i .e . ,  locat ion,  rotat ion,  or  f requency) were 

stud ied to ver i fy  the method and resu l ts  were sat i s factory .  

 

2 .3.  Pressure Drop 

 

 In the work,  laboratory rheologica l  data was sca led up with the 

help of the given equations [ 56 ] .  They were val id for both the laminar 

and the turbulent f low cases.  This method was appl icab le for  a lso 

concentrated suspens ions.  Concentrated so lut ions were most ly  

pseudo -homogeneous.  In other  words they were essent ia l ly  

homogeneous.  They were non- Newtonian f lu ids and their  propert ies 

were measured by var ious v iscometers in laborator ies .  These mixtures 

had re lat ive ly smal l  part ic les (below 100 µm in diameter).  Their  y ie ld 

s t resses wee measurab le .  Some of  the examples were c lay,  l imestone,  

i ron ore,  bauxi te,  or coal .  To predict  f r ic t ion loss,  some rheologica l  

models of  homogeneous f lo w were used for B ingham plast ics and 

Power- law f lu ids.  They had h igh shear.  The obta ined method was 

compared with the l i terature data,  in d i f ferent p ipe s izes and f low 

rates.  Fr ic t ion loss est imat ion was made for  Power- law and Bingham 

p last ics  us ing the i r  spec i f i c  mode l  formulae.   

 

 Pressure drop and cr i t ica l  ve loc i ty were ca lcu lated for  s lurr ies 

[11 ].  A lso,  the i r  computer program was able to obta in the pressure 

drop values for s ingle- phase gas and l iqu id p ipe l ines.  Corre lat ions 

were appra ised wi th  a  BASIC computer  program. They def ined the 

‘cr i t ica l  ve loc i ty ’  as the f lu id ve loc i ty,  be low which accumulat ion of  

so l ids starts ( for  hor izonta l  f low).  Normal f low veloc i ty prevented the 

sett l ing of the sol ids ( in vert ica l  p ipel ines).  Turbulence prevented the 

set t ling of  so l ids ( in hor izonta l  p ipe l ines) .  Concentrat ion of  so l ids 

could affect the cr i t ica l  veloc i ty and pressure drop in s lurry f lows. In 

that paper,  pressure drop corre lat ions were evaluated at four d i f ferent 
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f low regions: f low with a stat ionary bed, sa l tat ion f low, heterogeneous 

f low and homogeneous f lows. 

 

 Pressure gradients were est imated for  turbulent f low of  s lurr ies 

in p ipes,  hor izonta l ly  and without depos i t ion [20 ].  Heterogeneous 

suspens ions were taken into account .  A lso to get  cr i t i ca l  ve loc i ty ,  an 

equat ion was der ived.  To be ab le to obta in the pressure grad ients for  

s lurr ies f lowing in hor izonta l  p ipes more correct ly ,  s lurr ies were 

d iv ided into two main groups: ‘sett l ing ’  and ‘non -sett l ing’ .  In non -

sett l ing s lurr ies ,  the mixture was assumed to behave a homogeneous 

f lu id and the sett l ing tendency of the sol id part ic les could be 

neglected.  However,  set t l ing s lurr ies  were cons idered as two- phase 

mixtures and sett l ing ve loc i ty  of  so l ids could not  be ignored.  In th is  

paper ,  part ic les  were assumed to be in  a narrow s ize range and there 

was a s ingle sett l ing veloc i ty.  The cr i t ica l  ve loc i ty was def ined as the 

t rans i t ion ve loc i ty  between the heterogeneous suspens ion and the 

s l id ing bed reg ions.  Pressure gradients were predicted based on the 

mechanism of  ener gy loss. 

 

A model  was der ived for f low patterns and pressure drop for 

hor izontal  s lurry f low in p ipes [57 ].  There was two -layer .  At  the 

bottom of  the p ipe there was a stat ionary or  moving bed.  However at  

the top, heterogeneous mixture was present.  They ass umed that there 

was no s l ip between the so l id and l iqu id phases in the model .  To 

invest igate the ef fect  o f  no s l ip  assumpt ion,  th is  work was per formed. 

 

I t  was assumed that there was no re lat ive mot ion between the 

so l id  and l iqu id par t ic les ,  ax ia l ly  [ 58 ].  Th is  was va l id  for  the upper 

part  of  the mixture.  There was turbulent  mix ing.  On the other hand,  

for  the lower part ,  th is  assumpt ion was unreal is t ic .  S ince,  wal l  f r ic t ion 

affected the sol id part ic les in th is case. The l iquid moved faster than 

the sol id par t ic les,  actual ly .  Therefore a re lat ive ve loc i ty was present 

between them. This fact  added an addit ional  unknown phrase in the 

Ergun equat ion.  At  the end, the studied model  was modi f ied.  

Accord ing to th is  modi f icat ion,  i t  was reported that  the no-s l ip  

accep tance was a va l id approx imat ion.  The o ld model  decreased the 

computat ion t ime. The resul ts  obta ined from both of  these two models 
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were compared and i t  was seen that  the d i f ference was smal l .  

 

Ion exchange, cata lyt ic  crack ing,  adsorpt ion,  hydrometa l lurg ica l  

operat ions,  sed imentat ion,  b ioreactors ,  c lass i f i cat ion and 

crysta l l i zat ion are some of the examples for  industr ia l  usage of  so l id -

l iquid f lu id ized beds (SLFBs).  To know the value of pressure drop is 

s igni f icant ,  s ince the performance of  the equipment depe nds on the 

pressure drop. Heat and mass transfer rates could be est imated by the 

help of  pressure drop. A lso energy d iss ipat ion rate is  determined by 

knowing the pressure drop va lue [17 ].    

 

Pressure drop was measured in a so l id- l iqu id f lu id ized bed 

(SLFB) having 78 mm ID [ 17 ].  The bed voidage was changed from 0.4 

to 0.9.  Mean part ic le s izes were between 0.55 and 3.1 mm. 

Exper imenta l  resu l ts  and model  pred ict ions were in a good agreement.  

The SLFB operated turbulent ly  when Reynolds number was greater  

than  1000. By making energy balance,  hydrodynamic aspects could be 

analyzed in th is  f low region. Net force of  buoyancy and grav i ty 

ba lanced the f r ic t ion force between the l iqu id and so l id part ic les in 

f lu id ized beds.   

 

A mathemat ica l  model  re lated wi th the pressure forces was 

developed for d ispersed f lu id- f lu id and so l id -f lu id systems [ 59 ] . 

Resu l ts  were compared wi th current ly  used engineer ing t reatment and 

found to be cons istent  i f  the vo lume average pressure and pressure 

near the sol id part ic les or l iquid droplets were not so s imi lar .  

Engineer ing treatment worked accurate ly,  i f  there were large 

d i f ferences in ve loc i ty between the phases.  A lso the mathemat ica l  

model  was developed to consist  more v iscous forces.  Volume average 

pressure and pressure drag were the two components of  the pressure 

in the cont inuous phase. Therefore one of them acted on each 

part icu late matter  l ike buoyancy force and i t  had s low var iat ion.  The 

la t ter  one added to  mass forces  and i t  had rap id  var ia t ion.   

 

 A c i rcu lar  p ipe of  40.9 mm diameter was used to get  pressure 

gradients [ 60 ].  Water and ethy lene g lycol  so lut ions were the l iqu id 

phase. Mean diameters of 1.8 and 4.6 mm of spher ica l  g lass part ic les 
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were the so l id mater ia l .  So l id concentrat ion range was between 9% to 

38% v/v.  Pressure gradients were evaluated in terms of  part ic le  

f r ic t ion factor .   

2.4. Fr ict ion 

 

Hydraul ic  t ransport  dev ices can be des igned proper ly  when the 

measurement about  so l ids  cou ld be per formed accurate ly .  Vo lumetr ic  

so l id  concentrat ion,  pressure loss,  p ipe wear,  and cross-sect iona l  

mean ve loc i ty  are important  for  so l id- l iqu id suspens ion f lows.  To be 

able to obtain energy cost,  i t  is  necessary to know the pressure loss 

due to f r ic t ion.  The problems that would be encountered can be stated 

as fo l lows: dens i ty d istr ibut ion,  gra in s ize,  terminal  sett l ing ve loc i ty,  

hardness,  shape,  at t r i t ion character  of  part ic les ,  roughness,  and 

surface hardness of  the p ipe used. The measurements re lated with 

these parameters were performed [ 61 ].  To get  a  des ign procedure 

with re l iable data ,  some exper iments  were conducted us ing so l id -

l iquid mixtures in fu l l - sca le  equipment.  The major  a im was to 

determine the p ipe d iameter and pressure loss for  the transported 

mater ia l .  Steady f low condi t ions were prov ided. A jet  pump was used 

fo r  the  s lu r ry t ransportat ion.  The exper imenta l  r ig  was ab le  to  

measure concentrat ion and vo lumetr ic  f low rate of  the so lut ion,  p ipe 

wear ,  pressure loss ,  and depos i t  ve loc i ty .  The exper imenta l  set- up 

was a close - loop system, i .e. ,  d ischarge end of the pipel ine was 

connected to the s lurry tank.  Jet  pump was provided to avoid attr i t ion 

of  pump.  

 

Turbulences and instabi l i t ies could be brought about by a 

sudden change in the steady state f low [ 47 ] .  Fr ic t ion force was 

measured d irect ly ,  on the p ipe wal l .  He found that as the number of 

ar t i c les  touch ing the p ipe wa l l  increase then the energy loss  was a lso  

increased owing to the mechanica l  f r i c t ion.   

 

Resu l ts  were obta ined f rom corre lat ions for  pressure drop and 

hold -up with some exper imenta l  data,  cons ider ing hor izonta l  f low [62 ] . 

A lso a new analys is  was developed to get f r ic t ional  pressure drop.  At  

the end i t  was found that ,  Lockhart- Mart ine l l i  corre lat ion was not 
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cons istent wi th the se lected exper imenta l  data about pressure drop.  

Corre lat ions were not  rea l i s t i c .   

  

A  co r re la tion was deve loped to f ind the mixture f r i c t ion factors  

for upward f lowing gas-so l id  systems [63 ]. A i r  was the gas phase. This 

new corre lat ion was an extended form of the previous ly reported one 

for sol id phase fr ict ion factor [64 ]. It was not necessary to have any 

pressure drop data to be used in both of  these corre lat ions.  

Therefore,  i t  could safe ly be used in the systems where pressure drop 

measurements were d i f f icu l t .  Gas phase volume fract ion,  mixture 

fr ict ion factors,  drag, so l id densi ty,  so l id phase fr ic t ion factors ,  

ve loc i ty of  so l id phase,  and dens i ty of  so l id phase co lud be obta ined 

by the dev ised procedure.   

 

Corre lat ions were developed to obta in f r ic t ional  pressure drop 

[65 ].  Upward f low through a packed bed of a gas - l iqu id mixture was 

studied in bubble f low, spray f low and pulse f low regions. F low rates 

of  gas and l iqu id af fected the two- phase pressure drop d i f ferent ly  in 

the d i f ferent f low regions when developing the corre lat ions.  From 

l i terature more than 600 exper imenta l  data were taken and use d in 

th is  s tudy.   

 

2.5.  Annular Flow 

 

Newtonian f lu id f low was studied in concentr ic  and eccentr ic  

annul i  in  the fu l ly  developed f low regime to obta in the mean ve loc i ty ,  

and the corresponding Reynolds s t resses Reynolds numbers ranged 

between 8900 and 26,600  [66] . A lso a  weak ly  e lect r i c  shear- th inn ing 

f lu id was stud ied at  Reynolds numbers of  1150,  6200,  and 9600.  

Eccentr ic i ty va lues were 0,  0.5,  and 1.0 and the d iameter rat io was 

0.5.  Fr ict ion factors were h igher in concentr ic  annulus than those in a 

smooth round p ipe.  The f luctuat ion leve ls  were less  in  non- Newtonian 

f low than those in Newtonian f low.  

 

A ir  was used as the working f lu id in three di f ferent radi i  rat ios 

of  the vert ica l  concentr ic  annulus [ 67 ].  Fu l l y  deve loped f low case was 

studied.  Shear stres s d is t r ibut ions were obta ined.  Hot- wire 
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anemometry was used to f ind the locat ion of  zero -shear  pos i t ion.  The 

resul ts  showed that the maximum veloc i ty and zero-shear  sur faces 

were not  cons is tent  wi th each other .  Radi i  rat ios of  0.088,  0.176,  and 

0.396 were t r ied.  Shear stress equat ions were der ived by a force 

balance at the zero-shear pos i t ion.  A lso f r ic t ion factors  were 

determined.   

 

Exper iments were performed for upward annular f low of a i r-

water mixtures,  in a c i rcu lar  p ipe of  31.8 mm in internal  d iameter and 

10.8 m in length [ 68] . Dur ing the exper iments ,  wa l l  shear  s t ress ,  f i lm 

f low rate,  f i lm th ickness,  pressure gradient ,  d is turbance wave 

veloc i ty,  and frequency were measured at d i f ferent l iqu id and gas f low 

rates.   

 

The importance of  res idence t ime of  fastest  moving part ic les  in  

asept ic  food process ing system was invest igated [69] . I t  is  important 

that the s lowest part ic le should not be overcooked when fastest  

part ic le is  ster i l i zed. Number of data about vert ica l  f low of food 

systems is  not suff ic ient.  Vert ica l  upward f low of  neutra l ly  buoyant 

a lg inate part ic les was examined in carboxymethylce l lu lose (CMC) 

solut ions.  48 mm ID of a c i rcular p ipe was ut i l i zed. Mean diameter of  

the sol id part ic les was 5 and 10 mm. Sol id fract ion range was 16 -55%. 

Mean mixture veloci t ies changed between 77 and 230 mm/s. 29 -422 

mPa.s mean apparent v iscos i ty of  carr ier  f lu ids were exper imented.  

Tube Reynolds number was between 8.7 and 381. V isual  t races and 

Hal l  ef fect sensors were used to measure the part ic le passage t imes. 

At the end, four d i f ferent part ic le passage t ime distr ibut ions were 

detected.   Min imum passage t imes were most ly  af fected by the 

concentrat ion of  so l ids .  An annular  part ic le  reg ion ex is ted when 

part ic le Reynolds number was less than 0.08.  This annular region 

created the max imum passage t ime.   

  

 The annular-core behav ior  of  two immisc ib le l iqu ids were 

studied in a hor izonta l  p ipe [15 ]. A l l  poss ib le  f low s i tuat ions were 

anal ized. Pressure drop and in- s i tu  ho ld-up values were compared with 

the exper imenta l  data,  and the resul ts  were in good agreement.  Core -

annular f low behavior was studied to be able to save power and to 
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reduce pressure loss in v iscous oi l  t ransportat ion. Most reduct ion in 

pressure drop can be obta ined by us ing a h ighly v iscous f lu id at  the 

centra l  core and less v iscous l iqu id forming a uni form annulus near 

the inner s ide of  the p ipe wal l .  S imple express ions were der ived to 

f ind the pressure drop.    

 

Exper iments were carr ied out  in  smooth concentr ic  annul i  

hav ing rad i i  rat ios  of  2 .88,  5.62,  and 9.37 in fu l ly  developed 

unid i rect ional  turbulent f low regime [ 70 ].  Reynolds number was 

changed from 6,000 to 90,000. F lu id was a i r .  Veloc i ty prof i les were 

obtained. It  was reported that the fr ict ion factor did not depend on 

the radi i  rat ios.  A lso stat ic  pres sure drops were found.  

 

An analyt ica l  method was used to est imate the pressure drop in 

laminar f low at the entrance of  the annular ducts [ 71 ]. Ve loc i ty  

d is t r ibut ions were obta ined.  F low development in para l le l  p lates was 

s imi lar to that in annular ducts for ducts having radi i  rat ios less than 

uni ty .   

 

 The parameters of  heat  t ransfer  increment for  water-fe ldspar  

mixtures were determined [72 ].  Fu l ly  deve loped upward f low was in  a  

vert ica l  annulus.  At  the end of  the exper iments i t  was found that f low 

Reynold s number and Prandt l  number strongly af fected the increase in 

the heat transfer rate.  A lso feed sol id concentrat ion, equivalent 

d iameter  to part ic le  d iameter  rat io ,  and the aspect  rat io  of  the 

annulus were the other  factors .  F low propert ies  of  l iqu id-so l i d and 

l iquid -gas mixtures were not  invest igated much in the annulus 

because of  the complex geometry of  such systems.   

 

2.7.  Isokinetic Sampling 

 

Hor izonta l  s lurry f low was stud ied tak ing samples isok inet ica l ly  

[73 ].  The l iqu id mixture cons isted of  water- sand. It had 18% v/v 

so l ids .  Dur ing the exper iments,  f i rs t  i sok inet ic  condi t ions were 

prov ided,  then,  i sok inet ic  ve loc i ty  and loca l  concentrat ions were 

measured. F ina l ly ,  part ic le s ize d istr ibut ion analys is  was made. A 

magnet ic  f low meter measured the veloc i ty in the sampl ing probe. At 
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the end, i t  was reported that,  the predicted veloc i ty prof i les and 

measured veloc i ty prof i les were c lose to each other.  A lso there was no 

need to use a di f ferent veloc i ty tube, when the local  concentrat ion 

was in excess of 50% v/v.  In these ranges,  sampl ing probe accurate ly 

worked.  Th is  sampl ing probe was an L- shaped tube.  Isok inet ic  

sampl ing condi t ion was sat is f ied when the undisturbed loca l  ve loc i ty  

was equal  to the ve loc i ty at  the sampl ing tube.  The sampl ing probe,  

also checke d the stagnat ion pressure in i t .  Therefore,  i t  could have 

measured the free stream velocity.  This meant that there was no need 

for another tube to measure the local  veloc i ty.  Isokinet ic sampl ing 

method could a lso be used for  two -phase l iqu id- gas f lows [ 74 ] . 

 

I t  was reported that  when e lectr i f ied sampl ing probe and 

part ic les come into p icture,  isok inet ic  sampl ing technique d id not g ive 

accurate resu l ts  [75] . When large probes were used,  e lect rostat ic  

ef fects were less s igni f icant.  Hor izonta l  f low case was considered in 

ducts.  They used inert ia  parameter a lso.  Stat ic  e lectr i f i cat ion was 

large when smal ler  probes were used.  Analys is  of  dust- laden gases 

was usual ly  made isok inet ica l ly .  However concentrat ion was d i f ferent  

f rom the concentrat ion obta ined by isok inet ic  sampl ing.  I f  the 

diameter of the sampl ing probe was less than 0.5 cm, then errors 

became s ign i f icant .  A lso numer ica l  ca lcu lat ions were performed. 

 

Concentrat ion d ist r ibut ion of  spher ica l  part ic les were obta ined 

in hor izontal  f low [22] . They der ived a genera l  equat ion for  the 

pred ic t ion of  vert ica l  concentrat ion d is t r ibut ion for  s lurr ies .  Th is  was 

va l id  for  a  wide range of  par t i c le  s i ze  even i f  the concentrat ion was 

high. I f  the veloc i ty was smal l  at steady state condit ions, then part ic le 

segregat ion co uld be observed. The part ic les used in the exper iments 

were 2.5 to 5.0 mm in diameter.  The f low loop used in the 

exper iments was about 22 m. Test  sect ions were made of  smooth 

acry l ic  p last ic .  A rotary pump was use and there was not any part ic le 

attr i t ion. The vo lume of  the sta in less stee l  mix ing vesse l  was 0.12 m3 . 

I t  provided a uni form distr ibut ion of  part ic les.  F low rate was measured 

by a turbine type of f low meter.  Provid ing the necessary isokinet ic 

s i tuat ion,  samples  were wi thdrawn.  An L-shaped s ta in less steel  tube 

took the sample.  Outer d iameter of  the tube was 6.35 mm. A prec is ion 
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dia l  ind icator contro l led the vert ica l  pos i t ion of  the probe. The 

withdrawn sample was put in a 300 cm3 p last ic bott le.  This bott le was 

put in a p lex ig lass vessel .  The f low rate of  sample was contro l led by a 

graduated cyl inder.  A three- way bal l  va lve determined the direct ion of 

f low. Us ing a regulator  constant back-up pressure was adjusted.  Af ter  

equat ing the local  veloc i ty in the pipe and veloc i ty of withdrawal,  only 

five to seven samples were taken because of  the d i f f icu l ty in adjust ing 

the sampl ing rate.  Standard s ieves were used for  the analys is  of  the 

part ic le s ize.  Smal l  an ion exchange res ins beads were the test ing 

p last ic  spher ica l  part ic les .   A t ransformer o i l  (d ia la)  kerosene,  and a 

33% volume kerosene+67% dia la mixtures were used. The data 

recorded dur ing exper iments f i t ted the l i terature wel l .   

 

Local  so l id concentrat ions and local  phase veloc i t ies of  an a ir-

so l id part ic le system was measured in a hor izonta l  p ipe,  iso k inet ica l ly  

[25 ].  The p i tot  tube was used a lso as a sampl ing probe.  Th is  p i tot  

tube was suspended wi th needle bear ings to the p ipe.  Pressure,  drag,  

and momentum were the forces act ing on th is  probe.  The operat ion 

pr inc ip le of  the isok inet ic  sampl ing probe was exp la ined and some 

exper imenta l  data  was obta ined.   

 

An image system was studied [76 ] .  There was a droplet 

co l lect ion system, an image process ing box,  and an isok inet ic  

sampl ing probe in the exper imental  set- up. Droplets were counted by 

the image process ing software. This software a lso helped the s ize 

measurement of  the drop lets .  A lso drop let  back- up, droplet  deposi t ion 

in the sampl ing probe,  and coa lescence were invest igated dur ing the 

exper iments. Sampl ing probe was put paral le l  to the f lu id f low stre am. 

When the stat ic pressures ins ide and outs ide of the probe were equal ,  

then isok inet ic  condi t ion was accepted to be reached.  To prevent 

droplet  depos i t ion at  h igh droplet  s izes,  a larger sampl ing tube was 

preferred.  In every measurement,  i sok inet ic  condi t ion  was  reached.   

 

True local  veloc i ty could be measured by ‘ isokinet ic sampl ing’  

method [77 ]. I f  so l id  concentrat ion was low, then p i tot  tubes could 

make measurements accurate ly.  At h igh concentrat ions,  ve loc i ty 
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measurements could be made i f  the part ic le s ize in the aerosol  was 

qui te large.   

 

In isok inet ic  sampl ing method, i t  was necessary to match the 

sampl ing veloc i ty and the veloc i ty of  or ig ina l  undisturbed loca l  f low, 

which was the veloc i ty before the probe insert ion (no-s l ip  between the 

phases).  By th is  way,  d i rect ion and or ig ina l  rate of  f low d id not  

change.   

