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Abstract

This thesis presents three different approaches for the theoretical study of two-phase flow
and heat transfer, namely, analytical study, numerical predictions, and dimensional anal-
ysis. In the first approach, exact solutions of momentum and energy equations for laminar
two-phase pipe flow is obtained. Extension to turbulent case is also made. When com-
pared with experimental results the analysis shows a close representation of the velocity
and temperature fields of gas-solid flows. Next, a numerical solution of two phase flow
and heat transfer using minimum number of assumptions is obtained. The turbulence
correlations appearing in the transport equations recently modeled by a two-phase k-¢
model have been modified to take into consideration the wall presence and the parcicle-
turbulent eddies interaction. Particle- eddies interaction have been treated with a new
approach based on the relative size of the particle and the eddies, taking into account
the presence of the wall. Comparing the results with experimental ones shows a better
agreement than the previous predictions. Finally, Dimensional analysis is carried out
leading to new correlations for friction factor and convective heat transfer coefficient in
terms of other flow parameters. In this analysis a large number of experimetal data that
covered a wide range of flow conditions is used. A comparison with existing dimensional

correlations shows that the newly obtained ones produce a better fit of the existing data.



pr sl Ge Il el e

B L o | et

6 aloegd | gla_llo._a_"vL.»._‘ruL_:l._vfsJ g.\:..._:gg:.u_,g_,]&.i Jodo

-

uI - b y - ’I t-_.JI " i . rl_" ¥ . . n‘, (_lgl)b ‘:’M I= M‘.—“‘)JI d M g u= a
(832 oi e Lo i y= (Two Phase Flows) g’ S e o
oY L a1 ar T a5 Ledd G d 5t =t JUdisid

G g e By Bl dala iy oo g ogbged | B2d Lo, @b Ja'¥ 1 st o3

Culo g bty @% G L57Y | J1 o oo dsed | B8 - e 2T <Y olaas S

. (Turbulent) &= oot Ly yull

8 51 s JUESS Ly 0y goase Joplsed | AS - o€ Lo e LUy yedt 44D Wt laod
oy Gdo-g  AB N At @13 Al oY olre Gabdg cbo Sl J) 9l (e

Bila, Gl > A€ > A olae yyalay @ Adla ) 03D (yo o5 LI st oS
512 s aila b Lbogrg als Gt 82D B o chaid o ybas S L oS
) NN oy 830 @ N1 jLne’Y ) ey 3BY 1 o2 e iy el o LS
4 A cds-o) v oA i dly g€ g afledl  2e  Lgleldn Aa b e
Lyoae  adog lopdidd  AUiSIlp @S ot oS fads @Y dLae (o8 Oligaostd ]
AB M 2t o) 5 Adlnsed ] Glolgx'Y | g St g atled |t Be ju ohs gt
a1 42D i Lo o by pateod | Ol Hily mitaiti iy ol Lo ot g

CSY ! Ol algtY L ) adta Y Ly OlagamTl g 2l led ] AR yu BBy



oD et gt Saand et Ay b adeasud SIUTL st oS
gl g 6yl Heed ) JLES Jotzsg daSlss>=Y 1 Glelpadl Jo Lo e
Grb g Gt dydger Cuawlil J51 o oodal]l Gt g P led |l (e LodS gLy o
GLe gomat |l Cloitud e es WLy padl Y R L e
Sloey Y Jdmed i 1 AD od B ED L o Hloed RS LD e XRiw] g d y WTI dy a2y M1
Ao oy dhad o Y olas e Jﬁ.axu'auWI 83D Loy 4 (oI O Y agome]]
d agt 4 51 411 Judis 3 f Jobarsa g aof L= Y ) Gle Leat | Jo Lo e

tLJ\-lI_’J.m.JI

Sy o Glal o 3 LS 2e O WRIL Gold ) 43D L BT jLEe Chel @Y (e
o TOLST 83D plaail g Ads Glaxol G Jiset ) )38 o8 dgolde do sl

v B ELwd) B S bl gt e LD yalar g doaay ymi) = L


http://www.tcpdf.org

‘e o* inghiall )l

4 DARALMANDUMAH

Aipadl Shag Loa Ll o cig B sy 10

Near Wall Two Phase Flows : Analytical Solutions and Numerical
Predictions

Al Qassem, Ahmad Fawzi Ahmad

1Ulgusll

SESWWN T RS

Al Kodah, Z.. Abou Arab, Tharwat W.(Super) VRTINS 7S
1990 1.S>Maodl du, L

20, ‘8990

1-124 1olxaall

568888 :MD 3,

&ol> Jilw, i Sgizall £9)

English :aelll

iow>lo allw, ragolell as)all

a3,V Li>gleiSily pglell asol> raseol=l

awaipll ads ra sl

s,V ragall

Dissertations 10logleoll aclgd

4SSl dwaipll ehall als Ul ‘&aolgo
https://search.mandumah.com/Record/568888 )

