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NOMENCU TURE

a,b,c  Characteristic coefficients for certain gas

A Cross sectional area

C Heat capacity

Co Initial Particle Concentration

Cap  Number of Deposited Particle

C, Cunningham correction factor

Cp Drag Coefficient

c Specific heat

d, Particle diameter (m)

Dy,  Pipe diameter (m)

e Internal energy

f Friction Coefficient

f Fugacity

I Penetration Coefficient 7
g Gravitational acceler: m((r )
G Particle mass flux

H, Heat of solution

J Volumetric flux

K Friction and losses constan

k Surface roughness

kg Boltizmann Constant

L Pipe length (m)

m Mass (kg)

MW  Molecular weight

n Number of particles
P Pressure

Q Flow rate

rp Radius of Particle (m)
R Pipe radius

Re Reynolds Number

Universal Gas constant

R

R Gas constant

S Supersaturation

S Density ratio

\Y} Stop Distance (m)

St Stoke Number

Sc Schmidt Number

t time (S)

T Temperature (K)
Velocity in the (x) direction (m/s)
Friction Velocity (m/s)



Uy Settling Velocity (m/s)

U, Mean gas velocity (m/s)

Va Deposition Velocity (m/s)

Vo Initial Velocity (  s)

W Relative velocity

W, Shaft work

WA  Rate of work done by exterior s  >undings
=  Rate of work done by other cc  ponents

Z Compressibility

Greek Symbols
p Density (kg/m3)
e Gas dynamic viscosity (N.s )

Ag Mean Free Path (m)

Ve Gas Kinematics Viscosity (m2/s)

Ty Relaxation time (s)

n Collection efficiency

r Diffusivity (m%/s)

o Volumetric fraction

= Mass interaction parar  er latio  3.1)
X Net force acting on the com tin ation (3.6)
o, Tensor stress;

o Surface tension

T Shear stress;

T Adhesive

0 Driving force

e Rate of heat addition from

©F  Rate of heat transfer withi item

€ Energy interaction in Equ 13)

Superscript

ind Induction
eq Equilibrium
T Total

Subscript
c Critical condition

C Continuous component
D Disperse component

F factor

g Gas

h Hydrate

N Phase or component

p ¢

s l

A Temperature

X1
































































































parameters into consideration and be able to] lict the location of hydrate accumulation
as accurately as possible.

3. How do we quantitatively anticipate the ay “omeration position? A novel mathematical
model proposed in the thesis divii : the mig ion of the particle towards the pipe wall
into two main regions, the fully turbu tand e sub ver regions; the latter is modelled

based on the size of the particle and or  : forces experienced by the p icle.
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Where, ng is the concentration of sites in the system, on which the ¢ sters of the new
phase can form (particle per m").

Introducing the followir parameters Eq. (4.23):

t
Particle Fourier number: Fo = 'B—'z (4.24)
r,
Reduced radius: r’ =—r—, (4.25)
r

¢

Eq. (4.23) becomes:

w2

n"(t,r) =1.65r" exp(Fo —’T) (4.26)

. . * n
Where, a dimensionless parameter: n =—,
ny

4.3.2 Solution of Model of Reaction Kinetics with Mass Transfer:

Using Eq. (4.17), the general size distribution function can be written as:

dr B
—L =1 4.27
a r, bur, (*+27)
kA MW(f -
Where, f, = — 360(3]044) (4.28)
P,

One can now simulate the evol ic of the particle size distrit ion with time.

Substituting Eq (4.27) into Eq. (4.19), deferential equation for size  1sity would be:

on 8.\ on A
§+(,Bzr+ jg'l‘(ﬂz —72—}1 = (429)

r

and the solution of Eq.4.29 would be:
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process becomes more significant size of the particle incre  es. Figure (4.11)

represents the growth rate as a function of the irticle size for various relative velocities.

Again the growth rate becomes faster when the :lative velocity increases.
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e The dependence of PSD to time for both cases (i.e., modeling only with mass
transfer vs. modeling con: r the action kinetics) is identical although the

number of particles per  t volume ol e container is different.
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Case I Stoke’s Regime (Re  1.1)

67 ru
F,=— c (5.7

Case II: for other values of 2

CpRe,

F. =
P 4.

(67,7, (u,- ) (5.8)

Where, 4, is the dynamic viscosity « the gas; Re, is the particle Reynolds number

defined as
2’1:_‘ —ulr. ) S .
Re, =— ;and v, is  k itics viscosity of the gas.
V.e
The drag coefficient is obtained frc following piecewise expression depending on

the particle Reynolds number:

24
C = e RC < 1 (593)
v Re, !
24 3Re, 9Re’ !
C, = I+ 22—+ 2 In(2 0.1<Re, <2 (5.9b)
Re, 16 160 ]
C, = 21 +0.15Re"] 2<Re <500 (5.9¢)
»= (3 I5Re, e, .
P
C, =044 500< Re ,<2x10° (5.9d)
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As a summary, Eq. 6.12 is used to est 1te the deposition velocity for particles size in the
range of the Brownian diffusion, wh s Eq.6.13 is the governing deposition velocity

formula for particles with sizes that lie in the inertia region.

6.3.2 Wood Model

The Wood non-dimensional deposition velocity is given by:
V;=0.057Sc " +4.5x10% ¢ 4+ (6.15)
Where, Sc is the Schmidt number and:

2 2 2
. . pdu Ce

T = = (6.16a)
1% 18p,v°
g =g (6.16b)
u

The reference velocity, the mean vi city (Ug), used in the Wells and Friedlander
model has been changed to the velo y. Hence, the dimensionless deposition
velocity would be:

V, = 6.17)

u

The first term in Eq. (15) is resulted ft | the Brownian motion and eddy diffusion, and
the second term is the con of pa :le deposition by the eddy diffusion-
impaction mechanism, while the last 1st ; for the avitational sedimentation on

the lower wall of horizontal pipes.
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N,—-N

- oV
0—1];”: p(__ L‘(f—[o)]
N() - Ndep - 5
Or
N o V.