 

Isokinet ic  Sampl ing:  I f  t rue suspens ion ve loc i ty  was equal  to the 

sampl ing ve loc i ty  i t  was ca l led isok inet ic  sampl ing.  When isok inet ic  

f low condi t ion was achieved,  pressure gradient  became hi gher  ins ide 

the probe.  Sampl ing accuracy cou ld change accord ing to  the par t i c le  

concentrat ion,  turbu lence,  probe s i ze ,  and adhes ion of  par t i c les  [78 ]. 

2 .6 .  Methods 

 

Two- phase f low sampl ing methods were presented [79 ] . The 

deta i led f low structure could not have been obtained s ince the der ived 

theoret ica l  models  were not  suf f ic ient .  Data about the two- phase f low 

structure was needed: to pred ict  the cr i t i ca l  heat  f lux in nuc lear  

reactor coolers ,  to est imate the pressure drop and void f ract ion 

values, to see er os ion prob lems in  wet-steam turbines, to f ind sonic 

velocit ies in two -phase mixtures,  to f ind the react ion rate and mass 

t ransfer  in  two- phase chemica l  reactor .   

 

Sampl ing was performed in two ways by insert ing a sampl ing 

probe d i rect ly  into the f low, or  property of  the f lu id was determined 

from outs ide of the f low [ 78 ] . One -phase f low instruments do not g ive 

re l iab le resu l ts  when used in two- phase systems. For instance,  p i tot  

stat ic tubes give local  veloc i ty of the f lu id in one- phase systems.  

However,  ve loc i ty and impact pressure re lat ionship is  complex when 

the f low is two-phase. Now, the f low is  unknown and re lat ive 

veloc i t ies are unknown. Also turb ine type or def lect ion type of  

f lowmeters or hot-wire anemometers are di f f icu l t  to invest igate in 

two-phase mixtures.  Data reduct ion can be appl ied to homogeneous 

f low or constant s l ip rat io systems, but the val id i ty of  th is method is 
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not proved. Data acquis i t ion method can be used when i t  is  necessary 

to equate two pressures but  accuracy i s  not  proven yet  [ 79 ] . 

 

2.7.2.  Concentration Measurement Methods 

 

CONCENTRATION of  SOLIDS:  Concentrat ion of  so l ids is  measured in 

terms of mass, not volume, due to the cheap operat ional  insta l lat ions. 

Mass concentrat ion is  def ined as the rat io of  tota l  mass of  so l ids in 

the s lur ry  sample to  the tota l  mass occup ied by the sample [80 ]. 

 

Sampl ing methods and attenuat ion of  radiat ion or l ight  methods 

are used to obta in the concentrat ion of so l ids in a suspension. Part ic le 

f lux or  t ime average concentrat ion is  found by sampl ing methods. On 

the other hand, average concentrat ion can be obta ined at d i f ferent 

pos i t ions by the rad iat ion methods.  Ve loc i ty  d is t r ibut ion and 

concentrat ion prof i les  are af fected by the shape of  the p ipe [33 ].    

 

In- s i tu concentrat ion:  i s  def ined as  the t ranspor t concentrat ion where 

there are sol id part ic les f lowing in a p ipe. L iquid and sol id part ic les 

f low with di f ferent veloc i t ies in the pipe. As a result  i t  is  assumed to 

ex is t  a  s l ip  ve loc i ty  between l iqu id and so l id  part ic les  ([51] , [ 80 ] ). 

 

Del ivered concentr at ion:  i s  def ined as the concentrat ion at  the ex i t  o f  

the pipe where the veloc i t ies of the l iquid and the sol id phases are the 

same [80 ]. 

  

In- s i tu concentrat ion is  greater  than the de l ivered 

concentrat ion,  i f  so l id ve loc i ty is  less than f lu id ve loc i ty .  Hor izonta l  

heterogeneous p ipe f low and counter- gravi ty f low of large part ic le 

mixture are some of  the examples for  th is  type of  f low [ 80 ]. 

 

The methods that  are used to measure the concentrat ion of  

so l ids re ly on the concept of  be ing able to obta in a spec i f ic  property 

that is  d i f ferent for  both of  two phases.   This property of  the mixture 

depends on the concentrat ion of  the so l ids.  I f  th is  property is  known, 

then so l id  concentrat ion could be reached by the he lp of  a ca l ibrat ion 

curve. This property may be dens i ty ,  e lect r ica l  conduct iv i ty ,  or  
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die lectr ic  constant.  I f  so l ids concentrat ion is  so low that is  not enough 

to reach a cr i t ica l  value, then the result  of th is measurement would 

not  be accurate .  So l ids  concentrat ion measurement  techn iques in  

terms of  vo lume can be categor ized into three groups [ 61 ]:  

 

The methods in  the f i rst  group g ive the average concentrat ion 

over a large vo lume such as in a long p ipe.  Some examples are 

vert ica l  counter  meters ,  inc l ined and stra ight  p ipe concentrat ion 

meters . 

 

Counter f low- meter:  to be able to get  the de l ivered concentrat ion of  

s lurry,  vo lumetr ic  concentrat ions of  upf low and downf low are assumed 

to be equal to each other.  It  can measure the concentrat ion with 1% 

error.  When the mean veloc i ty of  the s lurry is  greater than the 

sett l ing ve loc i ty of  the part ic le ,  then accuracy would be wel l  [ 33 ]. 

 

Inc l ined p ipe concentrat ion meter: I t  is  used to f ind the loca l  so l id 

concentrat ion in heterogeneous suspens ions.  Th is  dev ice has two -

equa l  length of  p ipe sect ions .  One i s  hor i zonta l  and the other has a 

smal l  inc l inat ion of  about 50 .  Pressure loss due to fr ict ion is  about the 

same in  these two segments  [ 61 ] . 

 

Stra ight p ipe concentrat ion meter:  I t  is  a s imple device to measure 

the concentrat ion accurate ly .  I t  works wel l  upto the pressure of  20 

bar.  To get loca l  so l id concentrat ion weighing method is  used. To be 

able to make measurement with th is  equipment,  the densi ty of  so l ids 

should not be c lose to the density of water. Otherwise accuracy of the 

measurement would be decreased [61 ]. 

 

In the second group ,  average concentrat ion is  measured a long 

a l ine.  Co l l imated γ -ray  beam absorpt ion  [81] , u l t rasonic  methods 

[82 ],  autocorre lat ion of  the scattered laser l ight [37 ],  and conduct iv i ty  

method are some of  the examples for  th is  group [ 61 ]. 

 

Nuc leon ic  meters:  these are of two types: 
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1.  Gamma-ray densi ty meter:  a gamma- ray source and a 

pressur ized ion izat ion chamber are at tached at  oppos i te s ides of  a 

p ipe.  The absorbed radiat ion is  determined by the th ickness of  the 

p ipe wal l  and the densi ty of  the s lurry.  Pressur ized ionizat ion chamber 

obtains e lectr ic  current from the radiat ion. Accuracy of th is device is  ± 

1% [ 33 ] . 

 

2.  Neutron moderat ion meter :  Th is  dev ice is  c lamped to a p ipe.  I t  

i s  made up of  a rad io isotope source of  fast  neutrons,  a detector  for  

slow neutrons,  and a ref lector  made of  graph i te .  The hydrogen in  the 

water  co l l ides wi th the fast  neutrons and makes them to s low down. 

Then the probe can detect  the s lowing ones.  Therefore,  the volumetr ic  

concentrat ion of  water  might  be obta ined.  Accuracy i s  ± 1% [33 ]. 

 

Elect r ica l  conduct iv i ty- meter:  the  c ross-sect iona l  area shared by the 

so l ids and the l iqu id is  determined by the change in conduct iv i ty .  Two 

cel ls  measure the conduct iv i ty d i f ference of  the s lurry and the l iquid.  

Then, vo lumetr ic  concentrat ion of the sol ids would be measured. This 

inst rument can measure wi th ± 2% accuracy [ 33 ] . 

 

Tomographic methods are largely used in medica l  appl icat ions.  

A lso,  i t  i s  a re l iab le technique for many industr ia l  purposes.  This is  

ca l led as process tomography. Som e examples for  tomographic 

methods are as fo l lows:  e lect r i ca l  methods,  X -ray,  γ-ray,  and pos i t ron 

emiss ion tomography (PET) systems,  magnet ic  resonance imaging 

(MRI),  u l t rasonic techniques,  opt ica l ,  and infrared tomography.  Some 

factors af fect ing to choose a method are: the spat ia l  and temporal  

reso lut ion of  imaging,  cost  and phys ica l  d imensions of  the equipment,  

physica l  propert ies of the components would be used in the 

measurements,  human resources for  operat ion and personnel  potent ia l  

hazards.  E lectr ica l  tomography is  a  fast  method,  and i ts  operat ion i s  

s imple.  Therefore, i t  is  a popular technique used in process design 

and contro l .  However,  the major d isadvantage is  low spat ia l  reso lut ion  

( i .e. 3- 10% of a p ipe d iameter)  of  these dev ices.   Cross-sect iona l 

prof i les and veloc i ty d istr ibut ion of  so l ids were obta ined from 

tomographic data [83 ]. E lectr ica l  capac i tance tomography (ECT) and 

e lectr ica l  res is tance tomography (ERT) were used in the exper iments.  
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The d is t r ibut ion of  e lec t r i ca l  conduct iv i ty  in  a  substance can be 

reconstructed with an ERT. Current inject ion method is  used between 

one pai r  of  ne ighbourhood e lectrodes.  Then, the d i f ferent ia l  potent ia l  

o f  the remain ing ones i s  measured.  Th is  i s  made many t imes unt i l  a  

fu l l  e lectr ic  f ie ld rotat ion is  reached.  The typ ica l  f requency range is  

between 20- 50 kHz in an ERT dev ice.  S imi lar  part ia l  d i f ferent ia l  

equat ions are used for both ECT and ERT systems, adopt ing the 

theoret ica l  parameters into exper imenta l  resul ts  in a forward problem 

actual ly.  This can be see n when ca lcu lat ing the capac i tance ins ide the 

sensor.  By arranging the boundary condit ions th is  problem can be 

so lved. A lso to obta in parameters f rom exper imenta l  resul ts  is  an 

inverse prob lem.  

 

In the third group ,  average concentrat ion is  evaluated over a  

smal l  vo lume. This  category inc ludes isok inet ic  sampl ing,  and 

photographic  methods [33 ]. 

 

γ-ray absorpt ion or tomography:  are non -intrus ive methods.  3 -

Dimens iona l  spat ia l  reso lut ion of  so l ids  concentrat ion [ 84 ] can be 

obta ined by these methods,  however ,  t ime reso lut ion resul ts  do not 

g ive sat is factory resu l ts .  These are expens ive methods.  Some cr i t i ca l  

safety precaut ions are compulsory.  Instrumentat ion is  large and 

cumbersome [ 85 ]. 

 

So l ids concentrat ion was measured with an economic and bas ic  

method in s l urry l ines [13] . Working pr inc ip le of the instrument was 

based on the s lurry res istance. There are some studies about the 

s imul taneous measurement of  part ic le  s ize,  concentrat ion,  and 

veloc i ty: [ 86 ] , [ 87 ],  [88 ], [ 89 ] , [ 90 ]. 

 

Concentrat ion and veloci ty of so l i d- l iqu id mixtures f lowing in 

hor izonta l  and vert ica l  p ipes in the upward direct ion were measured 

[28 ]. Ion exchange res ins and g lass beads were used as the so l id  

mater ia ls .  Mean diameter of  these part ic les was between 321 and 

1840 µm, and dens i ty range was between 1190 and 2500 kg/m3. 1.92,  

3.00, and 5.42 m of tube d iameters were used. Us ing loca l  part ic le 

concentrat ion and ve loc i ty ,  average part ic le  ve loc i ty  was ca lcu lated.  
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Concentrat ion and ve loc i ty  d is t r ibut ions were found by a convent iona l  

photographic technique for vert ica l  upward and hor izonta l  f lows. Two 

new developed laser methods were used for vert ica l  upward f low. One 

method was for  loca l  concentrat ion and the other  was for  loca l  

ve loc i ty va lues.  At the end, i t  was seen that laser methods were more 

su i tab le than photographic method to get  loca l  part ic le  concentrat ion 

and loca l  ve loc i t ies.   

 

Three d i f ferent  techniques were compared to f ind so l id  

concentrat ion of  s lurr ies [ 91] . These methods were sample  remova l ,  

gamma ray absorpt ion,  and s lurry  res is t iv i ty .  Gamma ray absorpt ion 

could g ive accurate resu l ts  when the mean so l id concentrat ion was 

h igh and dens i ty d i f ference of  the phases were very d i f ferent .  Sample 

remova l  was genera l ly  used when the sampler  was tapered or  th in -

wal led;  s lurry res is t iv i t y was used to f ind the concentrat ion of  so l ids 

by Maxwel l ’ s  equat ion.  Exper iments were carr ied out  in  a hor izonta l  

p ipe.  Sand and polystyrene part ic les were the so l id phases.  Water was 

the l iquid phase. In the sample removal method, an L-shaped tube 

was used. Also local  part ic le veloc i t ies were found by the same tube. 

In the conduct iv i ty  meter ,  concentrat ion and ve loc i ty  were measured 

by the same probe.  The methods gave s imi lar  resu l ts  when 

concentrat ion was low. I f  concentrat ion was intermediate,  conduct iv i ty 

probe gave higher results around the bottom of the pipe. When 

concentrat ion was h igh,  conduct iv i ty probe gave h igher concentrat ion 

results than those by the gamma ray method. At the end, i t  was 

conc luded that ,  the most  re l iab le method to measure concentrat ion of 

so l ids in mixtures was the isok inet ic  sampl ing.   

 

I t  was suggested that to f ind local  sol id concentrat ion for 

e lectro lyt ic  turbulent  f low us ing a conduct iv i ty  probe was a proper 

technique [39 ]. The dr i f t ing behavior  in NaCl  so lut ions of  conduct i v i ty  

probes was af fected from the ion concentrat ions in water,  resolut ions 

of  space,  and temperature,  main ly .  Eva luat ing these character is t i cs ,  

errors in concentrat ion measurements were tr ied to be min imized. In 

th is study, a low concentrat ion of NaCl solu t ion was the e lectro lyte.  A 

Pt/Rh- wire in the rat io of  9/1 was used to construct the sensing 

e lectrode. Dr i f t ing behavior was tr ied to be decreased a long 
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measurements.  A lso the response of  the probe against  the rap id 

concent ra t ion  changes ,  were  observed.  There were two e lectrodes in 

the conduct iv i ty  probe.  The large e lectrode had about 5 cm2 surface 

area and the sens ing e lectrode had about 0.001 mm2 sur face area.  

The e lectrodes were connected to an AC power supply by a res is tance.  

To prevent e lectro lys is ,  AC was used.   A sens ing e lect rode hav ing 

smal l  sur face area was a lways preferab le .  The P lat inum/Rhodium wire 

was put on in a glass tube having 5 mm ins ide diameter.  One end of 

the tube was sharply shaped. The t ip d iameters of  100 microns and 

300 microns of  two probes were used in th is  study. The diameter of  

the t ip determined the space resolut ion.  E lectro lyte concentrat ion was 

measured around the metal  t ip of  the sens ing e lectrode. Space 

resolut ion meant the volume of the sphere on the t ip.  Cal ibrat ion 

curve of  the conduct iv i ty  probe was p lot ted as vo l tage versus 

concentrat ion graph.  Known concentrat ions of  NaCl  so lut ions were 

used to obta in the vol tages.  With increas ing concentrat ion,  vo l tage 

was decreased. T ime dependency of  the ca l ibrat ion curve was ca l led 

as ‘dr i f t ing ’ .  The factors  af fect ing dr i f t ing were the f requency of  the 

AC power supply,  space reso lut ion of  the probe,  c leaning method of  

sens ing e lectrode, change of temperature in the solut ion,  and metal  

ions in the tap water.  At the end of the exper iments,  i t  was conc luded 

that softened water should be preferred as the solvent.  Smal l  probe 

t ips had large dr i f ts .  I f  the f requency of  AC supply was decreased,  

dr i f t  was increased. The most proper one was 30 kHz. Increas ing 

temperature increased the dr i f t . 

 

2.7.3.  Velocity Measurement Methods 

 

F low measurement can be d iv ided into three main groups:  

 

i)  Veloc i ty- F low measurement:  Ve loc i ty-f low measurement dev ices 

give results that are proport ional  to the average f lu id veloc i ty.  

Mult ip ly ing i t  by the meter ing are a,  vo lumetr ic  f low rate cou ld 

be obta ined. To f ind the average veloc i ty of  the f lu id,  the 

fo l lowing meter ing pr inc ip les could be appl ied: target ,  var iab le 

area,  f lu id turb ine,  f lu id ic ,  u l t rasonic ,  and vortex shedding.  
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i i)  Volumetr ic-F low measurement:  They are so ca l led pos i t ive 

d isp lacement f low meters.  Volumetr ic  f low rate is  obta ined by 

entrapping a known volume of a f lu id.  Some volumetr ic  f low 

meters are nutat ing d isc ,  ova l  gear ,  rotary,  he l ica l  gear ,  and 

osc i l lat ing p iston.  

 

i i i )  Inferent ia l - F low Measurement:  This  type of  measurement uses 

an empir i ca l  corre la t ion re la ted wi th the vo lumetr ic  f low rate 

and the d i f ferent ia l  pressure a long the meter.  Some of  the 

examples for d i f ferent ia l  pressure f low meters can be g iven as; 

p i tot  tube wedge,  or i f i ce p late,  ventur i ,  and nozz le.  

 

Point veloci ty can be measured by pitot tubes [92 ]. Impact port  

part  of  the p i tot  tube is  h i t ted by the f lu id and i ts  ve loc i ty  becomes 

zero.  A lso ve loc i ty (k inet ic  energy) is  converted to pressure head 

(potent ia l  energy) at that t ime. Both the veloc i ty head and stat ic 

pressure are present at the impact port .  Veloc i ty head is  the pressure 

d i f ference between the s tat ic  pressure and impact  pressure at  the 

same point .   

 

P i tot  tubes can be used for both l iquids and gases.  I t  has 

s imp le  opera t ion  and i ts  performance is  good. Des ign l i terature and 

references are ava i lab le s ince p i tot  tubes have been used for  many 

years.  S ince the tube d iameter is  very smal l ,  therefore th is  method 

can be accepted as less intrus ive than the other sens ing methods.  For 

th is  reason, accuracy is  af fected less by th is  method. The operat ing 

temperature is  dependent on the mater ia l  of  the p i tot  tube.  The 

blockage of the pressure transmitt ing parts is  the fa i lure that is  

encountered most ly .  By removing the b locked parts and c lean ing 

them, th is  problem could be overcome. Overranged f low condi t ions 

can not give damage to the pitot tube. These are the major 

advantages.  On the other hand, there are a lso some drawbacks: the 

square root of  the di f ferent ia l  pressure is  a l imit  for veloc i ty .  As  the 

f low rate (a lso pressure) decreases,  accuracy decreases.  F lu id dens i ty  

is  an important factor s ince i t  af fects the output so i t  should be 

measured careful ly .  P i tot  tubes are not sui table for dense suspensions 

s ince part ic les  might  cause c logging in the pressure transmitt ing 
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parts .  The resul ts  that  are obta ined f rom the p i tot  tube measurements 

are not  l inear  [92 ]. 

 

An annular tube with stat ic pressure ports is present on a pitot-

stat ic  tube.   Ve loc i ty  head is  the d i f ference in the pressure betwe en 

the two ports [ 92 ].  There are two pressure tapping holes to sense the 

stat ic and total  (stagnat ion) pressure on a pitot -stat ic  tube.  Stat ic  

pressure is  determined by the stat ic  tapping holes,  but the tota l  

pressure drop is  sensed at  the probe t ip .  F i rs t the d i f ferent ia l  

pressure s ignal  is  detected and then the two concentr ic  tubes transmit  

the pressure s ignals.  Last ly,  the pressure s ignals arr ive the 

d i f ferent ia l  pressure sensors,  which is  p laced at  the end of  the p i tot  

probe. 

 

POINT SOLIDS MASS FLOWMETERS: 

 

Impact Meters:  Mass f lux of  so l ids can be found by insert ing an 

obstac le in the f low. The exerted force on th is  obstac le is  measured.  

Impact meters were studied here [93] , [94] .  I f  large part ic les are 

present,  force of  impact can be counted. The ef fect  of  large part ic les 

was studied [1] . Some examples for  impact f low meters are:  stra in 

gauges,  sens i t ive tota l  f low meters ,  micrometer- pos i t ioned e lectr ica l  

contact ,  and opt ica l  microscopes [78 ]. 

 

Optica l  part ic le count ing:  Part ic les are counted by a l ight beam 

through a very smal l  vo lume, in  th is  method.  For  h igh concentrat ion 

mixtures,  i t  i s  not  a su i tab le method,  s ince there may be more than 

one part ic le  cross ing a l ight  beam. A mass f lowmeter  was deve loped 

[95 ]. 

 

Acoust ics:  F low inst ruments  shou ld endure v ibrat ion,  eros ion,  

corros ion,  and should be ab le to operate at  h igh temperature and 

pressure.  A lso the operat ion of them should be easy,  have inexpensive 

cost ,  and be wel l  bu i l t .  At tenuat ion,  ve loc i ty ,  and scatter ing are to be 

the measured values in ac oust ic  methods for  so l id- l iqu id mixtures.  

Range of  f requency,  s ignal  process ing,  and geometry of  the 

transducer are the s igni f icant exper imenta l  var iab les in the 
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measurement opt imizat ion.  Process ing operat ing f requency increases 

the resolut ion in part ic le s i ze  measurements .  At tenuat ion and 

f requency squared are inverse ly  proport iona l  to  each other  [95 ]. 

 

Hot-wire anemometer:  In th is  method,  a part ic le  h i t  the hot- wire 

anemometer .  Then the s igna l  f rom the anemometer  i s  used [96 ]. 

 

Electrostat ic  f low meters:  I t  was suggested that mass f lux of  so l ids 

and current  f rom the probe was proport iona l  [1 ] .   

 

Counter f low meters:  I t  is  an U- shaped p ipe.  I t  measures the pressure 

through a def in i te length of a p ipe in two sect ions.  This equipment 

uses the equat ion of  cont inui ty for  both two phases.  Accord ing to the 

theory,  head loss is  equal  to the stat ic  head p lus f r ic t ion loss caused 

by the f low. This  method g ives 15% error (prov ided f low rate is  0.016 

m3/s)  in  exper imenta l  resu l ts .  Construct ion of  th is  equ ipment i s  easy 

and f i t t ings are standard.  To be able to use the pressure t ransducers,  

f low should be at  steady state,  so the locat ions should be arranged 

carefu l ly .  Th is  inst rument measures both the concentrat ion and 

ve loc i ty  of  the s lurry [81 ]. 