‘ ‘ abgamo gazdl geo .doghiiall I 2020 ©
8sloll 030 aclb gl Juoms cliSoy abgamo sl Bpi> grox O lale il Bgi> wlxol 2o gdsall Bl (sle <liy d>lio 3lal 0id
wlxol o @Ja> Cu i U9d (Es\.}g).i‘SJ\” .\..J').g.” 9| CQ)UX” g§|9_o .Jio) Cl.l.a.wg sl pete) ),u.u.” 9| JngLH 9| é.w.i.” &ioug Jnad @..Ah.»u.” /a|J>.Lw3U

nghioll ls of il Bgi>

Ol LAC U Zyl_ilsl

www.manaraa.com



https://search.mandumah.com/Record/568888

Nomenclature

Roman letters

A Area.

ALR Air loading ratio.

B Drag coeflicient, constant.

C Specific heat.

D Diameter of the pipe.

d Diameter of solid particle.

E Eddy diffusivity of heat.

{ Dimensionless velocity function, friction coeflicient.
Gz Graetz number

Convective heat transfer coefficient.
Effectiveness of momentum transfer.
Themal conductivity.

Length of pipe.

Micro length scale.

Mass.

Mass of solid Particle.

Number density of solid particles.
Nusselt number.

Heat transfer rate.

Pressure.

Prandil number.

Heat flux.

Radial distance.

Radius of the pipe.

Reynolds number.

Axial velocity component.

Inlet Velocit of fluid phase.

Axial fluctuating velocity component.
Temperature.

time,

Radial velocity component.

Radial fluctuating velocity component.
Tangential azimuthal velocity component.
Tangential azimuthal fluctuating velocity component.
Axial coordinate.

Dimensionless distance from the wall.
Radial coordinate.

Axial distance.
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Greek letters

E D99 3TV MU R DI mY

Constant.

Constant.

Eigenvalue, constant.
Dimensionless radial coordinate.
Tangential coordinate.
Dimensionless Temperature.
Constant.

Dynamic viscosity.

Kinematic viscosity.
Dimensionless axial coordinate.
Density.

Constant.

Dummy variable.

Volume fraction.

Constant.

Frequency function

Maes loading ratio, frequency.

Subscript

a

o
b
oy

®
=
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&

Air.
Average.,
Effective.
Laminar.
Fluid.

Gas.
Maximum.
Sigle phase.
Particle.
radial.
Suspension.
Turbulent.
Axial.
Radial.
Axial.

Wall.
Tangential.
Fluid phase.

Dispersed, solid, phase.



Superscript

h Homogeneous.

n Fourler component.
p Particular.

- Time average.

* Complex conjugate.

Fourer transform.



Contents

1 INTRODUCTION 1
2 ANALYTICAL SOLUTION OF TWO PHASE FLOW AND HEAT
TRANSFER PROBLEMS 6
2.1 Introduction . . . . : . . . . ot e e e e e e e e 6
2.2 Flow and Energy Governing Equations . . . . ... ........ .. ... 7
2.3 Laminar Two-Phase Flow . . .. ... ... ... . ... ... ... 9
2.3.1 Flow Governing Equations . . . . ... ... . ... ....... 9
232 MethodofSolution . . . ... ... ... oo 12
2.3.3 Sample of Analytical Results . . . . . . ... ............. 16
'2.3.4 Turbulent Two-Phase Flows . . . ... ... ............. 22
2.4  Analytical Two Phase Flow with Heat Transfer . . . ... ......... 27
2.4.1 EnergyEquations . . . . ... .. ... ... . o 27
2.42 MethodofSolution . . . . . . . ... ... e 30
243 SampleofResults . . . .. ... ... .. ... .. 40
3 TURBULENT TRANSPORT BEHAVIOUR OF DISCRETE SOLID
PARTICLES IN DILUTE SUSPENSIONS 42
3.1 Introduction . . . . . . . . . o i i i e e 42
3.2 Motion of a Small Particle Suspended in Free Turbulent Stream (unbounded
Jlow) . e 45
3.2.1 Solution of the Equation of Motion( Unbounded Flow) . . . . .. . . 49
3.3  Motion of a Small Particle Suspended in Turbulent Flow Near a Plane
Wall (bounded flow) . . . . .. . . 53
3.4 Motion of Large Particle Suspended in Turbulent Flow (bounded flow) . . . 58
3.5 Sample of Numerical Results . . . . . .. ... ... . ... .. .. .. ... 63
351 TwoPhaseflow . . . . . ... .. .. . .. ..., 63
3.5.2 Heat TransferResults . ... ........ ... ... ..., 72
4 DIMENSIONAL ANALYSIS 78
4.1 Introduction . . . . . . . . . L L e e e e e 78 "

