DEVELOPMENT OF MATHEMATICAL MODEL
AND CALCULATION EXAMPLE

In this paper : cy 71 and pressure drop AP,

relied in W., Licht and D

- Particlg @ $ e
- Fluid.dér
- Dust -1! i
- absolute?rmerature K T

ANEY Tl gIna

quued cutsize partlﬁle diameter, m

L pr

The expe’r]mentgcr;]ne Shepher}alnd Lap’p]e?ype wﬂch is @6’&1 diameter use to

collected fly ash from boiler combustion. There are 3 experiments for test the simulation

program and measured data by SGS (THAILAND) Co. Ltd. as the following Table



Table 3.1 The experimental cyclone dimension.

The experiment cyclone : Shepherd and Lapple

Term Description Value Unit
D Body diameter | 960 mm
a Inlet height: 480 mm
b Inlet width: 240 mm
S Outlet length: 600 mm
D, Outlet diameter: 480 mm

1,920 mm

Cylinder height: - :
Overall heig}/ nr 3,840 mm

240 mm

~ oo
g

N, 8.0 .

Surf 378 5
Table 3.2 Details of fuel oil andfexhaust gas fi¢ Buncker C) combustion

el Unit

Particle size MMD ';‘j ’ 100 Hm
Boiler capacity LJ 2,000 kg/hr
Oil consumption 245 kg/hr
sumomemﬂual'awamwmn@
CO, in exhaust g 13 5

o WY AIN T NW’W’JWEI”I"&! El A"‘

Exhaust gas pressure

Ib. of exhaust gas/lb. of fuel 172 -
Ib. of exhaust gas : 929187 Ib./hr
emission factor for TSP 0.033 Ib. TSP/gal fuel

-~

Ib. TSP/hr 1.0372 kg TSP/hr




Table 3.3 Experiment cyclone result measurement No. 1

Parameter Operating condition

Experiment cyclone

K 05
a

K, 0.25

8.0

- ...Zﬁij_';"'ffﬂ"'j'\.,"t.\. ”{f A ‘

Operating hours/y

Y ; year

C, : baht/unit

N

T 3 -

7
)

3.1.2 Efficiency al(‘:platlon

45

ﬂnugr:;)ﬂyc]alcu ation meﬂ grade- erﬁ]mency n and pressure drop

*ARAEA SR AN

n=1-exp- 2[ Md, ] (2.20a)
in which
l- n+l -lle 1*
_ K22 and  N=— (2.20b)
D" 18u n+1
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A 50% cut diameter may be found from

0.6931)""
e =\ a1 (2.200)
T 03
n=1-[1-067D"" [ : )
[ ] 283 (2.20d)
where D = diameter of cyclone, m

configuration parameter X he NE he confi ion parameter is calculated from
the dimension ratios only, and i ¢ Of the ,\\ the clclone. Values of it for
some standard desings are 4ivs able 2 er_configurations, the calculation is
explained by Licht (1972 — —

This model is sati ftor cyelor cor ‘sizes (say D > 8 in.) and over a

fairly extended range of opegrati loes not apply to very small cyclones,

such as ones used in respirab f- “Samplin 0 operation under high pressure. There

is some indication that here 7 d /nolds number for the cyclones in addition
to the Stokes number-invo!

The model &~—*" such as would be obtained
on fairly dilute particle/! z ain lo ,J ing” say below 10 g/ma. The

limited data available mdlc?te that efficiency 1mproves as grain loading increases.

ﬂ‘HEI’J'VlEm 'ﬂ_) 'm‘i

__P,,u/1 H 05' = P

RN IUART maa

3
Py = density of gas-particle stream, g/cm

31

where

U, = Inlet velocity, m/sec

N, = number of inlet velocity heads
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For grade efficiency curve calculation will calculate from d » = 1 lmto 15 m. by

equation below

i
]]i =[l — exp(— Mdp’ n+l )]

For overall grade efficiency will calculate form 0 HWm to 100 Itm by specified in 7

particles diameter ranges.

m. = Mass o

Mass frac

&i at: :
= Average of partigcle ':'..4 secific didmeter rapge ; Lm

P,

3.2 Optimization calc g 10D

s

An optimizatio "i'- 3 variables D and N then objective
equation be :

Ve @pey E‘l“‘Ja’fT BTV

Objectlve“quatlon 77 !/ AP Max1m12e

Qﬁ'ﬂ'&ﬂﬂﬂ‘immﬂﬂﬂmﬂﬂ

) 15m/s <uy < (uy ... 30 m/s, 135 v)

29 N. <N <N

min o0 max

Integer
305<n<09

4) AP <2500 N/m’
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5 d, 2d

Psy pr
6) Minimum total cost ; c,
Objective equation be a function of two variables D and N. If proper D and N

were used in which give maximum 7 and minimum AP in which subject to all constrains

then maximized value of objective equation.