 

Magnetic f low meter:  T he working pr inc ip le of th is equipment is based 

on the e lectromagnet ism law of  Faraday.  Th is  i s  t rue when the 

magnet ic  f ie ld over the detector- head tube becomes uni form. If  the 

s lurry has magnet ic  part ic les ,  then magnet ic  f low meter is  not  used.  

Be cause ,  magnet ic  f ie ld  become stronger in  such a s i tuat ion,  then 

induced vol tage wi l l  change. The detector-head l iners of  magnet ic  f low 

meters  are genera l ly  made of  po lyurethane,  sof t  natura l  rubber  or  

PTFE. E lectrodes of  such devices are made of  Haste l loy,  sta in less  

stee l ,  P lat inum/Ir id ium a l loy,  or  hardened K- Monel .  The error  

percentage of  such dev ices is  ± 2%. Magnet ic  f low meter measures 

the ve loc i ty  of  a  s lurry  [81] . 

 

Cross-corre lat ion technique meter:  Th is  equipment determines the 

s lurry veloc i ty by measur ing the trans i t  t ime of a d isturbance between 

two def in i te points.  So l id concentrat ion might be measured by an 

e lectr ica l  conduct iv i ty  t ransducer or  an u l t rasonic t ransducer.  The 
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t ime ment ioned above is measured with the help of a cross- corre lator .  

To do this,  the mult ip l icat ion of the output of the downstream 

transducer and output of the t ime- delayed s i tuat ion of  the upstream 

transducer is  taken. Then the resul t  is  integrated over a def in i te t ime. 

Accuracy i s  ±  2% of fu l l - sca le  range [ 81 ] . 

 

LDV method uses the d i f ferences between the s ignal  ampl i tudes 

and v is ib i l i t ies [14 ]. For instance, smal l  part ic les produce LDV s ignals 

with smal ler  ampl i tude and higher v is ib i l i ty  than the larger part ic les.  

A lso i t  i s  accepted that ,  the intens i ty  i s  the h ighest  at  the center  and 

lowest at  the edges of  the measur ing vo lume. However,  intens i ty 

d istr ibut ions are not equal;  that means, an LDV s ignal  f rom a large 

part ic le at  the edge of  a contro l  vo lume might have smal ler  ampl i tude 

than a s ignal  f rom a smal l  part ic le in the center of  the same contro l  

vo lume. This  property makes the measurement not exact .  LDV method 

is  usefu l  when hav ing smal l  concentrat ion of  so l id part ic les ( i .e .  when 

mixture is  suf f ic ient ly  t ransparent) .  For  opaque so lut ions wi th h igher 

so l id  concentrat ions,  there would be some problems. For example,  

scattered l ight might be restr ic ted to reach the detector,  s ince the 

laser l ight  can d i f fuse in a l l  d i rect ions over randomly d ist r ibuted 

part ic les.  To overcome th is  d i f f icu l ty,  a refract ive index matching 

method may b e used. 

 

SOLIDS VELOCITY:   

 

Radioact ive t racer  methods :  Average suspens ion ve loc i ty  might  be 

determined by g iv ing a pulse of  a i r  in the f low stream [97] .  A radio -

p i l l  was used to observe the movement of  a stat ic  bed [ 78 ]. 

 

Mass and volumetr ic f low rates of each the phases was 

measured in ducts [98 ]. Sol id -f lu id two- phase f low was studied. A 

Cor io l is  type mass f low meter and an induct ive volumetr ic  f low meter 

were ut i l i zed to get  tota l  f low rates.  Ind iv idua l  ones were ca lcu lated 

by the known densit ies of the components.  Water- sand part ic les were 

the studied mixture.  0.125 mm mean d iameters of  quartz  part ic les 

were added to water to get the sol id - l iqu id mixture.  So l id part ic les 



 46 
 

were present in suspended fashion in water due to the cont inuous 

st i r r ing. 

 

Cor io l is  f low meter:  A  U- tube measures the f low in the Cor io l is  f low 

meter.  A dr iver and counterbalance provide the osc i l latory angular 

mot ion in the tube. Opposi te ly f lowing f lu id in the opposi te legs of the 

U- tube exposed osc i l latory Cor io l is  forces and they are transmitted in 

the U- tube. A twist ing mot ion is  created by the resul t ing torque a long 

t h e  x- ax is .  .  When the f low and dens i ty  d is t r ibut ions are symmetr ic  

about  xy-p lane,  tota l  mass f low rate of  the f lowing mixture can be 

determined by the help of  th is osc i l la tory twist ing mot ion.  The 

pract ica l  appl icat ion of th is k ind of f low meters is  not easy. S ince, the 

cost  of  th is  equipment is  h igh and insta l lat ion is  d i f f icu l t .  The resul ts  

obta ined f rom Cor io l i s  f low meter are successfu l  in  homogenous 

s teady f low systems [ 1] .  

  

Opt ica l  and tracer techniques:  Scatter ing and absorpt ion caused the 

attenuat ion of  l ight  in so l id- f lu id systems. Scatter ing depends on the 

s ize of  the sol id part ic les,  whi le attenuat ion is  mainly af fected by the 

opt ica l  f requency [1 ]. 

 

Phase Doppler  Anemometry (PDA):  This  method was f i rs t  used by [99 ] . 

The work ing pr inc ip le of  PDA is  based on the Doppler  d i f ference 

technique. This is  a lso used in convent ional  LDA. The phase shi f t  of  

the scattered l ight f rom ref lect ion and refract ion coming fro m the 

intersect ion of laser beams are used to get the s ize of  the part ic le.  I f  

two or  more photodetectors are added to the rece iv ing opt ica l  system, 

s ize,  and ve loc i ty  of  the spher ica l  part ic les can be reached 

s imultaneous ly .  Mass f lux or  concentrat ion of  part ic les can be found 

by us ing PDA.  PDA is  a  s ing le  par t ic le  count ing equipment .   

  

F low rate of a f lu id between two coi ls was measured by nuclear 

magnet ic  resonance (NMR) [ 100 ]. One of the coi l  recorded the volume 

of  the f lu id .  The other  was a rece iv ing co i l  and i t  f ixed the passage 

t ime of the recorded volume. It  was reported that th is t ime was 

proport ional  to the f low rate of the tested f lu id.  There was a need to 

the l inear convers ion of the durat ion of pulse to a d ig i ta l  form. A 
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sample-and- hold instrum ent  recorded pu lses and chose the max imum 

one.  L inear i ty  was obta ined wi th  0 .25 % error . 

 

2.7.4.Pressure Drop Measurement Methods 

 

PRESSURE DROP IN STRAIGHT PIPES:  By f inding the pressure gradient 

in a conveyor,  f low rate of  so l id part ic les has to be known. If  part ic le 

s ize is  large then the re lat ion between the f low rates of  each 

ind iv idua l  phase becomes l inear  [78 ]. 

  

PRESSURE DROP IN BENDS :  To create a great  pressure loss 

measurements are made around a p ipe bend.  So l ids  load ing and 

pressure drop re lat ion is l inear a lso here. P ipe bend was used as i f  a 

f low meter [78] . I f  the length of  the p ipe is  too short  or  f r ic t iona l  

drop through a pipe is not enough, pressure drop along a bend is 

measured. Pressure drop changes with in the change in the amount of  

sol id s [ 77 ]. 

 

Electr ica l  noise method:  Th is  method does not  create any pressure 

loss  ([101 ], [102] ).   It  is  easy to change i ts locat ion in a system and i t  

i s  a re l iab le equipment.  By two capac i tor- t ransducer through the 

p ipe l ine work ing at  d i f ferent pos i t ions,  noise s ignals are correlated 

[78 ]. 

 

Momentum f low meters:  The f low in the or i f i ce p lates is  not  smooth.  

The f lu id is  contracted when pass ing through the or i f ice.  I t  i s  a 

common inst rument to measure the pressure in  industry .  Construct ion 

of  i t  i s  easy [103] . 

 

Ventur imeters and or i f ice p lates:  Good pressure recovery could be 

obta ined by us ing ventur imeters .  On the other  hand,  or i f i ce p lates 

cou ld ach ieve poor  pressure recovery [ 103 ]. 

 

Advantages of  or i f ice p lates:  They have been used for  many years.  

Insta l lat ion is  easy.  They are wel l  def ined and des ign procedures are 

ava i lab le.  A lso the i r  uncerta inty can be ca lcu lated [ 103 ]. 
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Disadvantages of  or i f ice p lates:  Pressure drop is  h igh. Sensi t iv i ty to 

the insta l lat ion ef fects is  h igh.  Construct ion should be carr ie d out 

carefu l ly .  Useable range is  smal l ,  resu l ts  are non-l inear .  Pu lsat ion 

errors can ar ise [ 103 ]. Pressure is  measured by means of  a height in 

manometers.  However,  contaminat ion of  tubes may occur.  A lso 

Bourdon gauge or  t ransducer  can be used for  pressure measurement  

purposes.  Measurement of  pressure loss might be made by water -

manometers,  Bourdon- type inst ruments ,  or  pressure t ransducers  [61 ]. 

 

Disadvantage of  U-tube manometer:  I t  is  d i f f icu l t  to read the pressure 

va lue when there is  a s ign i f icant  amount of  f luctuat ion in pressure,  

s ince both he ights  cannot  be read s imul taneous ly  in  such a case.  To 

use a movable sca le may e l iminate th is  negat ive ef fect ,  or  s ing le- l eg  

manometers may be used in processes where f luctuat ions occur [104 ] . 

When pressure is  less than the value of 4 in (10.16 cm), U- tube or  

s ingle- leg manometers do not g ive accurate readings.  The inc l ined 

tube manometer  i s  a  wel l  type manometer .  I t  i s  used when pressure 

or  vacuum va lues are smal l .  To make accurate read ings are poss ib le  

by using inc l ined tube manometer [105 ]. Pressures around 0.0002 in 

can be measured by micromanometers (e.g.  Prandt l -type 

micromanometer) .  

  

Diaphragm type pressure transducer (pressure d i f ferent ia l ) :  The 

design of this device was made by the authors of this paper [61 ] . 

There was a d iaphragm, a connect ing chamber above the d iaphragm, 

and the t ransport  p ipe above the connect ing chamber in the system. 

The connect ing chamber was f i l led wi th a protect ing f lu id .  The 

deformat ion of  c i rcu lar  d iaphragm determined the equat ion of stress 

ar ised from the given di f ferent ia l  pressure act ing on the diaphragm. 

The d iaphragm converted the stra in gauges into e lectr ica l  s ignals .  The 

connect ing chamber was connected to the actual  pressure 

measurement dev ice.  Th is  equipment prevented the d i rect  contact  of  

the coming mixture and the stra in gauges.  Therefore,  stra in gauges 

were not af fected from the part ic les.  This device could be used a lso in 

processes where there is  no need to prevent the undes i red chemica l  

and heal th damage ef fects .  Pressure of  pure f lu ids  would be obta ined 
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with th is equipment.  The connect ing chamber is  not used in such 

cases.   
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CHAPTER 3 

 

 

EXPERIMENTAL PART 

 

 

 

Hydrodynamic character is t ics  of  upward so l id - l iquid f lows were 

invest igated in a vert ica l  concentr ic  annulus.  Loca l  d ispersed so l id 

dens i t ies ,  loca l  mixture ve loc i t ies at  a cross -sect ion of  the annulus,  

and ax ia l  pressure drops in the fu l ly  deve loped f low reg ion were 

measured at two dif ferent feed sol id concentrat ions, for two dif fe rent  

par t ic le  s izes ,  and at  var ious f low Reynolds numbers .   

 

3.1. Experimental Set- Up 

 

The exper imenta l  set- up is shown in F igure 3.1. It  is  s i tuated on the 

f i rs t  and second f loor of  the laboratory.  I t  cons ists  of  a vert ica l  

annulus,  by- pass l ine,  sta in less  s tee l  head tank,  heat  exchanger ,  U-

tube manometers ,  sampl ing probe,  or i f i cemeter ,  temperature probe,  

centr i fugal  s lurry pump, dra in l ine and a spec ia l ly  des igned isok inet ic  

sampl ing un i t .   

 

The overa l l  length of  the vert ica l  concentr ic  annulus is  5 m. I t  has a 2 

m long test  sect ion.  To provide fu l ly  developed f low condit ions,  an 

entrance length of 2.25 m was used. Inner and outer p ipes of the 

annulus are made of steel .  Inner d iameter of the outer p ipe, and outer 

d iameter of  the inner p ipe are 123 mm (D2 ) and 43.2 mm (D1 ) 

respect ive ly .  Hydrau l ic  d iameter  (D2- D1)  i s  79 .8  mm.   

 

A var iab le speed centr i fugal  s lurry pump (Standard Pompa -PC-40/160 -

VX E.M.P. (2/1450)) is  used to pump the s lurry from the head tank to 

the annulus in a c losed- loop system. The f low ve loc i ty  in the system 

could be adjusted to very smal l  va lues by means of  a f requency 
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converter  connected to the s lurry pump. There are two f lared mix ing 

chambers at  the entrance and exi t  parts of  the annulus.  Homogeneous 

f low is  prov ided by the he lp of  the baf f les  in  the chambers.   

 

Ax ia l  f r ic t ional  pressure drops were measured by a U- tube manometer .  

Spec i f ic  grav i ty of  the manometer f lu id (CCl4) is  1.59. Radia l  local  

sol id densit ies at a cross-sect ion of  the annulus were measured by the 

sampl ing probe previ ously designed [36 ].  The schemat ic  d iagram of  

the sampl ing probe is  shown in F igure 3.2.  Cons is tency measurements 

were carr ied out at seven points a long the diameter of the test area 

under nonisok inet ic  and isok inet ic  condi t ions,  for  each part ic le  s ize,  

feed so l id concentrat ion,  and mixture ve loc i ty .  The sampl ing probe is  

a lso used as a p i tot  tube to determine the local  s lurry veloc i t ies.  This 

probe was p laced into the annular  gap hor izonta l ly ,  the t ip  of  which 

being in the vert ica l  p lane fac ing the f low and a l igned with the 

stream -l ines.  The inner and outer d iameters of  the sampl ing probe are 

3.4 and 4.9 mm, respect ive ly .  A screw mechanism connected to the 

sampl ing probe was used to traverse the probe in the radia l  d i rect ion 

at the test cross-sect ion. A nee dle moving a long a sca le shows the 

posi t ion of the probe t ip as i t  t raverses radia l ly .  This pos i t ion was 

read from the scale. The sampl ing probe is at a distance of 1.45 m 

below the top end of  the annulus.    

 

A  by-pass l ine paral le l  to the annulus was used when necessary to 

ensure the homogeneous d ispers ion of  so l ids in a l l  system. The length 

of the by-pass l ine is about 9 m and i t  is  made of galvanized iron. A 

ca l ibrated or i f i cemeter  (D0 / Dp =β =0.65) was used to measure the 

volumetr ic  f low rate of  the so l id- l iqu id mixture.  Or i f ice- hole diameter 

is  20.65 mm. The or i f icemeter is  p laced below the annulus and i t  is  

1.1 m above the bottom end of  the exper imenta l  set-up.  The 

ca l ibrat ion curve of  the or i f i ce i s  g iven in  Appendix A.   

 

A Hg-manometer  was used to  measure the f low rates h igher than 40 

L/min, and a CCl4 -manometer  (more sens i t ive)  was used for  more 

accurate measurements of  the lower f low rates.  The manometer 

d i f ferent ia ls  were f i rs t  recorded as m- Hg and then they were 

converted to m- CCl4  by a sample ca lcu lat ion g iven in  Appendix  B.   
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A temperature probe (Cole- Parmer  1997- 1998 Cata logue Number:  

93821- 00) was used to measure the temperature of  the s lurry .  I t  was 

p laced at  the top end of  the annulus.  A d ig i ta l  meter (Cole- Parmer 

1997 -1998 Cata logue Number:  08129 -70) connected to the 

temperature probe d isp layed the temperatures.   

 

A heat  exchanger was p laced on the ex i t  l ine f rom the head tank.  The 

a im is  to keep the s lurry temperature constant dur ing the 

exper iments; s ince there is  mix ing and fr ict ion in the system, the 

s lur ry  temperature increases dur ing exper iments .  Coo l ing water  was 

used between the inner and outer pipes of the double -p ipe heat  

exchanger for  coo l ing.  S lurry  f lows in  the inner  p ipe of  the exchanger .   

 

The head tank with a cyl indr ical  upper par t  and a conica l  bottom part ,  

made of  s ta in less s tee l  to prevent  corros ion prob lems,  was used to 

prepare feed s lurry .  To get  good mix ing,  an industr ia l  mixer  (Co le -

Parmer 2001-2002 Cata logue Number:  U-50323- 20) was p laced in the 

head tank.   A vert ica l  l ine made of  ga lvanized i ron connected the 

centr i fugal  s lurry pump to the head tank.  A dra in l ine was used to 

wash out the s lurry f rom the system. It  was connected vert ica l ly  on 

the head- tank ex i t- l ine  wi th  a  T- connect ion having bal l  va lves on each 

l ine.  To f ind the attr i t ion behaviour of the sol id part ic les,  samples 

were taken from the drain l ine at the end of some runs, and part ic le 

s ize d is t r ibut ion of  the used part ic les  was determined.   

 

Water- fe ldspar  (K2 O.Al2 O3. 6S iO2) mixture was used as the s lurry in the 

exper iments.  So l id  part ic les wi th mean part ic le  d iameters of  138 and 

72 µm were ut i l i zed to prepare the feed s lurr ies .  Fe ldspar part ic les 

are chosen as the sol id mater ia l  because, fe ldspar is  inert  to water.  

ASTM standard s ieves were used to get uni form s ize of  so l id  part ic les .  

The average opening between the consecut ive s ieves is  used to 

determine the mean d iameter of  so l ids.   

 

 Isokinet ic  sampl ing unit  was des igned to equal ize the pressures 

and ve loc i t ies  in the undisturbed f low reg ion to those wi th in the 

sampl ing probe.  The loca l  s lurry ve loc i ty and concentrat ion can be 
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obta ined qui te accurate ly by th is  way [22] .  Schemat ics  and the 

photograph of  the isok inet ic  un i t  are shown in F igure 3.3 and F igure 

3.4,  respect ive ly .  Isok inet ic  sampl ing uni t  cons is ted of a  N2 gas 

cy l inder (1),  a pressure regulator (2),  a sample receiv ing f lask (3),  a 

sampl ing box (4) ,  a graduated vo lume -meter (5) ,  a d ig i ta l  pressure 

gauge (7),  an inc l ined manometer (8),  and some necessary f i t t ings.  

Pressur ized Nitrogen gas was used to sup ply a constant back- up 

pressure in the isok inet ic  system as needed. The pressure regulator in 

the isokinet ic unit  (Cole -Parmer  2001- 2002 Cata logue Number U-

03270- 13) (2) is  a two-stage one,  which regulates the work ing 

pressure accurate ly.  The pressure gaug e (7) d isplays the pressure 

value up to the two dig i ts  after the dec imal  point ,  and a lso shows the 

change in the system- pressure when i t  is  regulated with the pressure 

regu la tor  (2) . 

 

  The sampl ing box (4) has a diameter of 80 mm. It  is  made of 

glass. The f langes above the g lass box are made of a luminium, which 

are f ixed on the g lass box by a spec ia l  g lue ca l led meta l  epoxy.  A 

sampl ing f lask (3) is  p laced into the box (4).  Each sample was 

col lected in the sampl ing f lask (3) after equal iz ing the veloc i ty wi thin 

the probe to that in the f low area, where the sample was withdrawn. 

The graduated volumetr ic f lask (5) having graduat ion l ines on i t  

ind icat ing the ca l ibrated known volumes, was used to adjust  the 

volumetr ic f low rate of the s lurry through the probe to y ie ld the 

des i red withdrawal  (sampl ing) ve loc i ty by t r ia l -error  as expla ined in 

the sect ion of  exper imenta l  procedure.   

 

 

 

3.2. Experimental  Parameters 

 

 In th is exper imental  work, the  independent var iab les are mean 

part ic le d iameter (72 and 138 µm), feed solid  concentrat ion (1.0 and 

2.0% v/v) ,  and average mixture ve loc i ty  (0.0120- 0.2267 m/s);  ax ia l  

f r ic t ional  pressure gradient (∆P tp/L) in the test sect ion, veloc i ty prof i le 

and radia l  sol id density prof i les at a cross- sect ion of the annulus are 

the dependent var iab les . 
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In isokinet ic sampl ing, the veloc i ty of the upward f lowing 

mixture in the annulus,  and the sampl ing ve loc i ty through the probe 

are equal ized by the help of  an isok inet ic  sampl ing set-up. Pressure or 

vacuum is appl ied in the isokinet ic-samp l i ng  uni t  as required in order 

to equal ize these ve loc i t ies  ment ioned above [ 22 ].  In the present set-

up, vacuum was not needed due to the high head of water exist ing 

above the test  area; apply ing the same method in a hor izonta l  p ipe 

f low, vacuum also was needed at  low s lurry ve loc i t ies to wi thdraw the 

samples [ 22 ] .  

 

3.3.  Experimental  Procedure 

 

Water- fe ldspar ( K2 O.Al2 O3 .6S iO2 (ρ =2.4 g/cm3 )) mixtures were 

used as the l iquid-so l id mixture.  Feed s lurr ies with average so l id 

concentrat ions of 1% or 2% v/v were prepared in the head tank. 

Mixture ve loc i ty was changed from 0.0120 to 0.2267 m/s 

corresponding to the mixture Reynolds number range of  934- 20116. 

The prepared water-fe ldspar mixtures at  d i f ferent  feed so l id 

concentrat ions f low upward through a concentr ic  annulu s; in the ful ly 

developed region of  the f low, loca l  mixture ve loc i t ies and loca l  so l id -

phase dens i t ies  at  a cross -sect ion perpendicular  to f low, and the ax ia l  

pressure grad ients  were determined exper imenta l ly .  

 

At the beginning of the exper iments,  batches of sol id part ic les were 

prepared at  the des i red s izes.  ASTM standard s ieves were used for 

th is purpose. Mean part ic le s izes were obta ined by tak ing the average 

of  mean diameters of  the consecut ive s ieves.  The s lurry at  the des i red 

consistency was prepared in the head tank (on the second f loor of the 

laboratory) by adding the necessary amount of so l id part ic les to the 

approximately known volume of the whole c losed-loop system f i l led 

with water.  The mixer in the head tank was started to get a 

homogeneous feed s lur ry .  Later ,  pump (at  the f i rs t  f loor)  was s tar ted.   