42 The Basic Methods . . . . . . . . . . i i i i e e e e e e e e e 79



4.3 Statementof the Problem . . .. ... ... ... ... o o 79
44 Pressure Drop . . . . . . . . . . e e e 83
441 Dimensionless Products . . . ... ... .. ... .. ... .. ... 83
4.4.2 Correlation Equation . . . . . ... .. ... ... oL L. 84
443 ExpermentalData . . . ... ... ... ... 0 0 85
444 Results. . . . . . . . . . e e e e 86
4.5 Heat Transfer . . . . . . . . . . . 0 e e e e e e e 93
451 Dimensionless Product . . . . . .. .. .. ... ... ... 93
452 Correlation Equation . . . . . ... ... .. o oo 94
4.5.3 ExperimentalData . ... .. ........ ... ..., 95
454 Results. . . . . . . . . . e e 96
General Discussions and Conclusions 100
Dimensional Analysis 108
A.1 Buckingham II-Theorem . . . . ... .. .. ... .. ... ... ..., 108
A.2 Primary Dimensions and Dimensional Formula . . . .. .. ... ... ... 109
A.3 Finding out the Dimensionless Products . . . . .. . ... ......... 109
A3l PressureDrop........,...................‘..110
A3.2 Heat Transfer . . . . . . . . . . . . . o e 113

.
n



List of Figures

2.1

2.2

2.3

2.4

2.5

2.6

2.8

o
=

2.10

2.11

2.12

Velocity distiibution of gas and solid phases(d = 100pm, ¢ = 001, g, =

D05 kgfms, Be =5000) . .. 0 .00 18
Effect of Reynolds mumber on gas and solid velocity profiles, (d = 100pm, ¢ =
000, g, = 005 Egfms, e = 500L) 0 0000 oo 1.
Effect of Reynolds number on gas and solid velocily profiles, (d = 100pm, ¢ =
000, ge, = 005 kgfms, e =H00L) . 0 000000 19
Effect of loading 1atio on cariier-gas velocily profile, (d = 100pm, g, =

005 kgfms, Re =5H00.) . . . . . . . e 19
Effect loading ratio on solid velocity profile, (d = 100um, p, = .005 kgf/ms, Re =
BOOL) © o o 20
Effect of particle diameter on gas and solid velocity profil=s, (¢ = .001, p, =

A0S kgfms, e =5000) .0 o000 20
Effect of clowd viscosity on gas and solid velocity profiles, (d = 100um, ¢ =

001, prp = 005, Be = 500.) - . S
Velocity distribution of gas phase, (d = Abpm, p, = 2590.kgfm?, U0 =
SAmfs,w =3) . ... 25
Velocity distiibmtion of gas phase, (d = 200pm, p, = 1040 kgfm?® U0 =
6.9mfs,w =13) . . . 25
Velocity distubntion of solid phase, (d = 45pn, p, = 2590. kgfm3 U0 =
6.omfe,w=03) . ... 26
Velocity distribution of solid phase, (d = 200um, p, = 1040. kg/m?, U0 =
6.9mfs,w = 13) .. e 26
Axial vanation of Nusselt number, (d = 100pm, p, = 2590. kgfm3, U0 =
10.mfs,w=5) . . . e 4]
Velocity distribution of gas phase (U0=b.t mfs, p, = 2590 kg/m?® d =
100pem, w = 1252) . . . . e e 66
Velocity distribution of gas phase.(U0=4.94 mfs, p, = 2590 kg/m?d =
200p0m, w =1362) . . .. .. e 66
Velocity distribution of gas phase.(U0=4.6 mfs, p, = = 2590 kgjm?*d = '
800pm, w =2.52) . ... 67
Velocity distribution of gas phase (U0=6.4 /s, p, = ZJQUkJ/msd = 45um,
w=032) . . e 67

1



3.5

3.6

3.5

316

3.17

3.18

4.1
4.2
4.3

- 4.4

4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13

Velocily distribution of gas phase (U0=6.9 mfs, p, = 1040kgfm® d =
200pm, w = 132) .. oL 68
Velocity distribution of gas phase.(U0=9.9 mfs, p, = 1040kg/m? d =
200pm, w = 2.1) . Lo 68
Velocity distribution of gas and solid phase. (U0=6.9 m/s, p, = 1040 kg[m?
d=200pm,w=013). ... .. .. ... 69
Turbulent inteusity of gas Phase (U0=4.6 m/s, p, = 2590k gfm’d = 800um,
w=20 ) e 69
Turbulent intensity of gas Phase (110=6.4 m/s, p, = 2590kg/m’d = 45um,
w=037) 70
Turbulent intensity of gas Phase. (U0=11.2 mfs, p, = 2590kg/m?*d =
pm, w =0006) . 0 L. 70
Axial disttibution of Pressute gradieut ol a suspension flow.(U0=10 m/s,
pp = 2590kg et = W00pm, w =08 Y 0L n
Temperature distnbution ol gas and solid phases. (U0=10 mfs, pp, =
2590kgImTw =050) Lo 74
'I"ompvta.l.nm distiibntion of gas and solid phases. (U0=10 mfs, p, =