“r P =] —exp| - <(t =1,
N() - Ndz'p - 5

Using &'=v/u" as the reference ler

be written in the following non-din

0 +
N, — N3, . (_ 2V, tt—t]
0 - p *® +
No - Nd('p R™ -

Figure (6.5) illustrates the va  ion
result of deposition for various pari

particles with 7, =92 have depos

particles with 7 =58 x 107 we 1

~u

(6.22)

(6.23)

h dt L{g./u*2 as the reference time, Eq. 6.23 can

sional form (identified by the superscript “+7):

} (6.24)

nur oer of the particle reduction in time as a

e laxa Hn times. After 800 t*, more than 4% of

. —urit the same time interval, only 0.17% of

as deposited.
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particle is large. The net effectiveness of the « tance and the particle size causes a peak

value in the adhesion force curve.
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growth and distribution, icle entrainment and deposition, and the phenomena of
bouncing.

Study the sensitivity analysis for other factors that influence the deposition of hydrate;
these factor include tempe  re (tem  ature of :saturator and the tube), pressure, gas
structure, and the concent ion the 5 mixture.

The model is believed to : comprehensive enough to be employed in addressing
deposition of particles of her fie  such as respiratory system, fouling in heat

exchanger and deposition in stion chamber.
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Introducing the Fourier num |

parametern’ = —n—, Eq. (23) becomes:

n,

%2
n'(t,r)=1.65r" exp[Fo — ’TJ

209

redu

. . T
1 radius r =—
r.

, and a dimensionless

A-14












. n
Define a dimensionless parametern =
n
0

yil r’ exp(Fo)

n'(Fo,r')=—=--— 5
Bor> (r=+ B 1 B,r)
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SUBROUTINE SETTLVELOC WP, Y iAS.Cc,Us)

GRAV=9.81
Us=ROWP*Dp*Dp*GRAV*Cc/(18*VISGAS)

RETURN
END

SUBRO! {E DIFFPART(T,Dp,Cc,VISGAS,DIFFP)
BOLTZ=1.381E-23

PI=3.14159
DIFFP=BOLTZ*T*Cc/(3*PI*VISGAS*Dp)

RETURN
END

SUBROUTINE SCPARTICLE(RO' S.DIFFP,St
SCP=VISGAS/(ROWG*DIFFP)

RETURN
END

SUBROUTINE RELAXATION ) JAS,Cc,RTIME)
RTIME=ROWP*Dp*Dp*Cc/(18*V

RETURN

END

SUBROUTINE DEPO(I,TOTAL?} vd,DEPN,DEPNT)
IF(I.LLE.2)THEN

CT=time

ENDIF

DEPN=TOTALN*(1-EXP(-2*Vd* B))]
DEPNT=DEPNT+DEPN

TOTALN=TOTALN-DEPN

RETURN
END

SUBROUTINE SHROOD(REp,NUE. I
REAL NUE

Sc=NUE/D
Sh=2.009+0.514*SQRT(REp)*Sc**(1/3)

RETURN
END

SUBRC {E FORCES(J,Cc,ROWC JAS, RV,Ught
Fg,Fwall,FD1,Fbalance)

REAL hh.,rp

228

.FLCA,



A=4.59¢-12

VISK=VISGAS/ROWG

C hh=Dp/2+100e-6

c hh=163e-6
IF(hh.LE.Dp/2)THEN
WRITE(*,*))ATTACHED TO WALL'
STOP
ENDIF
rp=Dp/2

CALL DRAG(Dp,VISGAS,SRV*l  ’c,FDI)
CALL LIFTFORCE(Dp,hh,ROWG, viSK,SRV,Ug,  us,BL.FLC)

CALL ADHESIONWALL(A hh*1¢9,rp* le€
CALL GRAVITY(ROWP,Dp,Fg)

FLCA=FLC*(1-})
Fbalance=FLC*(1-J)-Fwall-Fg

c WRITE(*,*)Dp*1¢6,FLC*1E9, *
c WRITE(*,*)(hh-Dp/2)*1 E6 FLC*1E9, J
C PAUSE

RETURN

END

SUBROUTINE LIFTFORCE(Dp,h, ROWG,VISK, SRV ,Ug  us,delta,FLC)
Dplus=Dp*(0.06*Ug)/VISK

IF(Dplus.LT.0.15)THEN
Fplus=0.567*Dplus
ELSEIF(Dplus.LT.1.5)THEN
Fplus=15.57%(Dplus)**1.87
ELSE
Fplus=4.21*(Dplus)**2.31
ENDIF

CALL LIFTC(Dp,h,ROWG,VISK,SRV.,I
=ROWG*VISK*VISK*Fplus

C WRITE(* *YLIFT'.Dp*1E6,FL,FLC
C PAUSE
:TURN
END
SUBROUTINE LIFTC(Dp,h,ROWG, Jg.delta,FLC)

Vr=(0.9*SRV*Ug-SRV*Ug)*h/delta
HR=Dp/(2*h)
S=Dp*(SRV*Ug)**2/(2*VISt
Al=1.7716+0.216*HR-0.7292 3
+ -(3.2397/HR+1.145+2.( HR-0.9
+ +(2.0069+1.0575*HR-2.4007*HR* S
FLC=ROWG*Vr*Vr*Dp*Dp*rAv4
RETURN
END

SUBROUTINE GRAVITY(ROWP,Dp,Fg)
PI=3.1416

Fg=9.8 1 *PI*ROWP*Dp**3/6

RETURN

END
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