 

Cal ibrat ion of  the or i f icemeter was performed us ing water.  The 

f low rate was adjusted accord ing to the ca l ibrat ion curve g iven in 

Appendix A.  The ca l ibrat ion was not repeated with the d i lute s lurry fo r  



 55 
 

the two- phase f low exper iments, due to the negl ig ib le error.  A Hg -

manometer  and a CCl 4- manometer  were used in  the ca l ibrat ion.   

 

To keep the s lurry temperature constant ,  a heat  exchanger was p laced 

on the exi t  l ine from the head tank. Cool ing water was s tar ted.  S lurry  

temperature was moni tored us ing the temperature probe at  the top 

sect ion of the annulus.   

 

Vo lumetr ic  and Er lenmeyer f lasks and the i r  corresponding corks 

were weighed indiv idual ly ,  and they were numbered. In every run, at  

each point of  meas urement ,  a  s lur ry  sample was co l lec ted in  a  f lask 

which was c losed wi th i ts  corresponding cork,  and was weighed.  S ince 

i ts tare weight is known, then the mass of the s lurry is calculated. 

Af ter  removing the cork,  the Er lenmeyer f lask was p laced in an oven 

to  be dr ied overn ight  at  about  105 0C.  As  soon as  i t  was taken out  o f  

the oven,  i t  was c losed with i ts  cork again to avoid capture of  

moisture,  and then put in a des iccator for  cool ing.  Afterwards,  i t  was 

weighed once more with a sensi t ive balance, i ts  acc uracy being ± 

0 .0001 gram. By th is  way,  amount of  so l ids was determined.  Thus the 

loca l  so l id dens i ty was ca lcu lated. This procedure was repeated with 

each f lask conta in ing a s lurry sample f rom a d i f ferent radia l  locat ion.  

The transport  average mixture dens i ty  was a lso measured by tak ing 

samples f rom the sampl ing l ine p laced 130 cm above the probe.  A lso,  

s lurry samples were taken f rom the head tank to determine feed so l id  

dens i ty.   

  

There are two manometer  taps at  2.25 and 4.25 m d is tances 

from the bottom end of  the annulus.  A U- tube CCl4 -manometer  i s  

connected to these taps to measure the axia l  pressure gradients in the 

test  sect ion at  d i f ferent  operat ing condi t ions.  For  smal l  pressure drop 

measurements (s ing le- phase f low exper iments) ,  U- tube manometer 

was used with an inc l inat ion angle of  2.126 0 to be more accurate.  This  

inc l inat ion was increased to 900 when the two -phase f low exper iments 

were performed, thus the f r ic t ional  pressure gradients were measured 

for s lurry.  
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In the f i rst  part  of  the exper imental  work,  the loca l  s lur ry  

ve loc i t ies in the annular f low area were measured us ing the sampl ing 

probe as a pi tot tube. For th is purpose, an inc l ined manometer,  having 

a manometer f lu id of CCl4 +benzene mix ture  (ρ t f  = 1218.5 kg/m3 )  and 

an inc l inat ion angle of α=0.940,  was connected to the probe in a 

proper fashion.  At  a certa in point  in the annular area,  where the 

probe t ip was s i tuated, the pressure d i f ferent ia l  between the 

stagnat ion and stat ic pressure (Pa -Pb )  of  the p i tot  tube was measured 

qu i te  accura te ly  by opening only the valves F and C, whi le a l l  the 

other valves of  the isok inet ic  sampl ing uni t  were c losed. Each point 

ve loc i ty was ca lcu lated approximately by tak ing the p i tot  tube 

coeff ic ient K as uni ty at  f i rst ,  later to be corrected as i t  is  expla ined 

be low.  The loca l  ve loc i ty  measurements  were car r ied out  at  ten 

di f ferent radia l  d istances by travers ing the probe radia l ly us ing the 

screw mechanism. As a resu l t ,  a  p lot  of  loca l  ve loc i ty  versus rad ia l  

d istance was drawn. The average veloc i ty was obta ined by using 

S impson ’s  ru le  [107 ] as expla ined in Appendix B; then, th is  ca lcu lated 

average veloc i ty was compared with the f low average veloc i ty 

according to the ca l ibrat ion curve of  the or i f icemeter,  and their  rat io 

was obta ined.  This  rat io (1/K) y ie lded the a pprox imate p i tot  tube 

coeff ic ient ,  K,  wi th a standard deviat ion of  1.6823± 0.0714,  as 

ca lcu lated and shown in Appendix B.  As i t  i s  seen in the resu l ts ,  K 

value is greater than unity indicat ing that the average veloc i t ies 

determined f rom the p i tot  tube measurements  are lower than those 

obta ined f rom the or i f i cemeter  measurements;  therefore,  the 

approx imate loca l  s lurry ve loc i t ies ,  ca lcu lated f rom the data of  

inc l ined manometer d i f ferent ia ls  by assuming K as uni ty ,  were 

corrected by mul t ip ly ing them wi th the true value of K to f ind the 

local  ve loc i t ies as accurate as poss ib le.  After the complet ion of th is  

job,  the inc l ined manometer was d isconnected by c los ing the valves F 

and C,  as  shown in  F igure 3 .3 .   

 

In the second part  of  the exper imenta l  work,  the loca l  so l id  

dens i ty  measurements were performed us ing the isok inet ic  sampl ing 

un i t .  For  th is ,  a  back- up pressure requi red to obta in an un interrupted 

cont inuous f low of s lurry into the sampl ing f lask for each f low veloc i ty 

was determined by tr ia l  and error at each rad ia l  locat ion,  th is  back- up 
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pressure should remain constant dur ing the sampl ing per iod.   

Accord ing to th is  procedure,  at  f i r s t  a  cer ta in  backup pressure was 

app l i ed  w i th  N2 gas to the isokinet ic unit  by opening the valve (B). 

Under th is  condi t ion,  vo lume of  the s lurry  co l lected in  the graduated 

volumetr ic  f lask (5) dur ing the sampl ing per iod was measured, and the 

vo lumetr ic  f low rate was determined by d iv id ing th is  vo lume by the 

t ime recorded with a stopwatch. To get the sampl ing veloc i ty of 

s lurry,  vo lumetr ic  f low rate is  d iv ided by the cross- sect ional  area of  

the sampl ing probe.  The ve loc i ty  obta ined f rom here was compared 

with the true local  veloc i ty of f low, and th is procedure was repeated 

unt i l  a very smal l  d i f ference between these veloc i t ies could be 

achieved by tr ia l  and error.  I f  the sampl ing veloc i ty was st i l l  h igher 

than the f low veloc i ty,  the constant back- up pressure was increased,  

and the procedure for equat ing the sampl ing and f low veloc i t ies to 

each other was repeated unt i l  the correct  va lue  of  the constant  back-

up pressure needed to provide a cont inuous f low of s lurry sample into 

the f lask with a sampl ing veloci ty equal to the true f low veloci ty 

corresponding to that  rad ia l  locat ion was obta ined.  Supply ing a 

constant  back-up pressure to the system is  important ,  s ince the 

amount of  s lurry sample taken is  dependent upon th is  constant back-

up pressure. Dur ing the exper iments, i t  was observed that the back- up 

pressure increased as the sample was co l lected from the sampl ing box 

(4), s ince the volu me of sampl ing box (4) was smal ler  than the volume 

of f lask (5).  After g iv ing the same back- up pressure to the isokinet ic 

unit ,  volumes of the s lurry samples obtained from the sampl ing box 

and graduated volumetr ic  f lask were found as d i f ferent f rom each 

other.  As a resu l t , i t  would be better to take samples from the 

graduated volumetr ic  f lask (5),  af ter equal iz ing the veloc i t ies at  the 

undisturbed f low area and those wi th in the sampl ing probe.  Thus,  the 

s lurry sample was col lected in graduated f lask (5) und er near ly  

isok inet ic  condi t ion keeping the required back- up pressure a lmost  

constant.  This procedure was repeated at each of the seven points 

a long the rad ia l  coord inate in the annular  gap.  Four samples were 

co l lected at  each rad ia l  locat ion in an exper imental  run, to determine 

the standard dev iat ion in  the loca l  dens i ty  measurements .    
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The exper imental  data wi l l  be useful  to obtain pract ica l  corre lat ions 

for the design and model ing studies of these systems in further 

studies. Ranges of the exper imental  parameters stud ied are g iven in 

Table 3.1. 

 

 

 

Table 3.1.  Ranges of  the exper imenta l  parameters 

 

               Mean par t i c le  s i ze  (  dp,  µm )         72- 138 

     Feed so l id  concentrat ion (FSC) (% v/v)         1.0- 2 .0 

  Ve loc i ty  of  the mixture in  the annulus ( Uann ,  m/s)   0.0120 -0 .2267 

               S lurry  Reynolds number (Rem)        934 -20116 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSION 

 

 

 

L iqu id-so l id  upf low through a concentr ic  annulus was stud ied 

and rad ia l  loca l  sol id  dens i t ies  were determined exper imenta l ly  by 

isok inet ic  sampl ing technique in a vert ica l  annulus.  In l i terature,  data 

re lated to such systems are l imi ted because of  the complex i t ies  about  

the nature of  mult iphase f lows. Here,  water- fe ldspar mixtures wer e 

used at  d i f ferent feed so l id dens i t ies and d i f ferent mixture ve loc i t ies.  

A lso s ing le- phase (water)  exper iments  were carr ied out  to  determine 

the accurac ies of  the exper imenta l  set- up and isok inet ic  sampl ing uni t .  

Radia l  loca l  so l id dens i t ies were measure d at both isokinet ic and non -

isok inet ic  cond i t ions.   

 

Single -phase and two- phase ax ia l  pressure drops a long the test  

sect ion were measured wi th a U- tube manometer .  In s ing le- phase 

exper iments  (us ing  on ly  water )  U- tube manometer  had an inc l inat ion 

angle of  2.126 0.  The fo l lowing wel l- known equat ions were used to  

ca lcu late the f r ic t ion factors and pressure drops:  

 

Laminar f low 

a
w

Re
16

w
f φ=  ……………………………………………………….. . . . . . . .Equat ion (4 .1)  

where φa  i s  the correct ion factor  to e l iminate the error  ar ised f r om 

us ing hydrau l i c  d iameter  in  the laminar  f low reg ime;  i t s  va lue i s 

 

φa =1.48  for   κ =0.345 [106].  
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2
e

D

ann
UL

w
µ32

w
?P =  …………………………………………….. . . . . . . .  Equat ion (4.2)  

Turbulent f low 

25.0
w

Re

0791.0
wf =  ………………………………………………….. . . . . . . .…… Equat ion (4 .3)  

e
D

w
?2

ann
UL

w
f2

w
?P =  ………………………………………….. . .Equat ion (4 .4)  

 

 

Tab le 4.1.  Fr ic t ion factors  for  s ing le- phase f low 

 

Uann x10 3,  m/s 
f c  (from 

corre lat ion)x103  

fp ( f rom pressure 

drop data)x10 3 

% error in 

fr ict ion factors 

26.2 11.5 9 .4 19 

30.8 11.1 9 .1 18 

38.7 10.5 8 .6 18 

43.9 10.1 7 .8 23 

51.6 9 .7 8 .1 17 

58.5 9 .4 7 .5 20 

64.8 9 .2 7 .7 16 

70.7 9 .0 7 .8 14 

85.5 8 .5 7 .7 10 

110.0 8 .0 8 .2 2 

120.0 7 .8 6 .9 12 
*        138.2 7 .5 6 .8 10 

156.1 7 .3 6 .2 15 

173.7 7 .1 6 .4 9 

183.1 7 .0 6 .4 8 

192.2 6 .9 6 .4 7 

202.1 6 .8 63 7 

209.5 6 .7 6 .4 5 

229.6 6 .6 6 .1 7 

 
*  Sample ca lcu lat ion is  g iven for  th is  run in  Appendix  B 
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By th is  ca lcu lat ion,  % errors between theoret ica l  and exper imenta l  

f r ic t ion factors were observed to decrease from 19 to 7.  When 

Reynolds number was low, ax ia l  pressure drops were a lso very smal l ,  

therefore errors re lated to reading these smal l  pressure drops were 

h igher than those of  h igh Reynolds numbers.  

 

 

Table 4.2.  Pressure drops for  s ing le- phase f low 

 

Uann x10 3, 

m/s 
∆P c, Pa ∆Pe ,  Pa ∆P csh,  P a ∆Pesh , Pa 

26.2 0. 4 0 .3 19589.4 19589.4 

30.8 0 .5 0 .4 19589.6 19589.5 

38.7 0 .8 0 .7 19589.8 19589.  7 

43.9 1 .0 0 .8 19590.0 19589.8 

51.6 1 .3 1 .1 19590.3 19590.1 

58.5 1 .6 1 .3 19590.7 19590.3 

64.8 1 .9 1 .6 19591.0 19590.7 

70.7 2 .2 1 .9 19591.3 19591.0 

85.5 3 .1 2 .8 19592.2 19591.9 

110.0 4 .8 5 .0 19593.9 19594.0 

120.0 5 .6 5 .0 19594.7 19594.0 
** 138.2 7 .2 6 .5 19596.2 19595.5 

156.1 8 .9 7 .5 19597.9 19596.6 

173.7 10.7 9 .7 19599.7 19598.7 

183.1 11.7 10.8 19600.8 19599.8 

192.2 12.7 11.8 19601.8 19600.9 

202.1 13.9 12.9 19602.9 19602.0 

209.5 14.7 14.0 19603.8 19603.0 

229.6 17.3 16.1 19606.3 19605.2 

 

 

 

 

 
**  Sample ca lcu lat ion is  g iven for  th is  run in  Appendix  B 



 66 
 

0

2

4

6

8

10

12

14

16

18

20

0 0.05 0.1 0.15 0.2 0.25

Water velocity, m/s

T
h

eo
re

ti
ca

l p
re

ss
u

re
 d

ro
p

, P
a

Theoretical
axial pressure
drops, Pa

Experimental
axial pressure
drops, Pa

 

 

F igure 4.1.a.  Theoret i ca l  and exper imenta l  pressure  drops  for  s ing le-

phase f low 
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F igure 4 .1 .b .  Theoret i ca l  and exper imenta l  pressure drops ( inc lud ing 

s tat ic  head) for  s ing le -phase f low 
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 In the two-phase f low exper iments,  inc l inat ion angle was 

increased to 900 because of  having larger pressure drops.  Ax ia l  

f r i ct iona l  pressure drop versus mixture ve loc i ty  graphs were p lot ted 

wi th  and wi thout  s tat i c  head va lues .  Two- phase f r ic t ional  pressure 

drops were ca lcu lated by the fo l lowing formula:  

 

tp
H?)m?

4
CCl

?(g
tp

?P −=  ………………………………….. . . . . . . . .  Equat ion (4.5)  

 

Here,   ∆P tp ind icates two- phase ax ia l  f r ic t ional  pressure drop,  ρ m  is 

the average dens i ty of  the mixture,  and ∆ Htp  i s  the manometer 

reading.  

 

Point  ve loc i t ies were measured by us ing the sampl ing probe as 

a pitot tube. It  was connected to an inc l ined manometer ,  i ts  

inc l inat ion angle being 0.940 .  After f inding a l l  the point veloc i t ies by 

the wel l- known p i to t  tube equat ion (Eqn.  4 .6)  [106] ;  

 

w?
imP?2

K=LV  ……………………………………………………………..  Equat ion (4 .6)  

 

These va lues were p lot ted against  the radia l  d is tance assuming K=1,  

to be corrected later .  S impson’s ru le [107 ] was used to obta in the 

average ve loc i t ies f rom these graphs.  A lso the average ve loc i ty in the 

annulus was known from the ca l ibrat ion data of  the or i f icemeter.  Point  

ve loc i t ies  were mul t ip l ied by a constant,  ca l led p i tot  tube coeff ic ient,  

to get the def in i te average veloc i ty.  By th is  way, t rue point  ve loc i t ies 

were obta ined and local  ve loc i ty vs.  radia l  d istance plot is  shown in 

F igure 4.2.   

 

Radia l  loca l  so l id densi t ies were measured by i sok inet ic  sampl ing 

technique at  seven d i f ferent  po ints  a long the d iameter  of  the annulus 

in the fu l ly  deve loped f low reg ion.   Resul ts  are g iven in F igures 4.3.a 

to 4.5.b.  
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Figure 4.2. Local velocity vs. radial distance for different Reynolds numbers 
 

 

 In the exper imenta l  set- up,  g lass bu lbs were connected to the 

manometers to prevent the sol id accumulat ion a long the manometer 

arms.  Some so l ids were accumulated in these bulbs and they were 

discharged from t ime to t ime by open ing the plast ic hoses at the 

bottom of the glass bulbs.  Therefore no c logging occurred in the 

connect ions to the manometers.   
 

 Loca l  ve loc i t ies could not be determined very exact ly  because 

of the fo l lowing reasons.  I f  manometer d i f ferences are less than 4 

inches of  l iqu id,  manometers  are not  su i tab le dev ices for  pressure 

measurement.  However in  th is  s tudy there was no cho ice other  than   

us ing a manometer [103].  

 

 To be ab le  to  make more prec ise pressure measurements ,  

manometer l iquid was changed. New mano meter l iqu id should be 

immisc ib le wi th water .  Carbontetrachlor ide and benzene mixture was 

found to be su i tab le for  th is  purpose.  The dens i ty of  th is  mixture was 

determined wi th a pycnometer .  The procedure is  g iven in  Appendix B.   
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Using a manometer f lu id (CCl4+benzene mixture)  wi th a dens i ty  

(1218.5 kg/m3) lower than that of  CCl4 a lone increased the prec is ion 

of the pressure measurements. This mixture was used in the inc l ined 

manometer.  After  measur ing pressure d i f ferent ia ls  at  10 d i f ferent 

radia l  posit ions, the loca l  ve loc i t ies were ca lcu lated f rom Equat ion 

(4.6).  Later,  loca l  ve loc i ty versus radia l  pos i t ion p lots were drawn at 

four  d i f ferent  Reynolds numbers.  These resu l ts  were presented in 

F igure 4.2.  P i tot  tube coeff ic ient was calculated as 1.6823 with a 

standard dev iat ion of  0.0714.   

 
The d ig i ta l  pressure gauge (7)  d isp layed the system pressure 

dur ing the exper iments,  was used to show two d ig i ts  af ter  the dec imal  

po int .  Neverthe less  a  more sens i t ive pressure gauge d isp lay ing more 

d ig i ts  af ter  the dec imal  point (three, or preferably four dig i ts) is  

needed to obta in more accurate loca l  so l id dens i ty measurements.  

A lso ve loc i ty  adjustment would be eas ier  by th is  way.  

 

Radia l  so l id  dens i ty prof i les were p lot ted for  d i f ferent part ic le  

s izes, feed sol id concentr at ions and mixture Reynolds numbers .  They 

are shown in F igures 4.3.a to 4.6.a and 4.9.a to 4.12.a.  The loca l  

so l id  dens i t ies were drawn against  d imens ion less rad ia l  d is tance  

when mixture Reynolds number was f ixed.  Same values were p lotted 

against  mixture Reynolds number when d imens ion less  rad ia l  d is tance 

was kept  constant  in  F igures 4.3.b to 4.6.b and 4.9.b to 4.12.b.  

 

When the part ic le s ize was 72 µm and feed so l id concentrat ion 

was 1% v/v (at  nonisok inet ic  condi t ion),  the loca l  so l id dens i t ies d id 

not sh ow much change across the test  cross-sect ion at  a  constant  

mixture Reynolds number.  In th is  s i tuat ion,  interact ions between so l id  

and l iqu id phases were thought  to be smal l .  When rad ia l  pos i t ion was 

f ixed, local  so l id densi t ies increased with the mixture Reynolds 

number up to the Rem =13535 then decreased at Rem =17534 and 

increased again at Rem =20000. This behavior can be observed in 

F igures 4.3.a and 4.3.b.   
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F igure 4.3.a.  Local  so l id densi ty (ρ s*10-1 )  vs.  d imensionless radia l  

dis tance when mixture velocity is f ixed, for dp =72 µm  a n d  Cf = 1% 

(v/v) at  nonisok inet ic  condi t ions 
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F igure 4.3.b.  Local  so l id densi ty (ρ s*10 -1)  vs.  mixture Reynolds 

number when dimensionless radia l  d istance is  f ixed, for dp =72 µm and 

C f= 1% (v/v)  at  nonisok inet ic  condi t ions 
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When the part ic le s ize was 72 µm and feed so l id concentrat ion 

was 1% v/v (at  isok inet ic  condi t ion),  loca l  so l id dens i t ies increased 

with increas ing mixture Reynolds number i f  radia l  pos i t ion was f ixed. 

This coul d be att r ibuted to the increas ing so l id carry ing capac i ty of  

the l iquid phase as the s lurry veloc i ty was increased. I t  seems that 

loca l  so l id dens i t ies show a decreas ing t rend at  around d imensionless 

rad ia l  d is tance of  λ=0.4, where the veloc i ty prof i le has  i ts  maximum 

value. At th is  radia l  locat ion, water moves faster than the sol id 

part ic les,  therefore sol id densi ty decreases at that point.   The 

part ic les lag behind the l iquid phase at the h ighest ve loc i ty and 

re lat ive veloc i ty between the l iquid and sol id phases is  h ighest  at  that  

po int  [8 ].  The inverse i s  t rue at  the wal l s  o f  the annu lus .  So l id  

part ic les move faster than the l iquid thus,  so l id densi ty is  h igher near 

the annulus wal ls  than those in the center (F igures 4.4.a and 4.4.b).  

The s imi lar  behav ior  was prev ious ly  reported [ 8] . 
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F igure 4.4.a.  Local  so l id densi ty (ρ s*10-1 )  vs.  d imensionless radia l  

d istance when mixture velocity is f ixed, for dp =72 µm  a n d  Cf = 1% 

(v/v) at  isok inet ic  condi t ions 
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Fig ure 4.4.b.  Local  so l id densi ty (ρ s*10 -1)  vs.  mixture Reynolds 

number when dimensionless radia l  d istance is  f ixed, for dp =72 µm and 

C f= 1% (v/v)  at  i sok inet ic  cond i t ions 

 

 

 

In F igures 4.5.a and 4.5.b,  when part ic le s ize was 72 µm and 

feed so l id concentrat io n was 2% v/v (at nonisokinet ic  condit ion),  local  

so l id densi t ies increased up to the mixture Reynolds number of  12616 

and decreased at 15999, then started to increase again.  This was the 

same behavior observed at  1% v/v feed so l id concentrat ion prev ious ly.  