20 kgfm™d = W00 ) L, 74
Lffect of particle diameter on lateral diffusion of heat of carrier phase —U’T'
(U0=10mfs, pp = 2090kgfmiw =05) . ... ... ... ... .. ... . 75
Effect ol particle diatmeter on axial diffusion of heat of carrier phase —u'T.
(U0=10 /s, p, = 2590kgfmiw =05) ... L 75
Effect of particle-diameter on axial diffusion of heat of solid phase —U’I' .
(U0=10 mfs, p, = 2590kg/m? w = 0.5) . . . ... ... . . ... .. ... 76
Effect of particle diameter on lateral diffusion of heat ol solid phase —u’T"
(U0=10 mfs, p, = 2090 kg[t'd = 1W00pm, w =05) . .. . .. .. ... .. 76
Lateral diffusion of heat of cattier phase —o™T7. (U0=10 m/s, p, = 2590kg/m3
d=100pm, w =05). . ... . 77
Experimental data obtained by Tien and Quan [35]. Pressure drop. . .. . 89
Experitnental data obtained by Shimnizu et al.[29]. Pressure drop. . . . . . 89
Experimental data obtained by Abou-Dheim [5). Pressure drop. . . . . . . 90
Correlation equation, pressure drop. . . . . . ... ... .. ... ..., 90
Correlation equation, data Tien & Quan [35]. Pressure drop. . . . . . . . . 2
Correlation equation, data of Shimizu et al [29].. Pressure drop. . . . . . . 91
Correlation equation, data from Abon-Dheim’s work [5]. Pressure drop. . . 92
Experimental data obtained by Farber and Depew [13]. Heat transfer. . . . 97
Experimental data obtained by Brandon and Grizzle [7). Heat transfer. . . 97
Experimental data obtained by Tanbour [32]. leat transfer. . . . ... . . . 98
Correlation Equation. Heat transfer, . . . . .. ... ... . ... ..... 98
Correlation Equation. Heat transfer. . . . . ... . ... ... ....... 99
Heat transfer correlations. Comparison. . . . . . . . e e e e e e 99

i\l’


http://www.tcpdf.org

‘e o* inghiall )l

4 DARALMANDUMAH

Aipadl Shag Loa Ll o cig B sy 10

Near Wall Two Phase Flows : Analytical Solutions and Numerical
Predictions

Al Qassem, Ahmad Fawzi Ahmad

1Ulgusll

W -7 |

Al Kodah, Z.. Abou Arab, Tharwat W.(Super) VRTINS 7S
1990 1.S>Maodl du, L

20, ‘8990

1-124 1olxaall

568888 :MD 3,

&ol> Jilw, i Sgizall £9)

English :aelll

iow>lo allw, ragolell as)all

a3,V Li>gleiSily pglell asol> raseol=l

awaipll ads ra sl

s,V ragall

Dissertations 10logleoll aclgd

4SSl dwaipll ehall als Ul ‘&aolgo
https://search.mandumah.com/Record/568888 )

‘ ‘ abgaxo Beaxl geox .aoghaiall s 2020 ©
s3ladl 04 dclb o Juoss cliSoy .abgano sl Bei> grox Ol lale piull Boi> wlol g0 @dsall Byl (sle el aslio bsloll 0id
ol (o s guras Ues (cigSIVl l ol iVl gdlgn Jio) @l oS yue uisidl of gl ol Sl gious chasd (sasil plasiwil

oghiall ,ls of il Bgi>

ol Lalu Zyl_ﬂbl

www.manharaa.com



https://search.mandumah.com/Record/568888

- NEAR WALL TWO PHASE FLOWS:-
ANALYTICAL SOLUTIONS AND
NUMERICAL PREDICTIONS

AHNMAD FAWZI AHMAD AL-QASSEM »

May.1990



NEAR WALL TWO PHASE FLOWS:

ANALYTICAL SOLUTIONS AND
NUMERICAL PREDICTIONS

BY

AHMAD FAWZI AHMAD AL-QASSEM
B.Sc. Mechanical Engineering Yarmouk University 1987
Thesis submitted in partial fulfillment
of the requirements of M.Sc. degree
in
Mechanical Engineering

at

Jordan University of Science and Technology

Approved by :
Signature Date
Dr. T. W. Abou-Arab (Supervisor) O\uﬁ{ﬂﬁg ./‘fcu', 155 1996

Dr. Z. AlKodah (Co-Advisor) 2eod. He Kedide. 15-570
TS 15490

Dr. T. Aldoss (Committee member)

Dr. Wagqar Asrar (Committee member) . .~ == lels. ..