The local  so l id densi t ies showed a decrease as a general  t rend around 

a d imens ion less rad ia l  d is tance of  λ=0.4. 
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F igure 4.5.a.  Local  so l id densi ty (ρ s*10-1 )  vs.  d imensionless radia l  

d istance when mixture velocity is f ixed, for dp =72 µm  a n d  Cf = 2% 

(v/v) at  nonisok inet ic  condi t ions 
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F igure 4.5.b.  Local  so l id densi ty (ρ s*10 -1)  vs.  mixture Reynolds 

number when dimensionless radia l  d istance is  f ixed, for dp =72 µm and 

C f= 2% (v/v) at  nonisok inet ic  condi t i ons 
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When the part ic le s ize was 72 µm and feed so l id concentrat ion 

was 2% v/v (at  isok inet ic  condi t ion),  loca l  so l id dens i t ies increased 

with increas ing mixture Reynolds number i f  radia l  pos i t ion was f ixed 

as a genera l  t rend. The loca l  so l id dens i t ies decreased at around the 

d imens ionless rad ia l  d is tance of  λ=0.4 as observed in F igures 4.6.a 

and 4.6.b.   
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Figure 4.6.a.  Local  so l id densi ty (ρ s*10-1 )  vs.  d imensionless radia l  

d istance when mixture velocity is f ixed, for dp =72 µm and C f = 2% 

(v/v) at  isok inet ic  condi t ions 
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F igure 4.6.b.  Local  so l id densi ty (ρ s*10-1) vs.  mixture Reynolds 

number when d imensionless radia l  d is tance is  f ixed,  for  dp=72 µm and 

Cf= 2% (v/v)  at  i sok inet ic  condi t ion 

 
 
 

Two- phase ax ia l  f r i c t iona l  pressure grad ients  and two- phase 

ax ia l  f r ic t ional  pressure gradients inc lud ing stat ic  head graphs were 

drawn against  the mixture ve loc i ty ,  and they are shown in F igures 

4.7.a to 4.7.b.  They indicated a lmost the same trends. Two- phase 

axial fr ic t iona l  pressure grad ients increased wi th the increas ing feed 

so l id  concentrat ion and part ic le  s ize at  a  constant  va lue of  mixture 

ve loc i ty .   
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F igure 4.7.a. Two -phase ax ia l  pressure grad ient  vs .  mixture ve loc i ty  

for d i f ferent  feed so l id  concentrat ions of  part ic le  s ize dp =72 µm at 

isok inet ic  condi t ion 
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F igure 4 .7 .b .  Two-phase ax ia l  pressure grad ient  ( inc lud ing stat ic  

head) vs.  mixture ve loc i ty for  d i f ferent feed so l id concentrat ions of  

pa r ti c l e  s i ze  dp =72 µm at  i sok inet ic  cond i t ion 
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Two- phase exper imenta l  f r ic t ion factor versus mixture ve loc i ty 

graphs for 72 µm part ic les is  presented in F igure 4.8.  I t  is  observed 

that there is  a decreas ing trend in two- phase exper imental  f r ic t ion 

factors as the mixture veloc i ty increases for both feed sol id 

concentrat ions of  1% and 2% v/v,  as expected.    
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F igure 4.8.  Two- phase exper imenta l  f r ic t ion factor  vs.  mixture ve loc i ty 

when feed so l id concentrat ion is  f ixed,  for  dp =72 µm  at  i sok inet ic  

condit ion 
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When the part ic le  s ize was 138 µm and feed so l id  concentrat ion was 

1% v/v (at  nonisok inet ic  condi t ion) ,  loca l  so l id  dens i t ies  were a lmost  

constant  wi th  respect  to  the rad ia l  d i s tance (F igure 4 .9 .a) .   The loca l  

so l id dens i t ies increased wi th  the mix ture  Reyno lds  number  a t  a l l  the  

rad ia l  d is tances ,  as  observed in  F igure 4 .9 .b . 
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Figure 4.9.a.  Local  so l id densi ty (ρ s*10-1 )  vs.  d imensionless radia l  

d istance when mixture ve loc i ty is  f ixed,  for  dp =138 µm and  Cf = 1% 

(v/v) at  nonisok inet ic  condi t ions 
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F igure 4.9.b.  Local  so l id densi ty (ρ s*10 -1)  vs.  mixture Reynolds 

number when d imens ion less  rad ia l  d is tance i s  f i xed,  for  dp =138 µm 

and Cf = 1% (v/v)  at  nonisok inet ic  condi t ions 

 
 
 

When the part ic le s ize was 138 µm and feed sol id concentrat ion 

was 1% v/v (at  isok inet ic  condit ion),  loca l  so l id dens i t ies showed 

f luctuat ions as observed in F igures 4.10.a and 4.10.b.  The local  so l id 

dens i t ies ind icated a maximum at around λ=0.4 for the mixture 

Reynolds number of  around 19000.  
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F igure 4.10.a.  Loca l  so l id  dens i ty  (ρ s*10-1 )  vs.  d imensionless radia l  

d istance when mixture ve loc i ty is  f ixed,  for  dp =138 µm and  Cf = 1% 

(v/v) at  isok inet ic  condi t ions 
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F igure 4.10.b.  Local  so l id densi ty (ρ s*10-1 )  vs.  mixture Reynolds 

number when d imens ion less  rad ia l  d is tance i s  f i xed,  for  dp =138 µm 

and Cf = 1% (v/v)  at  i sok inet ic  condi t ions 
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In F igures 4.11.a and 4.11.b,  when the part ic le s ize was 138 µm and 

fee d sol id concentrat ion was 2% v/v (at nonisokinet ic condit ion),  the 

loca l  so l id  dens i t ies increased up to the mixture Reynolds number of  

14502 and then decreased at  16364. Loca l  so l id dens i t ies decreased 

as a general  t rend at around the dimensionless radia l  d is tance of  

λ=0.4.   
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F igure 4.11.a.  Loca l  so l id  dens i ty  (ρ s*10-1 )  vs.  d imensionless radia l  

d istance when mixture ve loc i ty is  f ixed,  for  dp =138 µm and  Cf = 2% 

(v/v) at  nonisok inet ic  condi t ions 
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Figur e 4.11.b.  Local  so l id densi ty (ρ s*10-1 )  vs.  mixture Reynolds 

number when d imens ion less  rad ia l  d is tance i s  f i xed,  for  dp =138 µm 

and Cf = 2% (v/v)  at  nonisok inet ic  condi t ions 

 

 

 
In F igures 4.12.a and 4.12.b,  when the part ic le s ize was 138 µm and 

feed so l id  concentrat ion was 2% v/v (at  isok inet ic  condi t ion),  loca l  

so l id dens i t ies increased with the increas ing mixture Reynolds number 

i f  rad ia l  pos i t ion was f ixed.  Radia l  so l id  dens i ty  prof i les  showed 

min ima at  d imens ion less rad ia l  d is tance of  λ=0.45.   
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F igure 4.12.a.  Loca l  so l id  dens i ty  (ρ s*10-1 )  vs.  d imensionless radia l  

d istance when mixture ve loc i ty is  f ixed,  for  dp =138 µm and  Cf = 2% 

(v/v) at  isok inet ic  condi t ions 
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F igure 4.12.b.  Local  so l id densi ty (ρ s*10-1 )  vs.  mixture Reynolds 

number when d imens ion less  rad ia l  d is tance i s  f i xed,  for  dp =138 µm 

and Cf = 2% (v/v)  at  i sok inet ic  condi t ions 
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Two- phase ax ia l  f r i c t iona l  pressure grad ients  and two-phase ax ia l  

f r ict ional  pressure gradients inc luding stat ic  head graphs were drawn 

against  the mixture ve loc i ty and they are shown in F igures 4.13.a to 

4 .13.b.  They showed s imi lar  t rends.  For  th is  par t i c le  s i ze  (dp=138 

µm), two- phase f r ic t ional  pressure gradients are larger than those of  

the smal ler part ic le s ize (dp=72 µm) a t the same feed so l id 

concentrat ion.   

 
 
 

Cf

350

450

550

650

750

850

950

0 0.05 0.1 0.15 0.2 0.25

Mixture velocity, m/s

T
w

o
-p

h
as

e 
ax

ia
l p

re
ss

u
re

 g
ra

d
ie

n
t,

 P
a/

m

1% v/v

2% v/v

 
 

F igure 4.13.a .  Two- phase axia l  pressure gradient vs.  mixture veloc i ty 

for  d i f ferent feed so l id concentrat ions of  part ic le  s ize dp =138 µm at 

isok inet ic  condi t ion 
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F igure 4.13.b.  Two- phase ax ia l  pressure gradient ( inc luding stat ic  

head) vs.  mixture ve loc i ty for  d i f ferent feed so l id concentrat ions of  

par t ic le  s ize dp=138 µm at  i sok inet ic  cond i t ion 
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Two- phase exper imenta l  f r ic t ion factor  versus mixture ve loc i ty  gr aphs 

are presented in  F igure 4.14.  There was a decreas ing t rend in  two-

phase exper imenta l  f r i c t ion factors  as the mixture ve loc i ty  increased 

for  both feed so l id  concentrat ions of  1% and 2% v/v,  as expected.   
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Figure 4.14. Tw o- phase exper imenta l  f r ic t ion factor  vs.  mixture 

ve loc i ty when feed sol id concentrat ion is  f ixed, for  d p =138 µm at 

isok inet ic  condi t ion 
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General ly  i t  was found that the local  so l id densi t ies around the outer 

wal l  of  the annulus were higher than those near the inner wal l ,  which 

was prev ious ly reported [21] . 

 

Dur ing the exper iments,  errors occurred from di f ferent sources: 

vo l tage f luctuat ions in the main power supply might have caused 

changes in the operat ion of the pump; thus the f low veloc i ty in the 

annulus would show f luctuat ions;  some manometer  readings might  not  

be very accurate due to the escape of sol id part ic les to the 

manometer arms; some of  the grav imetr ic  measurement resu l ts  might 

be erroneous due to the moisture absorbed by the dr ied so l id  

samples; and there might be unnot iceable gas leakage f rom the 

isok inet ic  sampl ing uni t ,  as the back-up pressure app l ied by N2  gas to 

prov ide the same pressure in the f lask (5) and sampl ing box (3),  d id 

not  remain constant  as  needed. 

 

 Using the obtained data, the average t ransport  so l id- phase 

dens i t ies were ca lcu lated with the S impson’s  ru le [107 ] accord ing to 

the formula 
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The resu l ts  showed that  s?  va lues were qui te c lose to the measured 

average transport  so l id dens i t ies in the annulus and the average so l id 

densi ty in the feed tank dur ing the operat ion. Actual ly 1% v/v or 25 

v/v feed sol id concentrat ion did not mean too much. These were just 

the approxima te va lues in the preparat ion of  the feed s lurry in  the 

head tank; because, i t  was not possible to know the exact volume of 

the c losed- loop system. When the so l id  dens i ty  in  the feed tank and 

the so l id dens i ty in a sample taken from a point  in the annulus above 

the test cross- sect ion were determined,  i t  was observed that  they 

were in agreement wi th the s?  va lue obta ined f rom the rad ia l  so l id  

densi ty prof i le by us ing the Simpson’s ru le.  The error between the two 

is  about maximum 15%, and i t  i s  much smal ler  for  i sok inet ic  
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measurements than that  of  the nonisok inet ic  resu l ts .  Th is  proves the 

h igher accuracy of  the isok inet ic  resu l ts  against  the nonisok inet ic  

measurements.  The standard deviat ions in the determinat ions of  p i tot  

tube coef f ic ient,  loca l  s lurry ve loc i t ies and loca l  dens i ty measurements 

were ca lcu lated and these are g iven in  Appendix  B.   

 

 Pressure gradient measurements were repeated severa l  t imes to 

get reproducib i l i ty  and maximum error was obta ined as 7.5%, under 

the same operat ing cond i t ions.   

 

Local  so l id dens i t ies measured in laminar f low regime at 

Rem =2007 y ie lded very smal l  va lues indicat ing sett l ing of  so l ids in the 

bottom part  of  the c losed-loop system. 
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RECOMMENDATIONS 

 

 

 

1.  In th is study, the pressure d i f ferent ia l  between stagnat ion 

and stat ic pressures of the pi tot tube was measured by an 

inc l ined manometer.  However,  more sens i t ive devices are 

needed for  very smal l  pressure d i f ferent ia ls .  For instance,  

micro pressure transducers might g ive more accura te 

results.  

 

2.  A dig i ta l  pressure gauge that d isp lays three or preferably 

four decimal d ig i ts would make the radia l  local  veloc i ty and 

densi ty measurements more accurate due to the higher 

accuracy required in the adjustment of  the back- up 

pressure. 

 

3.  Methods other than isokinet ic sampl ing could be used for 

more accurate measurement of  rad ia l  so l id  dens i ty  

d is t r ibut ions,  such as u l t rasound,  microwave techniques,  

photo sensor methodology,  v ideo record ing technique [ 9]  

e tc .   
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CHAPTER 5 

 

 

CONCLUSIONS  

 

 

 

Radia l  loca l  so l id dens i t ies in upward f lowing water- fe ldspar 

mixtures were invest igated in a vert ica l  concentr ic  annulus.  1% and 

2% (v/v)  feed so l id  concentrat ions (FSCs) were used.  Exper iments 

were conducted in the fu l ly developed f low region. Local  s o l id  

densi t ies (LSDs),  local  s lurry veloc i t ies,  and axia l  pressure drops were 

determined exper imenta l ly .  At  the end of  th is  study fo l lowing resul ts  

were obtained:  

 

1.  Radia l  d ispersed so l id dens i t ies were more uni form at low 

feed so l id  concentrat ion of  1% v/v than those of 2% v/v. 

Increas ing feed so l id  concentrat ion and part ic le  s ize caused 

di f ferent shapes of  concentrat ion prof i les.  The 

character ist ics of the studied system probably affect th is 

s i tuat ion. 

 

2.  Radia l  d ispersed so l id dens i t ies changed with part ic l e  s izes,  

mixture ve loc i t ies ,  and the re lat ive ve loc i ty  between the 

so l id and l iqu id phases.  Because,  these re lat ive ve loc i t ies 

var ied a long the so l id  dens i ty  prof i les .   

 

3.  Radia l  loca l  so l id  dens i t ies were obta ined genera l ly  as 

higher near the outer wal l  tha n the inner wal l  of  the 

annulus.   

 

4.  Two- phase ax ia l  f r ic t iona l  pressure drops a long the test  

sect ion of  the annulus,  increased with increas ing feed so l id 

concentrat ion when the part ic le  s i ze was kept  constant . 
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5.  Two- phase ax ia l  f r i c t iona l  pressure drops a long the test 

sect ion of the annulus,  increased with increas ing part ic le 

s ize when mixture ve loc i ty and feed so l id concentrat ion were 

kept  constant . 

 

6.  Two- phase ax ia l  f r ic t iona l  pressure drops a long the test  

sect ion of  the exper imenta l  set- up,  increased with increas ing 

feed so l id concentrat ion when the mixture ve loc i ty was 

f ixed. 

 

7.  Isok inet ic  sampl ing resu l ts  showed more cons is tent  increase 

in the loca l  radia l  so l id dens i t ies with the increas ing mixture 

ve loc i ty  at  a  constant  va lue of  rad ia l  d is tance. 

 

8.  The avera ge transport  so l id phase dens i t ies ca lcu lated f rom 

the rad ia l  so l id  dens i ty prof i les were in agreement wi th the 

transport  so l id dens i ty obta ined by sampl ing from a l ine 130 

cm above the test cross-sect ion of  the annulus.  The % error  

between the two was about 15%. This error was found to be 

much h igher  for  non isok inet ic  loca l  so l id  dens i ty  data.   
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       F igure A.1 .  Ca l ibrat ion curve of  the or i f i cemeter  
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           Figure A.2.  Or i f i cemeter  coef f f ic ient 

 

        Or i f i cemeter  coef f i c ient= 1.0645 
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                F igure A.3.  P i tot  tube coef f ic ient 

 

                P i tot  tube coef f i c ient= 1.6823 
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        F igure  A.4.  V iscos i ty  of  water  vs .  temperature 
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         Figur e A.5.  Densi ty of  water vs.  temperature 
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APPENDIX B 
 

 

SAMPLE CALCULATION 

 

 

 

     Center  l i ne 

 

 

                                                                        OD1 =13.3 cm                                        

                                                                        ID1 =12.3  cm 

                R1 =2.16 cm   

                                                                        OD2 =4.32 cm 

                                                       ID2 =3.69 cm 

                                            3 .99  cm 

 

 

                R2 =6.15 cm 

 

 

F igure B.1.  D imens ions of  the annu lus 

 

 

De = ID1- OD2 = 12 .3- 4.32= 7.98 cm= 0.0798 m 

 

[ ] [ ] 2
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2
2
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0432.0123.0p
=

4
ODIDp

=A  

Aspect  Rat io Κ= 3512.0
3.12

32.4 =  

 

 

 

 

 

 



 
 

                38 .5  cm 

                 

       ODp =4.9 mm 

                                              3 cm   IDp =3.4 mm 

 

 

F igure B.2.  D imens ions of  the sampl ing probe 

 

Ap=
( ) 2

2

m6E0792.9=
4

3E4.3p
 

 

To f ind the dens i ty  and v iscos i ty  of  water  at  d i f ferent  temperatures,  

some l i terature data was used [106].  Known densi ty and v iscos i ty 

versus temperature graphs were drawn and they were f i t ted to the 

fo l lowing equat ions.  

 

1000.20.0295T20.0016T30.0001T40.6T2Ew +−−−−=ρ ……….. .Equat ion (B.1) 

 

8µ 0.0010.5T7E20.6T2E30.8T5E410T5Ew +−−−+−−−= . .……….. Equat ion (B.2) 

 

T= 19 .40C ( for  the data Tab le  4 .1 and 4.2)  

wi th Equat ions (B.1)  and (B.2)   

wρ = 998.579 kg/m3 

µw = 0.000901 P a.s 

 

∆ HH g= 5 .4  cm 

Cal ibrat ion of the or i f icemeter was performed in terms of CCl 4 

read ing.   Readings f rom Hg manometer  was converted to CCl4 read ing 

by the fo l lowing:  

 

HgwHg4C C lw4C C l Hg)?(?Hg)?(? ∆−=∆−  

 

Ve loc i ty  in  annu lus 

0.563

4CClann ?H.0.9548=U       . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Equat ion (B.3) 

 



 
 

Rew =
000901.0

)0798.0()1382.0()579.998(DU

w

eannw =
µ

ρ
= 12232 

 

 

Laminar Region:  

aRe
16

wf φ⋅=      . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .….….. . .Equat ion (B.4)  

where    48.1a =φ      for  K = 0.35 

 

2
e

ann.w
w D

U.Lµ.32
=?P   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .…. . . . .Equat ion (B.5)  

 

 

Turbulent Region:  

0.25w Re

0.0791
=f   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .….. .Equat ion (B.6) 

e

w
2
ann.w

w D

?ULf.2
=?P

..
  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .…. . . . . .Equat ion (B.7) 

 

Us ing Eqn.  (B.6)  and (B.7) 

 

( )
00752.0

12232

0791.0
f

25.0w ==  

Pa19.7
0798.0

)579.998()1382.0(2)00752.0(2P
2

w ==∆  

 

 

Ca lcu lat ion of  the dens i ty of  (Benzene+CCl4 ) mixture: 

 

1.  Empty pycnometer  was weighed: P grams 

2.  Pycnometer was f i l led wi th d is t i l led water and weighed again:  R 

grams 

3.  Pycnometer was f i l led wi th (CCl4 +benzene) mixture and 

weighed once more:  S grams 

 

R-P= T  g rams 

S -P= Y grams 



 
 

Densi ty  of  (CCl4 +benzene) mixture= Y/T (g/cm3 ) 

 

P= 9.6232 grams 

R= 19.6409 grams 

S= 21.8300 grams 

 

ρ t f= (S - P)/ (R-P)=(21.8300 -9.6232)/(19.6409 -9.6232) 

ρ t f= 1.2185 g/cm3 

 

 

Calculation for inclined manometer: 

 

w

im
L

P2
KV

ρ
∆

=  ( for  the data in Table C.3.b) 

 

Pa487.7)0164.0)(211.0(80665.9)902.997513.1218(

94.0sinHg)(P 0
imwtfim

=−=

∆ρ−ρ=∆

 

 

s/m123.0=
902.997

)487.7(2
=VL  

 

 

Calculation for Simpson’s rule: 

 

∫ 



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
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x
x
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43210
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∫ ∫ θ

∫ ∫ θ
=

π
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Nh=0.44333 for  N=1 

Nh=0.88666 for  N=2 

Nh=1.32999 for  N=3 

Nh=1.77332 for  N=4 

Nh=2.21665 for  N=5 

Nh=2.65998 for  N=6 

Nh=3.10331 for  N=7 

Nh=3.54664 for  N=8 

 

a t  N=0 and N=9 V(r)=0 

 

R1 +Nh=2.16+0.44333=2.60333 

R1 +Nh=2.16+0.88666 =3.0466 

R1 +Nh=2.16+1.32999 =3.48999 

R1 +Nh=2.16+1.77332 =3.93332 

R1 +Nh=2.16+2.21665 =4.37665 

R1 +Nh=2.16+2.65998 =4.81998 

R1 +Nh=2.16+3.10331 =5.26331 

R1 +Nh=2.16+3.54664 =5.70664 
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Calcu lat ion of  loca l  so l i d density:  

 

( for  the data in Table C.8.b) 

W t = 40.6314 g 

W t + w + s= 49.2651 g 



 
 

W t+s= 40.8692 g 

Wp =0.2378 g 

Ww =8.3959 g 
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Radia l  loca l  so l id concentrat ions were found fo l lowing the same 

procedure for  other  s ix  po ints  a long the rad ia l  di rect ion and average 

rad ia l  loca l  so l id  dens i ty  was ca lcu lated by us ing S impson’s  ru le .   
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Nh=0.49875 for  N=1 

Nh=0.9975  for  N=2 

Nh=1.49625 for  N=3 

Nh=1.995    for  N=4 

Nh=2.49375 for  N=5 

Nh=2.9925  for  N=6 

Nh=3.49125 for  N=7 

 

at  N=0 and N=8 ρ s(r)=0 

 

R1 +Nh=2.16+0.49875 = 2.65875 



 
 

R1 +Nh=2.16+0.9975  = 3.1575 

R1 +Nh=2.16+1.49625 = 3.65625 

R1 +Nh=2.16+1.995    = 4.155 

R1 +Nh=2.16+2.49375 = 4.65375 

R1 +Nh=2.16+2.9925  = 5.1525 

R1 +Nh=2.16+3.49125 = 5.65125 
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where mρ  i s  the average mixture concentrat ion,  and h is  the 

manometer  read ing. 
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Standard dev iat ion for  d i f ferent  data obta ined at  d i f ferent  phases of  

exper imentat ion 

 

Standard dev iat ion for  p i tot tube coeff ic ient:  

 

P i tot  tube coef f ic ient   

K= 1 .65 

K= 1 .743 

K= 1 .715 

K= 1 .583 

K = 1.673 where K  is  the average of the pi tot tube coeff ic ients  

K= 1.6823 ( f rom the s lope of  the l ine in  F igure A.3)   

 

1n
)KK(s
2

−
−Σ= =

14
01529.0

−
 where s is  the standard deviat ion for  p i tot  

tube 

 

s=0.0714  

 

sKK ±=  

K=1.6823 ± 0 .0714 

 

 

Standard dev iat ion for  loca l  ve loc i ty  data wi th p i tot  tube: 

 

U L= 0.1225 m/s 

U L= 0.1256 m/s 

U L= 0.1289 m/s 



 
 

U L= 0.1315 m/s 

U L= 0.1325 m/s 

U L= 0.1341 m/s 

LU = 0.1292 m/s  where LU  i s  the average loca l  ve loc i ty 

 

1n
)UU(

=s
2

LL
v = 

5
00009813.0

 where sv  i s  the standard dev iat ion for  

loca l  ve loc i ty  

 

sv =0.0044  

 

vLL s±U=U  

U L = 0 .1292 ±  0.0044 

 

 

Standard deviat ion for  loca l  so l id dens i ty:  

 

ρ s = 0.03464 g/cm3 

ρ s = 0.036909 g/cm3 

ρ s = 0.0291 g/cm3 

ρ s = 0.027957 g/cm3 

s? = 0.032152 g/cm3 

 

1n
)??(S

=s
2

ss
D -

-
= 

3
00005573.0

 

 

sD = 0.00431 

Dss s±?=?  

ρ s = 0.032152 ± 0.00431 

 
 
 
 
 
 
 
 



 
 

 

 

 

APPENDIX C 

 

 

 

Table C.1.  Cal ibrat ion data for  the or i f icemeter 

 

mw ,  kg t ,  sec T, 0C µw x104,  Pa . s ρw ,  kg/m3 

1.625 40.47 20.2 8 .7 998.5 

1 .933 35.21 20.1 8 .8 998.5 

2 .973 30.45 20.1 8 .8 998. 5 

3 .948 25.69 20.0 8 .8 998.5 

3 .638 20.47 19.8 8 .9 998.5 

3 .892 20.12 19.8 8 .9 998.5 

3 .703 18.41 19.7 8 .9 998.5 

3 .456 13.74 19.6 8 .9 998.6 

4 .798 15.11 19.4 9 .0 998.6 

5 .919 14.97 19.5 9 .0 998.6 

6 .423 14.56 19.3 9 .0 998.6 

7 .978 14.57 19.1 9 .1 998.6 

8.503 14.18 18.8 9 .2 998.7 

10.864 13.97 18.5 9 .3 998.7 

12.517 11.43 18.3 9 .4 998.7 

11.91 10.24 18.4 9 .4 998.7 

12.509 9.76 18.2 9 .4 998.8 

12.235 9.13 18.0 9 .5 998.8 

12.666 8.86 17.7 9 .6 998.8 

12.434 8.14 17.8 9 .6 998.8 

12.042 7.45 17.9 9 .5 998.8 

13 .15 7.36 17.7 9 .6 998.8 

12.545 7.14 17.5 9 .7 998.9 

12.668 6.94 17.4 9 .7 998.9 

13.846 6.75 17.2 9 .8 998.9 

12.671 6.25 17.5 9 .7 998.9 



 
 

Table C.1.  Ca l ibrat ion data for  the or i f i cemeter (Cont ’d)  

 

T,0C 
m& x102 , 

kg/s 

Q& x106 , 

m3/s 
Uo x103 , m/s  

Uann  x103,  

m/s 
Rew  

20.2 4 .0 40.2 120.1 3 .9 352 

20.1 5 .5 55.0 164.2 5 .3 480 

20.1 9 .8 97.8 292.0 9 .4 853 

20 15.4 153.9 459.6 14.8 1338 

19.8 17.8 178.0 531.5 17.1 1535 

19.8 19.3 193.7 578.4 18.6 1671 

9 .7 20.1 201.4 601.5 19.3 1731 

19.6 25.2 251.9 752.1 24.2 2156 

19.4 31.8 318.0 949.5 30.5 2702 

19.5 39.5 396.0 1182.3 38.0 3377 

19.3 44.1 441.8 1319.0 42.4 3739 

19.1 54.8 548.3 1637.2 52.6 4606 

18.8 60.0 600.5 1793.0 57.6 4987 

18.5 77.8 778.7 2325.0 74.8 6396 

18.3 109.5 1096.5 3274.0 105.3 8940 

18.4 116.3 1164.6 3477.2 111.8 9530 

18.2 128.2 1283.3 3831.7 123.2 10424 

18 134.0 1341.7 4006.2 128.9 10819 

17.7 143.0 1431.3 4273.6 137.4 11415 

17.8 152.8 15293.5 4566.4 146.8 12242 

17.9 161.6 1618.3 4832.1 155.4 13002 

17.7 178. 7 1788.8 5341.1 171.7 14267 

17.5 175.7 1759.0 5252.2 168.9 13928 

17.4 182.5 1827.5 5456.5 175.4 14417 

17.2 205.1 2053.6 6131.6 197.1 16084 

17.5 202.7 2029.7 6060.4 194.9 16071 

 

 

 

 

 

 



 
 

Table C.2.  Or i f icemeter coef f ic ient  data  

 

Uo ( f rom formula [106 ] )x103,  m/s  Uo ( f rom ca l ibrat ion)x103,  m/s  

197.7 120.1 

279.6 164.2 

395.4 292.0 

484.3 460.0 

523.1 531.4 

593.1 578.4 

625.2 601.5 

807.1 752.1 

985.2 949.5 

1117.2 1182.3 

1279.2 1319.0 

1480.2 1637.2 

1746.5 1792.9 

2106.4 2325.0 

2469.9 3274.0 

2931.9 3477 .3 

3203.1 3831.7 

3412.6 4006.2 

3869.4 4273.6 

4310.1 4566.4 

4739.1 4832.1 

4967.5 5341.1 

5212.6 5252.2 

5395.5 5456.5 

5646.5 6131.6 

6049.6 6060.4 

 

 

 

 

 

 

 



 
 

Table C.3.a.  Raw data for  approx imate (K=1) loca l  ve loc i t ies  (Rew= 

24067) 

 
rx104 ,  m ∆ Him x102,  m  TF 

24.5 21.1 22.2 23.4 24.3 24.7 25.3 

75.5 25.6 26.8 27.8 28.5 31.3 32.2 

109.5 32.1 33.7 34.3 35.1 35.4 36.2 

144.5 35.1 36.6 37.5 38.1 38.8 39.4 

175.5 35.3 36.8 37.9 38.3 39.1 39.6 

214.5 34.7 35.8 36.7 37.6 37.9 38.5 

254.5 32.1 33.2 34.2 35.6 36.1 36.4 

294.5 30.3 30.8 31.3 31.8 32.2 32.6 

334.5 25.5 25.9 26.5 26.9 27.6 28.4 

374.5 22.5 23.0 23.7 24.6 25.0 25.8 

 

 

 

Table C.3.b.  Approx imate (K=1) loca l  ve loc i ty  data for  Rew  =24067 

 

rx104 , 

m 
VLx103 , m/s 

sv x103 , 

m/s 
*** 24.5 122.5 125.6 128.9 131.5 132. 5 134.1 4 .4 

75.5 135.0 138.1 140.6 142.4 149.3 151.4 6 .4 

109.5 151.1 154.9 156.3 158.1 158.8 160.6 3 .3 

144.5 158.0 161.4 163.4 164.6 166.1 167.4 3 .4 

175.5 158.5 161.8 164.2 165.1 166.8 167.9 3 .4 

214.5 157.1 159.7 161.6 163.6 164.2 165.5 3 .2 

254.5 151 .2 153.7 156.0 159.2 160.4 160.9 3 .9 

294.5 146.9 148.1 149.2 150.4 151.4 152.3 2 .0 

334.5 134.7 135.7 137.3 138.3 140.1 142.2 2 .8 

374.5 126.5 127.9 129.8 132.2 133.3 135.4 3 .4 

 

 

 

 
***  Sample ca lcu lat ion is  g iven for  th is  run.  



 
 

Table C.3.c.  Raw data for approx imate (K=1) loca l  ve loc i t ies  (Rew  = 

20167) 

 

rx104 ,  m ∆ Him x102,  m TF  

24.5 15.9 16.5 17.0 17.6 18.7 20.0 

75.5 19.8 21.2 22.3 23.4 24.6 25.8 

109.5 22.8 23.4 24.6 25.5 26.5 27.6 

144.5 25.2 26.1 26.9 27.3 28.5 29.4 

175.5 24.9 25.9 26.7 27.0 28.3 29.2 

214.5 23.1 23.8 24.4 25.3 25.9 26.2 

254.5 22.0 22.5 22.9 23.4 23.9 24.4 

294.5 19.3 19.8 20.4 20.9 21.7 22.1 

334.5 17.5 18.1 18.5 19.2 19.9 20.8 

374.5 16.2 16.9 17.5 18.1 18.6 19.5 

 

 

 

Table C.3.d.  Approx imate (K=1) loca l  ve loc i ty  data for  Rew  =20167 

 

rx104 , 

m 
VLx103 , m/s 

sv x103 , 

m/s 
   24.5 106.3 108.3 109.9 111.8 115.3 119.2 4 .8 

75.5 118.6 122.8 125.9 129.0 132.2 135.5 6 .2 

109.5 127.3 129.0 132.2 134.6 137.2 140.0 4 .8 

144.5 133.9 136.3 138.3 139.4 142.3 144.6 3 .9 

175.5 133.0 135.8 137.7 138.5 141 .9 144.1 4 .0 

214.5 128.2 130.1 131.7 134.1 135.7 136.5 3 .3 

254.5 125.0 126.4 127.6 128.9 130.3 131.7 2 .5 

294.5 117.1 118.6 120.3 121.9 124.1 125.3 3 .2 

334.5 111.5 113.4 114.6 116.8 118.9 121.6 3 .7 

374.5 107.2 109.6 111.5 113.4 115.0 117.7 3 .8 

 

 

 

 

 



 
 

Table C.3.e.  Raw data for  approx imate (K=1) loca l  ve loc i t ies  (Rew = 
15115) 
 

rx104 ,  m ∆ Him x102,  m TF  

24.5 10.5 10.9 11.3 11.8 12.5 13.2 

75.5 12.3 13.0 13.7 14.3 14.9 15.8 

109.5 15.9 16.6 17.0 17.4 18.1 18.8 

144.5 17.0 17.5 18.1 18.7 19.3 19.8 

175.5 16.5 16.8 17.2 17.7 17.9 18.2 

214.5 14.9 15.5 15.9 16.3 16.7 17.3 

254.5 12.7 13.2 13.8 14.3 14.8 15.2 

294.5 11.9 12.4 12.8 13.1 13.7 14.1 

334.5 10.8 11.2 11.5 12.0 12.4 12.9 

374.5 10.4 11.0 11.6 11.9 12.1 12.6 

 

 

 

Tab le  C.3. f .  Approx imate (K=1) loca l  ve loc i ty  data  for  Rew  =15115 

 

rx104 , 

m 
VLx103 , m/s 

sv x103 , 

m/s 
   24.5 86.4 88.0 89.7 91.6 94.3 96.9 4 .0 

75.5 93.6 96.2 98.7 100.9 103.0 106.1 4 .5 

109.5 106.2 108.5 109.8 111.1 113.3 115.5 3 .4 

144.5 109.8 111.4 113.3 115.2 117.0 118.5 3 .3 

175.5 108.2 109. 2 110.5 112.1 112.7 113.6 2 .1 

214.5 102.9 105.0 106.3 107.7 109.0 110.9 2 .9 

254.5 94.9 96.8 98.9 100.7 102.4 103.8 3 .4 

294.5 91.9 93.8 95.3 96.4 98.6 100.0 3 .0 

334.5 87.5 89.2 90.3 92.2 93.8 95.6 3 .0 

374.5 85.9 88.3 90.7 91.9 92.7 94.6 3 .1 

 

 

 

 

 

 



 
 

Tab le C.3.g.  Raw data for  approx imate (K=1) loca l  ve loc i t ies  (Rew = 

10116) 

 

rx104 ,  m ∆ Him x102,  m TF  

24.5 6 .4 7 .0 7 .4 7 .7 8 .0 8 .5 

75.5 7 .8 8 .2 8 .5 8 .8 9 .2 9 .7 

109.5 8 .5 8 .8 9 .2 9 .5 10.0 10.4 

144.5 9 .0 9 .2 9 .5 9 .9 10.1 10.5 

175.5 8 .1 8 .4 8 .8 9 .2 9 .5 11.2 

214 .5 7 .5 7 .9 8 .2 8 .5 8 .7 9 .0 

254.5 6 .9 7 .2 7 .6 7 .9 8 .3 8 .9 

294.5 6 .6 6 .9 7 .3 7 .7 8 .2 8 .6 

334.5 6 .5 6 .8 7 .2 7 .6 8 .1 8 .5 

374.5 6 .3 6 .7 7 .1 7 .5 8 .0 8 .7 

 

 

 

Table C.3.h.  Approx imate (K=1) loca l  ve loc i ty  data for  Rew  =10116 

 

rx104 , 

m 
VLx103 , m/s 

sv x103 , 

m/s 
   24.5 67.3 70.4 72.4 73.9 75.3 77.6 3 .6 

75.5 74.4 76.3 77.7 79.0 80.8 82.9 3 .1 

109.5 77.6 79.0 80.8 82.1 84.3 85.9 3 .1 

144.5 79.9 80.8 82.1 83.9 84.7 86.3 2 .4 

175.5 75.8 77.2 79.0 80.8 82.1 89.2 4 .8 

214.5 73.0 74.9 76.3 77.6 78.5 79.9 2 .5 

254.5 69.9 71.5 73.4 74.8 76.7 79.4 3 .5 

294.5 68.4 69.9 72.0 73.9 76.3 78.1 3 .7 

334.5 67.9 69.4 71.4 73.4 75.8 77.6 3 .7 

374.5 66.9 68.9 71.0 72.9 75.3 78.6 4 .3 

 
 
 
 
 
 
 



 
 

Table C.4.  a.  Approx imate (K=1) and true (K=1.6823) loca l  ve loc i t ies 

at  d i f ferent  rad ia l  pos i t ions for  Rew = 24067 

 
rx104 ,  m VLx103 , m/s VT x103,  m/s  

0 0  0  

         “  24 .5 129.3 217.4  

75.5 142.9 240.4  

109.5 156.7 263.7  

144.5 163.6 275.1  

175.5 164.0 275.9  

214.5 162.0 272.6  

254.5 157.0 264.1  

294.5 149.7 251.9  

334.5 138.1 232.3  

374.5 130.9 220.8  

399 0  0  

 

“  Sample  ca lcu la t ion i s  g iven for  th i s  run in  Append ix  B 

 

 

Table  C.4.b.  Approximate (K=1) and true (K=1.6823) loca l  ve loc i t ies 

a t  d i f ferent  rad ia l  pos i t ions  for  Rew = 20167 

 

rx104 ,  m VLx103 , m/s VT x103,  m/s  

0 0 0 

24.5 111.8 188.1 

75.5 122.2 205.5 

109.5 133.6 224.7 

144.5 139.1 234.0 

175.5 138.6 233.1 

214.5 132.8 223.4 

254.5 128.4 216.0 

294.5 121.2 204.0 

334.5 116.2 195.5 

374.5 112.5 189.2 

399 0 0 



 
 

Table C.4.c .  Approx imate (K=1) and t rue (K=1.6823) loca l  ve loc i t ies  at  

d i f ferent radia l  pos i t ions for  Rew  =15115 

 

rx104 ,  m VLx103 , m/s VT x103,  m/s  

0 0  0  

24.5 91.2 153.5  

75.5 99.8 167.9  

109.5 110.8 186.3  

144.5 114.3 192.2  

175.5 111.1 186.9  

214.5 107.0 180.0  

254.5 99.6 167.6  

294.5 96.0 161.5  

334.5 91.5 153.9  

374.5 90.7 152.6  

399 0  0  

 

 

 

Table  C.4.d.   Approximate (K=1) and true (K=1.6823) local  ve loc i t ies 

a t  d i f ferent  rad ia l  pos i t ions  for  Rew = 10116 

 

rx104 ,  m VLx103 , m/s VT x103,  m/s  

0 0  0  

24.5 72.9 122.7  

75.5 78.6 132.2  

109.5 81.7 137.4  

144.5 83.0 139.6  

175.5 80.8 135.9  

214.5 76.7 129.1  

254.5 74.4 125.1  

294.5 72.9 122.7  

334.5 72.7 122.3  

374.5 72.5 121.9 

399 0  0 

 



 
 

Table C.5.  Average ve loc i t ies obta ined f rom or i f icemeter measuement 

and S impson’s  ru le  appl ied to approx imate (K=1) loca l  ve loc iy  data  

 

Rew  Uann x103,  m/s Us x10 3,  m/s 

24067 226.7 137.3 

20167 199.9 114.7 

15115 157.4 91.8 

10116 110.0 69.5 

 

 

Veloc i ty d istr ibut ion in Laminar f low regime was found from Equat ion 
(C.1)  (Eras lan & Özbe lge,  2003).  
 

U(r)= A+Br2+C lnr  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . .Equat ion 

C.1 

 
Table C.6.  Coeff ic ients of  the veloc i ty d istr ibut ions in the laminar f low 

regime 

 
Rew  A B C 

1004 0.33 -26.03 0.08 

2007 0.67 -52.67 0.17 

 

Ca lcu lat ion procedure of  the coef f i c ients  A,  B,  and C is  g iven in  [ 26 ] . 

 

Table C.7.  Calcu lated resul ts for radia l  t rue (K=1.6823) local  ve loc i t ies 

in  the laminar  f low reg ime 

 

 Rew  =1004 Rew  =2007 

rx104 ,  m UT x103,  m/s  UT x103,  m/s  

24.5 6 .3 12.7 

109.5 18.8 38.1 

144.5 21.1 42.6 

175.5 21.8 44.2 

214.5 21.4 43.3 

294.5 15.9 32.2 

374.5 5 .1 10.3 



 
 

Tab le C.8.a.  Raw data for local  so l id densi ty ca lculat ions dp=72 µm 

and Cf =1% (v/v)  at  nonisok inet ic  condi t ions 

 
 

Wt= A 
Wt+w+s= 

B 

Ww+s= 

B- A 

Wt+s 

=C 
Ws=C - A Ww=B-C 

ρ s* 10-1,  

kg/m3 

0 .0120 m/s 

46.5576 86.7424 40.1848 47.0604 0.5028 39.682 1.26 

50.447 99.6938 49 .2468 51.1256 0.6786 48.5682 1.39 

40.4488 71.681 31.2322 40.8742 0.4254 30.8068 1.37 

44.5765 76.1885 31.612 45.0052 0.4287 31.1833 1.37 

51.0689 88.0826 37.0137 51.5316 0.4627 36.551 1.26 

41.2127 73.2776 32.0649 41.5811 0.3684 31.6965 1.16 

36.9881 72.9 574 35.9693 37.455 0.4669 35.5024 1.31 

0.0239 m/s 

46.5521 88.3269 41.7748 47.1116 0.5595 41.2153 1.35 

50.4504 87.5587 37.1083 50.9932 0.5428 36.5655 1.47 

40.4488 79.6528 39.204 41.0313 0.5825 38.6215 1.50 

44.5753 82.6594 38.0841 45.1715 0.5962 37.4879 1.58 

51.0663 77.6952 26.6289 51.4591 0.3928 26.2361 1.49 

41.2099 73.6971 32.4872 41.694 0.4841 32.0031 1.50 

36.9882 78.5876 41.5994 37.5967 0.6085 40.9909 1.47 

0.1100 m/s 

46.548 80.418 33.87 47.5308 0.9828 32.8872 2.95 

50.4442 85.704 35.2598 51.5056 1.0614 34.1984 3.06 

40.4511 68.8278 28.3767 41.3521 0.901 27.4757 3.23 

44.5744 80.9952 36.4208 45.7188 1.1444 35.2764 3.20 

51.069 75.002 23.933 51.7993 0.7303 23.2027 3.10 

41.2122 82.7642 41.552 42.4868 1.2746 40.2774 3.12 

36.993 69.628 32.635 37.970 4 0.9774 31.6576 3.04 

0.1574 m/s 

46.5415 77.6087 31.0672 47.5436 1.0021 30.0651 3.28 

50.4474 89.7657 39.3183 51.7202 1.2728 38.0455 3.30 

40.4499 74.4985 34.0486 41.5797 1.1298 32.9188 3.38 

44.5745 79.1676 34.5931 45.7012 1.1267 33.4664 3.32 

51.0681 90.8715 39.8034 52.3259 1.2578 38.5456 3.22 



 
 

41.2114 73.1435 31.9321 42.2232 1.0118 30.9203 3.22 

36.9901 70.9957 34.0056 38.1047 1.1146 32.891 3.34 

0.1999 m/s 

46.5497 89.7667 43.217 47.761 1.2113 42.0057 2.85 

50.4513 90.0674 39.6161 51.575 1.1237 38.492 4 2.88 

40.4509 84.2417 43.7908 41.7285 1.2776 42.5132 2.96 

44.5778 85.0695 40.4917 45.6948 1.117 39.3747 2.80 

51.0686 92.2361 41.1675 52.2015 1.1329 40.0346 2.79 

41.2073 80.2322 39.0249 42.3067 1.0994 37.9255 2.86 

36.9933 79.7948 42.8015 38.1237 1.1304 41.6711 2.68 

0.2267 m/s 

46.5459 91.357 44.8111 48.0134 1.4675 43.3436 3.33 

50.4419 92.4037 41.9618 51.8995 1.4576 40.5042 3.54 

40.4464 87.1613 46.7149 42.0854 1.639 45.0759 3.58 

44.5708 88.0385 43.4677 46.0991 1.5283 41.9394 3.58 

51.0657 94.6922 43 .6265 52.6032 1.5375 42.089 3.59 

41.2073 83.7704 42.5631 42.6404 1.4331 41.13 3.43 

36.9859 81.7354 44.7495 38.5247 1.5388 43.2107 3.50 

 

 

 Table C.8.b.  Raw data for  loca l  so l id dens i ty ca lcu lat ions dp =72 µm 

and Cf =1% (v/v)  at  isok inet ic  condi t ions 

 