ACKNOWLEDGEMENTS

After paying all my thanks to God, I would like to thank my supervist Dr. Tharwat
W. Abou-Arab for his invaluable help durning the preperation of this work. His

kindness patient and encouragement made this work possible.

My thanks are also due to Dr. Z. Al-Kodah for his assistance in the supervison

during this research.

Great apreciation is expressed to Dr. Awad Mansour for his assistance with some

of the mathematical problermns involved.

ireat thanks are due to my family for thier patient and encouragement during the

long time required to complete this work.

Finally I thank all the faculty staff in the Mechanical Engineering Department for

thier encouragement and help,



Abstract

This thesis presents three different approaches for the theoretical study of two-phase flow
and heat transfer, namely, analytical study, numerical predictions, and dimensional anal-
ysis. In the first approach, exact solutions of momentum and energy equations for laminar
two-phase pipe flow is obtained. Extension to turbulent case is also made. When com-
pared with experimental results the analysis shows a close representation of the velocity
and temperature fields of gas-solid flows. Next, a numerical solution of two phase flow
and heat transfer using minimum number of assumptions is obtained. The turbulence
correlations appearing in the transport equations recently modeled by a two-phase k-¢
model have been modified to take into consideration the wall presence and the parcicle-
turbulent eddies interaction. Particle- eddies interaction have been treated with a new
approach based on the relative size of the particle and the eddies, taking into account
the presence of the wall. Comparing the results with experimental ones shows a better
agreement than the previous predictions. Finally, Dimensional analysis is carried out
leading to new correlations for friction factor and convective heat transfer coefficient in
terms of other flow parameters. In this analysis a large number of experimetal data that
covered a wide range of flow conditions is used. A comparison with existing dimensional

correlations shows that the newly obtained ones produce a better fit of the existing data.



Nomenclature

Roman letters

A Area.

ALR Air loading ratio.

B Drag coeflicient, constant.

C Specific heat.

D Diameter of the pipe.

d Diameter of solid particle.

E Eddy diffusivity of heat.

{ Dimensionless velocity function, friction coeflicient.
Gz Graetz number

Convective heat transfer coefficient.
Effectiveness of momentum transfer.
Themal conductivity.

Length of pipe.

Micro length scale.

Mass.

Mass of solid Particle.

Number density of solid particles.
Nusselt number.

Heat transfer rate.

Pressure.

Prandil number.

Heat flux.

Radial distance.

Radius of the pipe.

Reynolds number.

Axial velocity component.

Inlet Velocit of fluid phase.

Axial fluctuating velocity component.
Temperature.

time,

Radial velocity component.

Radial fluctuating velocity component.
Tangential azimuthal velocity component.
Tangential azimuthal fluctuating velocity component.
Axial coordinate.

Dimensionless distance from the wall.
Radial coordinate.

Axial distance.

. =

[

N KR E g <T e da@mn e DUO0ZZEI R TR IR T



Greek letters

E D99 3TV MU R DI mY

Constant.

Constant.

Eigenvalue, constant.
Dimensionless radial coordinate.
Tangential coordinate.
Dimensionless Temperature.
Constant.

Dynamic viscosity.

Kinematic viscosity.
Dimensionless axial coordinate.
Density.

Constant.

Dummy variable.

Volume fraction.

Constant.

Frequency function

Maes loading ratio, frequency.

Subscript

a

o
b
oy

®
=

N D N KR HD O gm

&

Air.
Average.,
Effective.
Laminar.
Fluid.

Gas.
Maximum.
Sigle phase.
Particle.
radial.
Suspension.
Turbulent.
Axial.
Radial.
Axial.

Wall.
Tangential.
Fluid phase.

Dispersed, solid, phase.



Superscript

h Homogeneous.

n Fourler component.
p Particular.

- Time average.

* Complex conjugate.

Fourer transform.
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Chapter 1

INTRODUCTION

Multiphase systems consist of mixtures of solid particles, liquid droplets, or gas bubbles in
fluids. When the fluid medium is gas, the particulate phase may consist of solid particles,
liquid droplets, or both. When the fluid medium is liquid the suspended phase may be
solid particles, gas bubbles, or liquid droplets immisible to the fluid phase [30]).

The importance of studying the dynamics of multiphase flow systems arises from
their numerous applications in various technical, and engineering fields such as pneumatic
conveying, fluidized beds, fluid atomization, vapour compression refrigerators, combustion
processes, petroleum industries, aust collection systems, metallized propellant rockets,

sanitary engineering , nuclear power plants, and air pollution problems.

In studying multiphase systems, three types of interactions must be fully analyzed,

and thoroughly understood; these are:

1. The interaction between particles of the suspended phase(s).



2. The interaction between the suspended particles and the fluid medium.

3. The interaction between the various phases and the boundary of the system.

These three types of interactions have made the problem of multiphase flows quite
complicated to be treated, both analytically and experimentally. In the present study we
will try to predict the variables that govern two phase gas-solid flows, with and without
heat transfer.Thus we will restrict our discussion in what follows to this system, paying

attention to the phenomenon from a physical point of view.