Wt=  A  
Wt+w+s= 

B 

Ww+s=  

B-A  
Wt+s =C Ws=C-A  Ww=B-C 

ρ s* 10-1,  

kg/m3 

0 .0239 m/s 

38.0668 41.0684 3 .0016 38.0826 0 .0158 2 .9858 0 .53 

39.3495 41.3061 1 .9566 39.3563 0 .0068 1 .9498 0 .35 

40.146 44.3934 4 .2474 40.1539 0 .0079 4 .2395 0 .19 

36.9841 39.4756 2 .4915 36.9973 0 .0132 2 .4783 0 .53 

40.9431 43.8704 2 .9273 40.96 0 .0169 2 .9104 0 .58 

40.2175 42.291 2 .0735 40.2254 0 .0079 2 .0656 0 .38 

43.9607 46.2515 2 .2908 43.976 0 .0153 2 .2755 0 .67 

0.1100 m/s 

51.4125 75.5679 24.1554 51.5692 0 .1567 23.9987 0 .65 

39.0438 67.8063 28.7625 39.2544 0 .2106 28.5519 0 .73 

48.9643 72.6913 23.727 49.0987 0 .1344 23.5926 0 .57 



 
 

36.4815 66.8927 30.4112 36.6712 0 .1897 30.2215 0 .63 

42.9709 70.3339 27.363 43.1434 0 .1725 27.1905 0 .63 

50.2639 80.4805 30.2166 50.4621 0 .1982 30.0184 0 .66 

49.3034 77.2519 27.9485 49.5594 0 .256 27.6925 0 .92 

0.1574 m/s 

51.4114 83.1501 31.7387 51.7795 0 .3681 31.3706 1 .17 

39.0712 78.3716 39.3004 39.4258 0 .3546 38.9458 0 .91 

48.9656 81.7396 32.774 49.215 0 .2494 32.5246 0 .76 

36.4832 69.0892 32.606 36.7653 0 .2821 32.3239 0 .87 

42.9746 76.8796 33.905 43.3345 0 .3599 33.5451 1 .07 

50.2665 80.7723 30.5058 50.6142 0 .3477 30.1581 1 .15 

49.3043 90.382 41.0777 49.8315 0 .5272 40.5505 1 .29 

0.1999 m/s 

37.5418 49.0015 11.4597 37.7006 0 .1588 11.3009 1 .40 

41.3231 54.1081 12.785 41.6057 0.2826 12.5024 2 .24 

40.148 51.2082 11.0602 40.3897 0 .2417 10.8185 2 .21 

40.079 51.5892 11.5102 40.295 0 .216 11.2942 1 .90 

39.3712 53.4857 14.1145 39.6542 0 .283 13.8315 2 .03 

40.2162 50.8249 10.6087 40.4251 0 .2089 10.3998 1 .99 

43.8659 52.1912 8 .3253 43.9981 0 .1322 8 .1931 1 .60 

0.2267 m/s 

40.6314 49.2651 8 .6337 40.8692 0 .2378 8 .3959 2 .80 

39.3471 46.9084 7 .5613 39.6012 0 .2541 7 .3072 3 .42 

44.4751 53.0407 8 .5656 44.7504 0 .2753 8 .2903 3 .27 

45.0176 52.8014 7 .7838 45.2391 0 .2215 7 .5623 2 .89 

40.9422 48.3348 7 .3926 41.1801 0 .2379 7 .1547 3 .28 

39.6764 46.298 6 .6216 39.8969 0 .2205 6 .4011 3 .39 

^40.609 48.9494 8 .3404 40.8661 0 .2571 8 .0833 3 .13 

 

 

 

 

 

 

 

 

 

 
∧  Sample  ca lcu la t ion i s  g iven for  th i s  run in  Append ix  B 



 
 

Table C.9.a.  Raw data for local  so l id densi ty ca lculat io ns dp=72 µm 

and Cf =2% (v/v)  at  nonisok inet ic  condi t ions 

 

Wt= A 
Wt+w+s= 

B 

Ww+s= 

B- A 

Wt+s 

=C 
Ws=C - A Ww=B-C 

ρ s* 10-1,  

kg/m3 

0 .0120 m/s 

40.666 84.7776 44.1116 42.3276 1.6616 
42.45 

3.85 

41.8524 81.5142 39.6618 43.5139 1.6615 
38.0003 

4.29 

43.2251 86.3817 43 .1566 44.9438 1.7187 41.4379 4.07 

43.3732 82.5878 39.2146 45.1837 1.8105 37.4041 4.74 

41.6892 79.8665 38.1773 43.4972 1.808 36.3693 4.86 

42.4007 82.6572 40.2565 44.2779 1.8772 38.3793 4.79 

41.9613 78.1366 36.1753 43.7575 1.7962 34.3791 5.11 

0.0239 m/s 

38.1862 78.8599 40.6737 40.0651 1.8789 38.7948 4.74 

40.3865 78.7058 38.3193 42.3807 1.9942 36.3251 5.36 

41.2223 81.0502 39.8279 43.2045 1.9822 37.8457 5.12 

43.4373 83.8638 40.4265 45.6124 2.1751 38.2514 5.55 

40.3591 85.057 44.6979 42.7916 2.4325 42.2 654 5.62 

40.2129 81.6386 41.4257 42.4407 2.2278 39.1979 5.55 

45.3393 84.3842 39.0449 47.2672 1.9279 37.117 5.08 

0.1100 m/s 

38.0709 68.5224 30.4515 39.8672 1.7963 28.6552 6.10 

40.957 71.9444 30.9874 43.3174 2.3604 28.627 7.96 

41.6092 73.024 31.4148 43 .9918 2.3826 29.0322 7.93 

41.6282 72.9132 31.285 44.0164 2.3882 28.8968 7.98 

40.4913 74.783 34.2917 43.1796 2.6883 31.6034 8.21 

41.6873 68.5449 26.8576 43.5622 1.8749 24.9827 7.27 

39.1162 72.8785 33.7623 41.6153 2.4991 31.2632 7.73 

0.1574 m/s 

53.6515 86.6922 33.0407 55.7559 2.1044 30.9363 6.61 

46.275 83.2499 36.9749 49.4368 3.1618 33.8131 8.99 

45.3773 83.6118 38.2345 48.5834 3.2061 35.0284 8.81 

44.9489 78.5463 33.5974 47.6034 2.6545 30.9429 8.27 

46.9386 84.7634 37.8248 50.1384 3.1998 34.625 8.89 

45.3217 82.513 37.1913 48.4381 3.1164 34.0749 8.80 



 
 

46.3273 87.8113 41.484 49.5895 3.2622 38.2218 8.23 

0.1999 m/s 

38.8366 66.4242 27.5876 40.466 1.6294 25.9582 6.11 

40.1695 65.4115 25.242 41.8524 1.6829 23.5591 6.93 

41.4675 67.7817 26.3142 43.2251 1.75 76 24.5566 6.94 

41.235 72.7291 31.4941 43.3732 2.1382 29.3559 7.06 

39.8891 67.3523 27.4632 41.6892 1.8001 25.6631 6.81 

40.5177 68.8773 28.3596 42.4007 1.883 26.4766 6.90 

39.9569 69.8814 29.9245 41.9613 2.0044 27.9201 6.96 

0.2267 m/s 

37.683 72.0628 34 .3798 40.3719 2.6889 31.6909 8.19 

40.827 79.1126 38.2856 44.1873 3.3603 34.9253 9.24 

42.1703 79.8278 37.6575 45.4857 3.3154 34.3421 9.27 

41.4704 75.9417 34.4713 44.5549 3.0845 31.3868 9.43 

41.5331 74.4829 32.9498 44.3716 2.8385 30.1113 9.063 

43.5669 79.3779 35.811 46.5979 3.031 32.78 8.89 

39.4607 73.282 33.8213 42.4889 3.0282 30.7931 9.44 

 

 

Table C.9.b.  Raw data for  loca l  so l id dens i ty ca lcu lat ions dp=72 µ m and 

Cf=2% (v/v)  at  isok inet ic  condit ions 

 

Wt= A  
Wt+w+s= 

B 

Ww+s=  

B-A  
Wt+s =C Ws=C-A  Ww=B-C 

ρ s* 10-1,  

kg/m3 

0 .0239 m/s 

40.5824 41.9181 1 .3357 40.5834 0 .001 1 .3347 0 .07 

41.1858 45.6894 4 .5036 41.1886 0 .0028 4 .5008 0 .06 

39.6594 43.3519 3 .6925 39.6628 0 .0034 3 .6891 0 .09 

45.3122 49.2808 3 .9686 45.315 0 .0028 3 .9658 0 .07 

41.7005 45.9088 4 .2083 41.7037 0 .0032 4 .2051 0 .08 

45.2679 48.0163 2 .7484 45.2699 0 .002 2 .7464 0 .07 

44.3607 46.2153 1 .8546 44.3623 0 .0016 1 .853 0 .09 

0.1100 m/s 

51.4089 84.3849 32.976 51.5528 0 .1439 32.8321 0 .44 

39.041 53.695 14.654 39.1959 0 .1549 14.4991 1 .06 

48.9617 70.5108 21.5491 49.1705 0 .2088 21.3403 0 .97 

36.4795 59.5825 23.103 36.7899 0 .3104 22.7926 1 .35 



 
 

42.9692 63.3722 20.403 43.2216 0 .2524 20.1506 1 .24 

50.2624 67.0718 16.8094 50.3703 0 .1079 16.7015 0 .64 

49.3007 72.2334 22.9327 49.6027 0 .302 22.6307 1 .33 

0.1574 m/s 

47.0092 67.0573 20.0481 47.4374 0 .4282 19.6199 2 .16 

50.9384 68.8228 17.8844 51.3817 0 .4433 17.4411 2 .51 

40.6931 63.6997 23.0066 41.0806 0 .3875 22.6191 1 .70 

45.1138 71.5806 26.4668 45.8256 0 .7118 25.755 2 .73 

51.3912 75.9946 24.6034 52.1661 0 .7749 23.8285 3 .20 

41.5242 66.6471 25.1229 42.1574 0 .6332 24.4897 2 .56 

37.4727 67.0837 29.611 38.2301 0 .7574 28.8536 2 .59 

0.1999 m/s 

41.1694 50.31 9 .1406 41.837 0 .6676 8 .473 7 .62 

41.1602 48.8455 7 .6853 41.6966 0 .5364 7 .1489 7 .27 

45.9972 58.4839 12.4867 46.9038 0 .9066 11.5801 7 .57 

37.14 48.2516 11.1116 37.9282 0 .7882 10.3234 7 .39 

38.4315 47.8036 9 .3721 39.1225 0 .691 8 .6811 7 .69 

41.3993 48.2804 6 .8811 41.8469 0 .4476 6 .4335 6 .75 

40.763 48.3106 7 .5476 41.372 0 .609 6 .9386 8 .46 

0.2267 m/s 

46.923 56.8094 9 .8864 47.7477 0 .8247 9 .0617 8 .76 

40.5701 46.7714 6 .2013 41.1522 0 .5821 5 .6192 9 .92 

43.3847 51.349 7 .9643 44.1178 0 .7331 7 .2312 9 .72 

45.103 51.8412 6 .7382 45.626 0 .523 6 .2152 8 .12 

40.7388 49.3589 8 .6201 41.5017 0 .7629 7 .8572 9 .32 

41.548 50.8071 9 .2591 42.3312 0.7832 8 .4759 8 .89 

43.4427 50.7303 7 .2876 44.1143 0 .6716 6 .616 9 .73 

 

 

Table C.10.a.  Raw data for  loca l  so l id dens i ty ca lcu lat ions dp=138 µm 

and Cf=1% (v/v)   a t  non isok inet ic  cond i t ions 

 

Wt= A 
Wt+w+s= 

B 

Ww+s= 

B- A 

Wt+s 

=C 
Ws=C - A Ww=B-C 

ρ s* 10-1,  

kg/m3 

0.0120  m/s 

46.5515 87.4877 40.9362 46.6678 0.1163 40.8199 0.28 

50.4478 88.3966 37.9488 50.5351 0.0873 37.8615 0.23 

40.4481 73.7575 33.3094 40.6004 0.1523 33.1571 0.46 



 
 

44.5737 82.3958 37.8221 44.7541 0.1804 37.6417 0.48 

51.0671 91.0167 39.9496 51.2251 0.158 39.7916 0.40 

41.2086 77.93 36.7214 41.3434 0.1348 36.5866 0.37 

36.988 73.299 36.311 37.0992 0.1112 36.1998 0.31 

0.0239 m/s 

46.5466 86.7424 40.1958 46.7505 0.2039 39.9919 0.51 

50.4453 99.6938 49.2485 50.7309 0.2856 48.9629 0.58 

40.447 71.681 31.234 40 .672 0 .225 31.009 0.72 

44.5741 76.1885 31.6144 44.7875 0.2134 31.401 0.68 

51.0669 88.0826 37.0157 51.3057 0.2388 36.7769 0.65 

41.2086 73.2776 32.069 41.3941 0.1855 31.8835 0.58 

36.9863 72.9574 35.9711 37.2047 0.2184 35.7527 0.61 

0.1100 m/s 

46.5476 84 .7626 38.215 47.2059 0.6583 37.5567 1.74 

50.4445 86.571 36.1265 51.1485 0.704 35.4225 1.97 

40.4479 73.349 32.9011 41.0396 0.5917 32.3094 1.82 

44.5741 79.2439 34.6698 45.1827 0.6086 34.0612 1.77 

51.0633 83.5723 32.509 51.6283 0.565 31.944 1.75 

41.2103 72.5117 31.3014 41.7479 0.5376 30.7638 1.73 

36.9877 71.5529 34.5652 37.651 0.6633 33.9019 1.94 

0.1574 m/s 

46.5511 82.6589 36.1078 47.2997 0.7486 35.3592 2.10 

50.4473 80.5792 30.1319 51.1171 0.6698 29.4621 2.25 

40.4447 68.7431 28.2984 41.1142 0.6695 27 .6289 2.40 

44.5776 77.8455 33.2679 45.3245 0.7469 32.521 2.27 

51.0682 78.6912 27.623 51.6712 0.603 27.02 2.21 

41.2095 76.3374 35.1279 41.9044 0.6949 34.433 2.00 

36.9826 69.5784 32.5958 37.6853 0.7027 31.8931 2.18 

0.1999 m/s 

46.5471 77.3782 30.8311 47 .2679 0.7208 30.1103 2.37 

50.4457 79.066 28.6203 51.1014 0.6557 27.9646 2.32 

40.4494 71.8257 31.3763 41.2535 0.8041 30.5722 2.60 

44.5712 78.1794 33.6082 45.4284 0.8572 32.751 2.59 

51.0681 87.0625 35.9944 51.9592 0.8911 35.1033 2.51 

41.2093 75.8396 34 .6303 42.0214 0.8121 33.8182 2.37 

36.9875 75.7056 38.7181 37.9065 0.919 37.7991 2.40 



 
 

0.2267 m/s 

46.5547 85.0928 38.5381 47.5873 1.0326 37.5055 2.72 

50.4486 84.807 34.3584 51.414 0.9654 33.393 2.85 

40.4497 70.0689 29.6192 41.3064 0.8567 28.7625 2.94 

44 .5763 79.5123 34.936 45.6137 1.0374 33.8986 3.02 

51.0684 80.9075 29.8391 51.9195 0.8511 28.988 2.90 

41.2123 78.0563 36.844 42.3079 1.0956 35.7484 3.02 

36.9836 68.9182 31.9346 37.9313 0.9477 30.9869 3.02 

 
 
Table C.10.b. Raw data for local  sol id density ca lcu lat ions dp=138 µm and 

Cf=1% (v/v)  at  isok inet ic  condit ions 

 

Wt= A  
Wt+w+s= 

B 

Ww+s=  

B-A  
Wt+s =C Ws=C-A  Ww=B-C 

ρ s* 10-1,  

kg/m3 

0 .0239 m/s 

41.9527 46.0186 4 .0659 41.9551 0 .0024 4 .0635 0 .06 

46.2246 54.0012 7 .7766 46.2286 0 .004 7 .7726 0 .05 

45.0342 50.0581 5 .0239 45.0379 0 .0037 5 .0202 0 .07 

45.0999 47.3541 2 .2542 45.1013 0 .0014 2 .2528 0 .06 

40.4381 42.981 2 .5429 40.4397 0 .0016 2 .5413 0 .06 

41.5461 43.9944 2 .4483 41.5476 0 .0015 2 .4468 0 .06 

43.4362 45.7126 2 .2764 43.4382 0 .002 2 .2744 0 .09 

0.1100 m/s 

40.9228 52.1941 11.2713 41.0286 0 .1058 11.1655 0 .94 

43.7131 50.4758 6 .7627 43.8887 0 .1756 6 .5871 2 .63 

40.2346 45.1556 4 .921 40.3399 0 .1053 4 .8157 2 .16 

39.6496 47.6813 8 .0317 39.8542 0 .2046 7 .8271 2 .58 

40.6606 43.7935 3 .1329 40.7346 0 .074 3 .0589 2 .39 

41.5456 46.2973 4 .7517 41.6155 0 .0699 4 .6818 1 .48 

43.4407 48.3194 4 .8787 43.6304 0 .1897 4 .689 3 .97 

0.1574 m/s 

50.4462 74.3584 23.9122 50.5915 0 .1453 23.7669 0 .61 
44.5734 73.4551 28.8817 44.8174 0 .244 28.6377 0 .85 
41.2086 76.3202 35.1116 41.3555 0 .1469 34.9647 0 .42 
51.4103 65.213 13.8027 51.4907 0 .0804 13.7223 0 .58 
48.9674 70.5571 21.5897 49.1307 0 .1633 21.4264 0 .76 
42.9745 70.9633 27.9888 43.1064 0 .1319 27.8569 0 .47 
49.303 72.144 22.841 49.4341 0 .1311 22.7099 0 .58 



 
 

0.1999 m/s 

50.4511 81.5596 31.1085 50.6942 0 .2431 30.8654 0 .78 
44.5747 71.3733 26.7986 44.9916 0 .4169 26.3817 1 .57 
41.2094 86.5759 45.3665 41.4783 0 .2689 45.0976 0 .59 
51.4116 85.277 33.8654 51.8237 0 .4121 33.4533 1 .22 
48.9653 78.9259 29.9606 49.464 0 .4987 29.4619 1 .68 
42.9722 76.5098 33.5376 43.3721 0 .3999 33.1377 1 .20 
49.3032 84.142 34.8388 49.6736 0 .3704 34.4684 1 .07 

0.2267 m/s 

40.6321 48.6988 8 .0667 41.0865 0 .4544 7 .6123 5 .82 

40.674 54.3338 13.6598 41.5806 0 .9066 12.7532 6 .90 

40.1461 52.7683 12.6222 40.6445 0 .4984 12.1238 4 .04 

45.0169 57.0402 12.0233 46.1775 1 .1606 10.8627 10.22 

40.9429 51.7909 10.848 41.3443 0 .4014 10.4466 3 .78 

39.677 51.6326 11.9556 40.3945 0 .7175 11.2381 6 .21 

40.6089 53.5562 12.9473 41.3383 0 .7294 12.2179 5 .82 

 
 

Table C.11.a.  Raw data for  loca l  so l id  dens i ty ca lculat ions dp=138 µm 

and Cf=2% (v/v)   a t  non isok inet ic  cond i t ions 

 

Wt= A 
Wt+w+s= 

B 

Ww+s= 

B- A 
Wt+s =C  

Ws=C -

A 
Ww=B-C 

ρ s* 10-1,  

kg/m3 

0 .0120 m/s 

44.1554 77.6832 33.5278 44.5142 0.3588 33.169 1.08 

44.1924 73.542 29.3496 44.4197 0.2273 29.1223 0.78 

43.0794 69.5445 26.4651 43.2867 0.2073 26.2578 0.79 

40.9184 76.7107 35.7923 41.1363 0.2179 35.5744 0.61 

40.0977 82.1388 42.0411 40.5458 0.4481 41.593 1.07 

40.939 80.1098 39.1708 41.2784 0.3394 38.8314 0.87 

44.5338 79.2256 34.6918 44.9183 0.3845 34.3073 1.11 

0.0239 m/s 

38.0045 79.1059 41.1014 38.7032 0.6987 40.4027 1.72 

41.4367 75.5218 34.0851 42.3316 0.8949 33.1902 2.66 

41.1601 69.9287 28.7686 41.784 0.6239 28.1447 2.19 

40.346 77.9656 37.6196 40.9179 0.5719 37.0477 1.53 

41.2578 83.255 41.9972 42.0225 0.7647 41.2325 1.84 

43.3891 81.3742 37.9851 43.8473 0.4582 37.5269 1.21 



 
 

39.4261 80.4132 40.9871 39.9371 0.511 40.4761 1.25 

0.1100 m/s 

43.9274 69.0099 25.0825 44.6519 0.7245 24.358 2.94 

44.176 71.2752 27.0992 45.3857 1.2097 25.8895 4.58 

43.646 72.6615 29.0155 44.5293 0.8833 28.1322 3.10 

40.3238 69.4084 29.0846 41.3246 1.0008 28.0838 3.51 

45.206 72.9799 27.7739 46.2989 1.0929 26.681 4.02 

40.2995 72.6422 32.3427 41.2789 0.9794 31.3633 3.08 

43.9968 75.6913 31.6945 45.2457 1.2489 30.4456 4.03 

0 .1574 m/s 

37.6858 67.8016 30.1158 39.0772 1.3914 28.7244 4.74 

40.8298 68.4963 27.6665 42.2244 1.3946 26.2719 5.19 

42.1776 70.5725 28.3949 43.8591 1.6815 26.7134 6.13 

41.479 69.147 27.668 43.0183 1.5393 26.1287 5.75 

41.5374 68.7143 27.1769 43.1919 1.6545 25.5224 6.31 

43.5693 75.8159 32.2466 45.5387 1.9694 30.2772 6.33 

39.4673 70.794 31.3267 41.2832 1.8159 29.5108 5.99 

0.1999 m/s 

50.0995 79.9424 29.8429 52.7515 2.652 27.1909 9.36 

43.9159 73.3621 29.4462 46.8851 2.9692 26.477 10.70 

43.1461 78.5521 35.406 46 .6187 3.4726 31.9334 10.39 

42.7452 73.5417 30.7965 45.5789 2.8337 27.9628 9.72 

44.82 72.4012 27.5812 47.5476 2.7276 24.8536 10.49 

43.1568 73.4512 30.2944 46.003 2.8462 27.4482 9.93 

44.2286 75.2186 30.99 47.292 3.0634 27.9266 10.48 

0.2267 m/s 

38.1974 69.9385 31.7411 40.8521 2.6547 29.0864 8.79 

40.3991 76.5245 36.1254 43.5895 3.1904 32.935 9.30 

41.2429 75.0434 33.8005 44.0752 2.8323 30.9682 8.80 

43.4445 76.7101 33.2656 46.4337 2.9892 30.2764 9.48 

40.3716 73.9057 33.5341 43.3227 2.9511 30.583 9.27 

40 .2272 74.5588 34.3316 43.2851 3.0579 31.2737 9.39 

45.3656 78.2382 32.8726 48.4432 3.0776 29.795 9.90 

 

 
 



 
 

Table C.11.b. Raw data for local  so l id densi ty ca lculat ions dp=138 µm and 

Cf=2% (v/v)  at  isok inet ic  condit ions 

 

Wt= A  
Wt+w+s= 

B 

Ww+s=  

B-A  
Wt+s =C W s=C-A  Ww=B-C 

ρ s* 10-1,  

kg/m3 

0 .0239 m/s 

41.9538 43.6523 1 .6985 41.9546 0 .0008 1 .6977 0 .05 

44.3043 47.3062 3 .0019 44.3057 0 .0014 3 .0005 0 .05 

45.037 48.0163 2 .9793 45.0385 0 .0015 2 .9778 0 .05 

45.1006 48.2181 3 .1175 45.1022 0 .0016 3 .1159 0 .05 

40.6616 43.5791 2 .9175 40.6632 0 .0016 2 .9159 0 .06 

41.5491 44.3925 2 .8434 41.5506 0 .0015 2 .8419 0 .05 

43.4422 45.9413 2 .4991 43.4436 0 .0014 2 .4977 0 .06 

0.1574 m/s 

43.457 47.6249 4 .1679 43.6258 0 .1688 3 .9991 4 .15 

40.5685 48.3272 7 .7587 41.2276 0 .6591 7 .0996 8 .93 

44.4783 53.1885 8 .7102 45.2698 0 .7915 7 .9187 9 .59 

44.2077 52.7035 8 .4958 44.5534 0 .3457 8 .1501 4 .17 

40.7623 47.578 6 .8157 41.2833 0 .521 6 .2947 8 .00 

41.2242 49.5745 8 .3503 41.6781 0 .4539 7 .8964 5 .61 

43.9602 52.2221 8 .2619 44.5585 0 .5983 7 .6636 7 .56 

0.1999  m/s 

40.7699 57.671 16.9011 42.015 1 .2451 15.656 7 .69 

40.575 55.5183 14.9433 42.0176 1 .4426 13.5007 10.22 

43.3857 53.7144 10.3287 44.4392 1 .0535 9 .2752 10.83 

37.7421 46.9961 9 .254 38.3389 0 .5968 8 .6572 6 .69 

40.7399 48.1135 7 .3736 41.4699 0 .73 6 .6436 10.50 

48.2622 56.4143 8 .1521 48.797 0 .5348 7 .6173 6 .81 

43.4409 52.2221 8 .7812 44.1204 0 .6795 8 .1017 8 .10 

0.2267 m/s 

41.2141 55.5973 14.3832 42.4981 1 .284 13.0992 9 .41 

40.6755 55.0407 14.3652 42.1671 1 .4916 12.8736 11.04 

40.147 50.7723 10.6253 41.3101 1 .1631 9 .4622 11.68 

40.0785 50.454 10.3755 40.8445 0 .766 9 .6095 7 .71 

39.373 52.2135 12.8405 40.7039 1 .3309 11.5096 11.02 

41.224 55.2915 14.0675 42.2425 1 .0185 13.049 7 .55 

40.609 53.3046 12.6956 41.7715 1 .1625 11.5331 9 .66 

 



 
 

Table C.12.a.  Data  for  loca l so l id  dens i ty  (ρ s*10-1 )  (kg/m3 ) vs. 

d imens ionless rad ia l  d is tance (DRD) when mixture ve loc i ty  is  f ixed for  

dp =72 µm and C f = 1% (v/v)  at  nonisok inet ic  condi t ions 

 

 
Uann,  m/s (and corrseponding mixture Reynolds number)  

D R D 0.0120 

Rem =1051 

0.0239 

Rem =2016 

0.1100 

Rem =9297 

0.1574 

Rem =13535 

0.1999 

Rem =17534 

0.2267 

Rem =20000 

0.06 1.26 1.35 2.95 3.28 2.85 3.33 

0.27 1.39 1.47 3.06 3.30 2.88 3.54 

0.36 1.37 1.50 3.23 3.38 2.96 3.58 

0.44 1.37 1.58 3.20 3.32 2.80 3.58 

0.54 1.26 1.49 3.10 3.22 2.79 3.59 

0.74 1 . 16 1.50 3.12 3.22 2.86 3.43 

0.94 1.31 1.47 3.04 3.34 2.68 3.50 

 

 

 

 

Table C.12.b.   Data for  rad ia l  loca l  so l id  dens i ty  (ρ s*10 -1)  ( kg /m3)  vs .  

mixture ve loc i ty when d imensionless radia l  d is tance (DRD) is  f ixed for  

dp =72 µm and C f = 1% (v/v) at  nonisokinet ic  c ondi t ions  

 

 

D R D 
Ua n n,  m / s 

0.06 0.27 0.36 0.44 0.54 0.74 0.94 

0.0120 

Rem =1051 
1.26 1.39 1.37 1.37 1.26 1.16 1.31 

0.0239 

Rem =2016 
1.35 1.47 1.50 1.58 1.49 1.50 1.47 

0.1100 

Rem =9297 
2.95 3.06 3.23 3.20 3.10 3.12 3.04 

0.1574 

Rem =13535 
3.28 3.30 3.38 3 . 32 3.22 3.22 3.34 

0.1999 

Rem =17534 
2.85 2.88 2.96 2.80 2.79 2.86 2.68 

0.2267 

Rem =20000 
3.33 3.54 3.58 3.58 3.59 3.43 3.50 

 

 



 
 

Table C.13.a.  Data for  loca l  so l id  dens i ty  (ρ s*10-1 )  (kg/m3 ) vs. 

d imensionless radia l  d istance (DRD) when mixture ve loc i ty is  f ixe d for 

dp =72 µm and C f = 1% (v/v)  at  i sok inet ic  cond i t ions 

 

 

Ua n n,  m / s 

D R D 0.0239 

Rem =1800 

0.1100 

Rem =9399 

0.1574 

Rem =13699 

0.1999 

Rem =16532 

0.2267 

Rem =19216 

0.06 0.53 0.65 1.17 1.40 2.80 

0.27 0.35 0.73 0.91 2.24 3.42 

0.36 0.19 0.57 0.76 2.21 3.27 

0.44 0.53 0.63 0.87 1.90 2.89 

0.54 0.58 0.63 1.07 2.03 3.28 

0.74 0.38 0.66 1.15 1.99 3.39 

0.94 0.67 0.92 1.29 1.60 3.13 

 

 

 

 

Tab le C.13.b.   Data for  rad ia l  loca l  so l id  dens i ty  (ρ s*10 -1)  ( kg /m3)  vs .  

mixture ve loc i ty  when d imens ion less rad ia l  d is tance (DRD) is f ixed for 

dp =72 µm and C f = 1% (v/v)  at  i sok inet ic  cond i t ions 

 

 

D R D 
Ua n n,  m / s 

0.06 0.27 0.36 0.44 0.54 0.74 0.94 

0.0239 

Rem =1800 
0.53 0.35 0.19 0.53 0.58 0.38 0.67 

0.1100 

Rem =9399 
0.65 0.73 0.57 0.63 0.63 0.66 0.92 

0.1574 

Rem =13699 
1.17 0.91 0.76 0 . 87 1.07 1.15 1.29 

0.1999 

Rem =16532 
1.40 2.24 2.21 1.90 2.03 1.99 1.60 

0.2267 

Rem =19216 
2.80 3.42 3.27 2.89 3.28 3.39 3.13 

 

 

 

 



 
 

Table C.14.a.  Data for  loca l  so l id  dens i ty  (ρ s*10-1 )  (kg/m3 ) vs. 

d imens ionless rad ia l  d is tance (DRD) when mixture ve loc i ty  is  f i xed for 

dp =72 µm and C f = 2% (v/v)  at  nonisok inet ic  condi t ions 

 

 

Ua n n,  m / s 

D R D 0.0120 

Rem =991 

0.0239 

Rem =1831 

0.1100 

Rem =8699 

0.1574 

Rem =12616 

0.1999 

Rem =15999 

0.2267 

Rem =17703 

0.06 3.85 4.74 6.10 6.61 6.11 8.19 

0.27 4.29 5.36 7.96 8.99 6.93 9.24 

0.36 4.07 5.12 7.93 8.81 6.94 9.27 

0.44 4.74 5.55 7.98 8.27 7.06 9.43 

0.54 4.86 5.62 8.21 8.89 6.81 9.06 

0.74 4.79 5.55 7.27 8.80 6.90 8.89 

0.94 5.11 5.08 7.73 8.23 6.96 9.44 

 

 

 

 

Table C.14.b Data for radia l  loca l  so l id dens i ty (ρ s*10 -1)  (kg/m3) vs. 

mixture ve loc i ty when d imensionless radia l  d is tance (DRD) is  f ixed for  

dp =72 µm and C f = 2% (v/v)  at  nonisok inet ic  condi t ions 

 

 
D R D 

Ua n n,  m / s 
0.06 0.27 0.36 0.44 0.54 0.74 0.94 

0.0120 

Rem =991 
3.85 4.29 4.07 4.74 4.86 4.79 5.11 

0.0239 

Rem =1831 
4.74 5.36 5.12 5.55 5.62 5.55 5.08 

0.1100 

Rem =8699 
6.10 7.96 7.93 7.98 8.21 7.27 7.73 

0.1574 

Rem =12616 
6.61 8.99 8.81 8.27 8.89 8.80 8.23 

0.1999 

Rem =15999 
6.11 6.93 6.94 7.06 6.81 6.90 6.96 

0.2267 

Rem =17703 
8.19 9.24 9.27 9.43 9.06 8.89 9.44 

 

 



 
 

Table C.15.a.  Data for  loca l  so l id  dens i ty  (ρ s*10-1 )  (kg/m3 ) vs. 

d imens ionless rad ia l  d is tance (DRD) when mixture ve loc i ty  is  f ixed for  

dp =72 µm and C f = 2% (v/v)  at  i sok inet ic  cond i t ions 

 

 

Ua n n,  m / s 

D R D 0.0239 

Rem =1902 

0.1100 

Rem =8952 

0.1574 

Rem =12938 

0.1999 

Rem =16201 

0.2267 

Rem =17626 

0.06 0.07 0.44 2.16 7.62 8.76 

0.27 0.06 1.06 2.51 7.27 9.92 

0.36 0.09 0.97 1.70 7.57 9.72 

0.44 0.07 1.35 2.73 7.39 8.12 

0.54 0.08 1.24 3.20 7.69 9.32 

0.74 0.07 0.64 2.56 6.75 8.89 

0.94 0.09 1.33 2.59 8.46 9.73 

 

 

 

 

Table C.15.b.  Data for  rad ia l  loca l  so l id  dens i ty  (ρ s*10 -1) (kg/m3 ) vs. 

mixture ve loc i ty when d imensionless radia l  d is tance (DRD) is  f ixed for  

dp =72 µm and C f = 2% (v/v)  at  i sok inet ic  cond i t ions 

 

 

D R D 
Ua n n,  m / s 

0.06 0.27 0.36 0.44 0.54 0.74 0.94 

0.0239 

Rem =1902 
0.07 0.06 0.09 0.07 0.08 0.07 0.09 

0.1100 

Rem =8952 
0.44 1.06 0.97 1.35 1.24 0.64 1.33 

0.1574 

Rem =12938 
2.16 2.51 1.70 2.73 3.20 2.56 2.59 

0.1999 

Rem =16201 
7.62 7.27 7.57 7.39 7.69 6.75 8.46 

0.2267 

Rem =17626 
8.76 9.92 9.72 8.12 9.32 8.89 9.73 

 

 

 

 



 
 

Table C.16.a.  Two- phase axia l  pressure gradient vs.  mixture veloc i ty 

for  d i f ferent feed so l id concentrat ions of  part ic le  s ize dp =72 µm 

 

C f 
Ua n n,  m / s 

1% v/v  2% v/v  

0.0239 377.93 607.85 

0.1100 403.29 761.33 

0.1574 327.10 679.31 

0.1999 276.14 644.15 

0.2267 253.08 587.62 

 

 

 

Table C.16.b.  Two- phase ax ia l  pressure gradient  ( inc lud ing stat ic  

head) vs.  mixture ve loc i ty for  d i f ferent feed so l id concentrat ions of  

s ize d p =72 µm 

 

C F  
Ua n n,  m / s 

1% v/v  2% v/v  

0.0239 10200.64 10466.02 

0.1100 10234.45 10608.01 

0.1574 10181.15 10610.96 

0.1999 10175.17 10561.41 

0.2267 10221.56 10530.03 

 

 

 

Table C.16.c.  Two -phase exper imenta l  f r ic t ion factor  vs.  mixture 

ve loc i ty  when feed so l id concentrat ion is  f ixed for  dp =72 µm  

 

C f 
Ua n n,  m / s 

1% v/v  2% v/v  

0.0239 26 .36 42 .24 

0.1100 1.33 2.50 

0.1574 0.52 1.08 

0.1999 0.27 0.64 

0.2267 0.19 0.45 

 



 
 

Table C.17.a.  Data for  loca l  so l id  dens i ty  (ρ s*10-1 )  (kg/m3 ) vs. 

d imens ionless rad ia l  d is tance (DRD) when mixture ve loc i ty  is  f ixed for  

dp =138 µm and C f = 1% (v/v)  at  nonisok inet ic  condi t ions 

 

 

Ua n n,  m / s 

D R D 0.0120 

Rem =1060 

0.0239 

Rem =2038 

0.1100 

Rem =9395 

0.1574 

Rem =13815 

0.1999 

Rem =17431 

0.2267 

Rem =20116 

0.06 0.28 0.51 1.74 2.10 2.37 2.72 

0.27 0.23 0.58 1.97 2.25 2.32 2.85 

0.36 0.46 0.72 1.82 2.40 2.60 2.94 

0.44 0.48 0.68 1.77 2.27 2.59 3.02 

0.54 0.40 0.65 1.75 2.21 2.51 2.90 

0.74 0.37 0.58 1.73 2.00 2.37 3.02 

0.94 0.31 0.61 1.94 2.18 2.40 3.02 

 

 

 

 

Table C.17.b.  Data for  rad ia l  loca l  so l id  dens i ty  (ρ s*10 -1) (kg/m3 ) vs. 

mixture ve loc i ty when d imensionless radia l  d is tance (DRD) is  f ixed for  

dp =138 µm and C f = 1% (v/v)  at  nonisok inet ic  condi t ions 

 

 

D R D 
Ua n n,  m / s 

0.06 0.27 0.36 0.44 0.54 0.74 0.94 

0.0120 

Rem =1060 
0.28 0.23 0.46 0.48 0.40 0.37 0.31 

0.0239 

Rem =2038 
0.51 0.58 0.72 0.68 0.65 0.58 0.61 

0.1100 

Rem =9395 
1.74 1.97 1.82 1.77 1.75 1.73 1. 94 

0.1574 

Rem =13535 
2.10 2.25 2.40 2.27 2.21 2.00 2.18 

0.1999 

Rem =17431 
2.37 2.32 2.60 2.59 2.51 2.37 2.40 

0.2267 

Rem =20116 
2.72 2.85 2.94 3.02 2.90 3.02 3.02 

 

 



 
 

Table C.18.a.  Data for  loca l  so l id  dens i ty  (ρ s*10-1 )  (kg/m3 ) vs. 

d imensionless radia l  d ista nce (DRD) when mixture veloc i ty is  f ixed for 

dp =138 µm and C f = 1% (v/v)  at  i sok inet ic  condi t ions 

 

 

Ua n n,  m / s 

D R D 0.0239 

Rem =1768 

0.1100 

Rem =8555 

0.1574 

Rem =13197 

0.1999 

Rem =17535 

0.2267 

Rem =18862 

0.06 0.06 0.94 0.61 0.78 5.82 

0.27 0.05 2.63 0.85 1.57 6.90 

0.36 0.07 2.16 0.42 0.59 4.04 

0.44 0.06 2.58 0.58 1.22 10 .22 

0.54 0.06 2.39 0.76 1.68 3.78 

0.74 0.06 1.48 0.47 1.20 6.21 

0.94 0.09 3.97 0.58 1.07 5.82 

 

 

 

 

Table C.18.b.  Data for  rad ia l  loca l  so l id  dens i ty  (ρ s*10 -1) (kg/m3 ) vs. 

mixture veloc i ty when d imensionless rad ia l  d is tance (DRD) is  f ixed for  

dp =138 µm and C f = 1% (v/v)  at  i sok inet ic  condi t ions 

 

 

D R D 
Ua n n,  m / s 

0.06 0.27 0.36 0.44 0.54 0.74 0.94 

0.0239 

Rem =1768 
0.06 0.05 0.07 0.06 0.06 0.06 0.09 

0.1100 

Rem =8555 
0.94 2.63 2.16 2.58 2.39 1.48 3.97 

0.1574 

Rem =13197 
0.61 0.85 0.42 0.58 0.76 0.47 0.58 

0.1999 

Rem =17535 
0.78 1.57 0.59 1.22 1.68 1.20 1.07 

0.2267 

Rem =18862 
5.82 6.90 4.04 10 .22 3.78 6.21 5.82 

 

 

 

 



 
 

Table C.19.a.  Data for  loca l  so l id  dens i ty  (ρ s*10-1 )  (kg/m3 ) vs. 

d imens ion less rad ia l  d is tance (DRD) when mixture ve loc i ty is  f ixed for  

dp =138 µm and C f = 2% (v/v)  at  nonisok inet ic  condi t ions 

 

 

Ua n n,  m / s 

D R D 0.0120 

Rem =934 

0.0239 

Rem =1860 

0.1100 

Rem =8000 

0.1574 

Rem =11571 

0.1999 

Rem =14572 

0.2267 

Rem =16364 

0.06 1.08 1.72 2.94 4.74 9.36 8.79 

0.27 0.78 2.66 4.58 5.19 10 .70 9.30 

0.36 0.79 2.19 3.10 6.13 10 .39 8.80 

0.44 0.61 1.53 3.51 5.75 9.72 9.48 

0.54 1.07 1.84 4.02 6.31 10 .49 9.27 

0.74 0.87 1.21 3.08 6.33 9.93 9.39 

0.94 1.11 1.25 4.03 5.99 10 .48 9.90 

 

 

 

 

Table C.19.b.  Data for radia l  loca l  so l id  dens i ty  (ρ s*10 -1) (kg/m3 ) vs. 

mixture ve loc i ty when d imensionless radia l  d is tance (DRD) is  f ixed for  

dp =138 µm and C f = 2% (v/v)  at  nonisok inet ic  condi t ions 

 

 

D R D 
Ua n n,  m / s 

0.06 0.27 0.36 0.44 0.54 0.74 0.94 

0.0120 

Rem =934 
1.08 0.78 0.79 0.61 1.07 0.87 1.11 

0.0239 

Rem =1860 
1.72 2.66 2.19 1.53 1.84 1.21 1.25 

0.1100 

Rem =8000 
2.94 4.58 3.10 3.51 4.02 3.08 4.03 

0.1574 

Rem =11571 
4.74 5.19 6.13 5.75 6.31 6.33 5.99 

0.1999 

Rem =14572 
9.36 10 .70 10 .39 9.72 10 .49 9.93 10 .48 

0.2267 

Rem =16364 
8.79 9 . 30 8.80 9.48 9.27 9.39 9.90 

 

 



 
 

Table C.20.a.  Data for  loca l  so l id  dens i ty  (ρ s*10-1 )  (kg/m3 ) vs. 

d imens ionless rad ia l  d is tance (DRD) when mixture ve loc i ty  is  f ixed for  

dp =138 µm and C f = 2% (v/v)  at  i sok inet ic  condi t ions 

 

 

Ua n n,  m / s 

D R D 0.0239 

Rem =2044 

0.11 00 

Rem =8109 

0.1574 

Rem =10590 

0.1999 

Rem =15118 

0.2267 

Rem =17162 

0.06 0.05 1.25 4.15 7.69 9.41 

0.27 0.05 1.74 8.93 10 .22 11 .04 

0.36 0.05 1.19 9.59 10 .83 11 .68 

0.44 0.05 1.05 4.17 6.69 7.71 

0.54 0.05 0.88 8.00 10 .50 11 .02 

0.74 0.05 1.57 5.61 6.81 7.55 

0.94 0.06 1.91 7.56 8.10 9.66 

 

 

 

 

Table C.20.b.  Data for  rad ia l  loca l  so l id  dens i ty  (ρ s*10 -1) (kg/m3 ) vs. 

mixture ve loc i ty when d imensionless radia l  d is tance (DRD) is  f ixed for  

dp =138 µm and C f = 2% (v/v)  at  i sok inet ic  condi t ions 

 

 

D R D 
Ua n n,  m / s 

0.06 0 . 27 0.36 0.44 0.54 0.74 0.94 

0.0239 

Rem =2044 
0.05 0.05 0.05 0.05 0.05 0.05 0.06 

0.1100 

Rem =8109 
1.25 1.74 1.19 1.05 0.88 1.57 1.91 

0.1574 

Rem =10590 
4.15 8.93 9.59 4.17 8.00 5.61 7.56 

0.1999 

Rem =15118 
7.69 10 .22 10 .83 6.69 10 .50 6.81 8.10 

0.2267 

Rem =17162 
9.41 11 .04 11 .68 7.71 11 .02 7.55 9.66 

 

 

 

 



 
 

Table C.21.a.  Two- phase axia l  pressure gradient vs.  mixture veloc i ty 

for  d i f ferent  feed so l id  concentrat ions of  s ize dp =138 µm 

 

C f 
Ua n n,  m / s 

1% v/v  2% v/v  

0.0239 427.00 766.25 

0.1100 539.54 900.38 

0.1574 50 4.74 850.93 

0.1999 447.46 745.87 

0.2267 416.93 669.89 

 

 

 

Table C.21.b.  Two- phase ax ia l  pressure grad ient  ( inc luding stat ic  

head) vs.  mixture ve loc i ty for  d i f ferent feed so l id concentrat ions of  

s ize d p =138 µm 

 

C f 
Ua n n,  m / s  

1% v/v  2% v/v  

0.0239 10287. 99 10464.58 

0.1100 10422.66 10776.25 

0.1574 10328.88 10789.48 

0.1999 10303.36 10666.44 

0.2267 10298.13 10609.36 

 

 

 

Table C.21.c.  Two -phase exper imenta l  f r ic t ion factor  vs.  mixture 

ve loc i ty  when feed so l id concentrat ion is  f ixed for  dp =138 µm   

 

C f 
Ua n n,  m/ s 

1% v/v  2% v/v  

0.0239 29 .66 54 .48 

0.1100 1.77 2.95 

0.1574 0.81 1.35 

0.1999 0.44 0.74 

0.2267 0.32 0.51 

 

 