Historically, the interst in gas-solid suspensions was a result of the need for a heat
transfer media, that does not suffer from the serious defficiences that both gases and
liquids have. As a heat transfer media, liquids, generally, have better coolant properties
than gases, because of their higher density and themal conductivity, but unless high
pressures and relatively low temperatures are used, change of phase may cause instability
andjor burn out, Gases on the other hand, can be carried to high temperatures, however,
they have low thermal capacity and low thermal transport properties, which give mise to

low heat transfer coefficient.

The influence of suspended particles on the transport characteristics of the suspen-
gion, as they are manifested at the wall, has been widely discussed by many authors
[30, 9]. An obvious point of agreement is that, the solid phase increases the volumetric
thermal capacity of the flow, which in turn, increases the heat transfer rate for the same
temperature conditions. Beyond this elementary view, there are numerous explanations.
There is generally a consensus that direct heat transfer from the wall to the solid phase
is negligible due to the small time and area of contact between the particles and the wall
[9]. A consequence of this heat transfer mechanism, is that the temperature of the solids

lags the temperature of the gas in the case of heating, and leads in the case of cooling,
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assuming that the solids and the gas temperatures have equilibrated prior to the onset of
heat transfer process. The gas temperature increases more rapidly than the solids temper-
ature, until some balance of temperature potential and heating rate between the wall and
the gas, and between the gas and the solids is achieved. It is reasonable to expect that at
some distance from the thermal entrance, the flow will be fully developed thermally, and
the two phases will have similar temperature profiles if the thermodynamic and transport

properties of the two phases are reasonably constant.

The transfer of heat to the solid particles depend on; the particle geometry, physical
properties, and motion relative to the gas. Whereas the net transfer of heat to the gas
depends on, the loss of heat to the solids, versus direct gain from the wall through the
laminar sublayer, the buffer region, and the turbulent core. Alteration of the laminar or
turbulent structure of these regions may profoundly affect the rate of heat transfer to the
suspension, and the fluid dynamics of the flow is a basic facet of the convective process.

Solids can alter convective heat transfer process in several ways :

1. Penetration of solids through the buffer layer, and into the laminar sublayer would

cause a disturbance and thinning of that layer and, consequently, reduction in its

resistance to heat transfer,

2. The presence of solids may cause a damping of convective eddies, and a consequent

reduction in turbulent transport properties.

3. The slip between the particles and the gas, may enhance the turbulent mixing of

the carrier gas.

4. Radial motion of the solids would promote the exchange of energy between the

laminar sublayer and the turbulent core.



Since most of the applications encountered in gas-solid flows involved dilute suspen-
sions(i.e.low concentration of solids.), and because of the limited knowledge about the
nature of the interactions between the particles the present study will be concerned with

dilute gas-solid suspension that is characterized by :-

1. Absence of particle-particle interactions, or it does exist at such a level that does’t

have a remarkable effect on the flow field of the suspension.

2. Homogeneity of flow field, in which the solid particles are uniformly distributed

throughout the cross section of the flow field.

3. Undeformable particles upon collisions with the boundary of the system.

The present study will also be restricted to confined two-phase gas-solid flows
through circular pipes that are vertically oriented to exclude any asymmetry in the radial
distribution of solids, and hence the three dimensionality of the flow governing equations,
caused by the transverse gravity force in case of horizontally oriented flows. In addi-
tion, the radiative heat transfer will not be considered, which implies moderate levels of

temperature potential (less than 500°C).

The present study consist of four parts. In the first part, the momentum and
energy equations of laminar two phase gas-solid flow (based on the continuum concept)
are stated, discussed, and solved for the velocity and temperature fields respectively.

Extension to turbulent case is also made and discussed. Turbulent motion of a swarm of

discrete solid particles is considered in part two. The equation of motion of solid particle
suspended in turbulent flow is discussed, criticized and its turbulent correlations with
the carrier fluid is developed for the considered flow . These results are used to predict

the transport variables in turbulent two phase pipe flow via a numerical test case. As a
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result of the complexity of the study under consideration, we rely on existing experimental
data, and generalize the result concerning the frictional pressure loss, and the heat transfer
coefficient using dimensional analysis, in part three. Finally, a general discussion of results

along with comparison with experimental data and with similar studies madein this field

is presented and conclusions are stated.



Chapter 2

ANALYTICAL SOLUTION OF
TWO PHASE FLOW AND HEAT
TRANSFER PROBLEMS

2.1 Introduction

In the general case of single phase flows, velocity and temperature fields are mutually
interacting, which means that the temperature distribution depends on the velocity field
and conversely, the velocity distribution is affected by the temperaturefield. In the special
case, when bouyancy forces can be neglected, and when the properties of the fluid can
be considered independent of temperature, mutual interaction ceases, and the velocity
field no longer depends on the temperature field. Although the converse dependence of
the temperature field on the velocity field still exists. The above modes of interactions

between the temperature and velocity fields will be more involved in the case of two phase



. The solid particles are distributed uniformly throughout the cross section of the flow

system.

. Interactions can exist between the gas and the particles, and between the two phases
and the solid boundaries, but the interaction through the solid particles is absent

(Dilute suspensions).

. The drag on the solid particle is mainly due to the relative velocity between the
two phase. Hence, the velocity of each solid particle due to its own thermal state
is extremely low, and the particulate phase does not contribute significantly to the

static pressure of the system.

. Due to the inertia of the solid particle one has to identify the velocity of the solid
particle and that of the gas separately at any given location in space. At a solid
boundary, solid particle may have finite velocity even though the gas phase attained

the no-slip condition of zero velocity there [30].

. When heat transfer is considered, radiation to and among the solid particles have
insignificant effect on the rate of heat transfer which implies moderate levels of

temperature (less than 500°C ).

. The particle dimensions are small and the thermal conductivity is high enough so

that the temperature distribution is uniform throughout the particle.



2.3 Laminar Two-Phase Flow

In this section the conservation equations of laminar two-phase flow will be stated, sim-

plified, and solved.

2.3.1 Flow Governing Equations
The equations of motion {momentum equations) and the conservation of mass (continuity

equations) applied to gas-solid suspensions have been given by many authers [11, 30].

These equations for incompressible Newtonian fluids in cylindrical,polar coordinates read:

radial-component:

avy an Wy oV; W; avf
d (1 1 6’ 2 an &V
Thrds [5? (FEJ( f)) ‘Yo T aae 6z=]
—KF¢(Vi = Vp) + fr (2.1)

tangential-component

+m¢:[6 ( ,)) ,1, 6a:I:f 42 %f + B;Zf]
—KFgp(Wy — Wp) + f (22)
axial-component:
191 (an ) 66[? + "‘?%%L + Ufa_an) =—(x1~ Ksb,,)g



8r | " v 062 B2
~KFP¢ (Vs = Vo) + /s

g ( aU oU; 0°U
11 [1—( ——’) + S0t ’]

For the carrier(lighter) fluid and radial-component

3V 61@, W BV W;‘ 3V or
Pp¢p(3t +Vpa +_%" +Upa 45?61,

N =v;, 2 OW, | 0,
+"‘P"’P[297( (P)) o6 o8 | 8

+KF$,(Vy = Vp) + f:

tangential-component :

(aw aw, W6W W, 6W)_ 4, OP

p »
Prp +V +_ =+ r + 0y r 80

1 1 FW, 28V, oW,
oo [5? (FEF(’WP)) = e Traet Bz’]

+F(Ws = Wp) + fo

axial-component :

Uy _ 1, 8% , W, 8U, BU) 8P

pp¢f(at gt et ) =t

16 ol 1 82U,  8°U,
+"P¢P[ ( 6r)+r’ g T a=+]

+F4(Vi = Vo) + /e

For the particulate(solid) phase.

In addition to the continuity equation of the fluid phase which reads :

Bpsdr | 1 8(psésrVy) | 38(ps$sWy) | Ops#:Us) _
ot r ar T a9 Oz

and for the particulate phase reads:

Bppdp + ia(Pp‘?"pTVp) + 16(Pp¢pwp) + (P $pUp )
ot T or T o8 a0z
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Where the global continuity equation reads:

¢f + ¢p =1 (29)

Where ¢ denotes the volume fraction of golids, and V,W, and U are the component of
velocity vector in the radial, tangential, and axial directions respectively. The subscripts
(f) and (p) denote the fluid and the solid phase, and K is the local effectiveness of the
momentum transfer from the dispersed phase to the fluid phase and, it is discussed in

detail by S00.[30]. It suffices here to state that K equals unity in this simplified case.

For one dimensional flow the radial and tangential component of the velocity of both
phases are identically zero, and the steady flow condition implies (£; = 0.). Applying these

conditions to the momentum and continuity equations of both phases we obtain :

8P 18, a\U;

¢f5; =5 {r—5; )— ¢ F(U; - Uy) (2.10)
for the fluid phase, and
aP 18, o\,
¢‘p§ = oy or )+ ¢ F(Us = U,) (2.11)

for the solid phase.

Where the continuity equation for the fluid phase becomes

2 (018U = 0 (2.12)

5, P1e1Us -
where

Af = prdy
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and

Ao = Bty

In addition to the global continuity equation (equation 2.9).

Equations 2.9,2.10, and 2.11 describe the laminar one dimensional steady flow which

we have to solve along with the following boundary conditions

Uf(‘l" = R) =0
oU; =
B (r=0)=o0
U(r=R)=U;
ov,,
E—(r =o0)=o0 (2.13)

where U} is the velocity that the solid particles slides on the wall by.

2.3.2 Method of Solution
To solve the system of equations 2.9,2.10, and 2.11 we proceed as follows:
Eliminating the drag term ¢, F'(U; — U,) between equations 2.10 and 2.11 we have:

_13 aA,U, 18, U,
(1 ¢.‘P - ) T( 8r ) ¢P az (2'14)

rar

rearanging equation 2.14 we get
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6‘P_18

o

Now integrating equation 2.15 with respect to r for constant pressure gra.dien's(g‘f‘1 =

constant.) we obtain :

d _Opr O,
5 AUp+ X Up) = =+ (2.16)

Wher C, is a constant of integration.

Integrating equation 2.16 once more we have

AU 4 AU, = %’:+011m+0, (2.17)

Where C, is another constant of itegration that will be determined from the boundary

conditions.

Applying the second and the last boundary conditionsin equation 2.13 we obtain
C. =o. (2.18)

and from the first and third boundary conditions we have

C, = \Us - i‘;—%’- (2.19)

Finally solving for the fluid phase velocity (Uy) we have

8P 1 , . C A
= R ¥ § 2.20
= oy TN T (220)
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Substituting for Uy into equation 2.10 from equation 2.20 we readily obtain

&U, 16U, F¢, Ap 8P ¢, ¢ FC, Fe, 5%
- - +— = - - 2.21
i el vl b v KGRl *5 WS V5 Wy o wd (221)
Which may be rewritten as
o*l, 19U,
IR N = G- or? 2.22
Or? + roar ! Up=CG—yr ( )
Where
F¢, Ap
3 ’r 2.23
! Ap (1 ! Af ( )
aP
Y = .%. (2.24)
4Arhp
aP ¢, ¢ FC,
= —.Fr_Fr 2 2.25
G 0z AP Af/\p ( )

The homogeneous part of equation 2.22 has the following solution
U],,'kl = C,L,(y7) + C K(7r) (2.26)

Where I,,and K, are the Modified Bessel Functions of the first and second kind of

zero order respectively, andC, and C, are consiants of integration.

Applying the fourth boundary condition of equation 2.12 to equation 2.26 we obtain
C,=o. (2.27)
The particular solution of equation 2.22 reads

Uz = Cyr” + Cs (2.28)

14


http://www.tcpdf.org

‘e o* inghiall )l

4 DARALMANDUMAH

Aipadl Shag Loa Ll o cig B sy 10

Near Wall Two Phase Flows : Analytical Solutions and Numerical
Predictions

Al Qassem, Ahmad Fawzi Ahmad

1Ulgusll

W -7 |

Al Kodah, Z.. Abou Arab, Tharwat W.(Super) VRTINS 7S
1990 1.S>Maodl du, L

20, ‘8990

1-124 1olxaall

568888 :MD 3,

&ol> Jilw, i Sgizall £9)

English :aelll

iow>lo allw, ragolell as)all

a3,V Li>gleiSily pglell asol> raseol=l

awaipll ads ra sl

s,V ragall

Dissertations 10logleoll aclgd

4SSl dwaipll ehall als Ul ‘&aolgo
https://search.mandumah.com/Record/568888 )

‘ ‘ abgaxo Beaxl geox .aoghaiall s 2020 ©
s3ladl 04 dclb o Juoss cliSoy .abgano sl Bei> grox Ol lale piull Boi> wlol g0 @dsall Byl (sle el aslio bsloll 0id
ol (o s guras Ues (cigSIVl l ol iVl gdlgn Jio) @l oS yue uisidl of gl ol Sl gious chasd (sasil plasiwil

oghiall ,ls of il Bgi>

ol Lalu Zyl_ﬂbl

www.manharaa.com



https://search.mandumah.com/Record/568888

- NEAR WALL TWO PHASE FLOWS:-
ANALYTICAL SOLUTIONS AND
NUMERICAL PREDICTIONS

AHNMAD FAWZI AHMAD AL-QASSEM »

May.1990



NEAR WALL TWO PHASE FLOWS:

ANALYTICAL SOLUTIONS AND
NUMERICAL PREDICTIONS

BY

AHMAD FAWZI AHMAD AL-QASSEM
B.Sc. Mechanical Engineering Yarmouk University 1987
Thesis submitted in partial fulfillment
of the requirements of M.Sc. degree
in
Mechanical Engineering

at

Jordan University of Science and Technology

Approved by :
Signature Date
Dr. T. W. Abou-Arab (Supervisor) O\uﬁ{ﬂﬁg ./‘fcu', 155 1996

Dr. Z. AlKodah (Co-Advisor) 2eod. He Kedide. 15-570
TS 15490

Dr. T. Aldoss (Committee member)

Dr. Wagqar Asrar (Committee member) . .~ == lels. ..


http://www.tcpdf.org