In this paper both calculation method, grade-efficiency 7 and pressure drop AP,

equation, 7 / AP.

st .
1 costrain

Find maximum inl iy Jmi/s ‘ _ it Al 2500 N/mz.

thﬂmwmm
mgﬂ P, pﬁl &

Qﬁ’h&Nﬂ UIIINY8 Y

2 costram

Q )
N =] = :
max [ISK K D_ i (3 Za)
A "

(
if N . =0th t N .t it 3.2b
llllﬂ Lul ma\K K D J min en Se min O unl y . ( )
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d .
3 constrain

n=1-1 —067(D)°”](2€3)0.3

th )
4 constrain

1
AP = Pz, Ny, or

th i
5 constrain

= D’ 18 Y7,
0.6931)""
dCPso = M

xc,xyrsxhpy (3.3)

Then comparing feasible solutlon -----”‘ feret If there were feasible solution more

LT

than 1 answer in whi ﬁ e equation value difference

the answer will be the q;

..I
.

3.2.1 Cost and thlclaness data

AHHINHNINYINT

- @ount operating years year, yrs

w”‘fﬁmﬁmﬂﬁ%ﬂmaﬂ

- steel rolled cost, baht/m Roc
- steel cost, baht/kg of steel; Mac

- steel weight, kg of steel/m’ . Wt
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Cyclone expense emphasis the Thailand real expense both total fixed cost and total
operating cost. Total fixed cost include material and fabrication cost for cyclone body only
but exclude support structure and transportation cost. Total operating cost concern only
electrical cost from the Electricity Generating Authority of Thailand (EGAT) but
maintenance cost excluded.

The total cost which base on Thailand expense consist of total fixed cost and total

operating cost .

The fixed cost can be expressed

Ty =[ (3.4)
Cﬁxed
where
M, =
R, = Baht/ N
F::y = f":. abticati
i, - ;— ‘ eet weight

aht/Kg. X each cyclone metal sh get weight

= B uﬁﬁmﬁﬁ%’w By < == o

total met eet area

Q wf] a wﬂﬁmﬂ vl E FWEI"T@%]%HI metal sheet
area

- = fabrication cost X each cyclone metal sheet weight

cv

18 baht/Kg. X each cyclone metal sheet weight

2
A = each cyclone total metal sheet area, m

(4]
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const=[h+(1+B)(H—h)+D‘, xS]
A, =contxmxD* m’
W,=A4,xWt kg

M, =W, x Mac baht

F,=W,xFac baht
R, = Rocx Rpax A, baht
baht

cpower (229)
A — y _ 24 % 3.1
9 2 4 (31
The total cost will then be
& (3.5)

The operating costs include’ only-the - cosi

negligible. = v

ower, since maintenance cost is

(7

An equation in terms of N, combined

H
Equation (2.29) with Eq :IA (3.2).

TV 6% (]
AN INIIINERE, . .

Aq objective eq value curve calculation

Ic] xyrsxhpy (3.3)

K, K,N

by equation below

1
Ob], =|:1 - exp(—Mdp,_ n+l )]/ AP
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3.3 Calculation steps

The calculation procedure will find the optimized solution with respect to 6
constrains, which will be detailed in section 3.4. The calculation routine of the program is
composed of finding the maximum inlet velocity, the assume cyclone diameter, the

minimum amount of cyclone, and checking the feasibility of the solution. Each calculation

sub-routine is detailed as follow:

AP = X Ay (3.1)

ifuTZmax<15 m/s ih iv 1 #rd-:‘-‘,‘. Lt NE a cause Uy, ax<15 m/s" and
End.

Ny . th :
3.3.2. 'FNO by using the 5 constrain,

|
d,<d, Fistlet D, ill .3m then

AU INENINGINS
amaﬂﬂiwm‘?ﬁ#ahaﬂ

KQ P
D, 18u

0.6931)""
o =( M )

Repeat

until

7
By =D, 4 110
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then save D, value to D

D=D,

333. Find the minimum amount of cyclones N, and the

maximum amount of cyclones N,

Q
N, .= trunc(lSKaK,,Dz +

(3.2a)
(
N, = trumt
if N,;, =0 then se G (3.2b)
if user type cyclong
'3.3. 2cked fe: solution re Spect to all 6 constrains.
nd . 4 : 2 5
2 constrain: Ni. <7 N § constrain,is a loop constrain, N, to N,
for the calculation iteration of
1St constrain: 15 m/si=
Calculate cyclone and v, from Equation (2.35).
,.‘,t.' 0067 2/3
- \1/3 en
() (1 — Kb
- o/
NPy ipan e A i
q) iV, <v, m/sand user type = False then

RN TR NNAY

ven - 2
K,K,ND

-

(v,, —15)> 00001

Until



3" constrain: 05 <n < 09

calculate 7z from Equation (2.20d).
0.3
n=1-[1-067D"" ( )
[ ] 283 (2.20d)

if n<050rn>0.9 print “Cyclone too small or large” and End.

4th constrain: A P <2500 N/m2

calculate AP from

(3.2)
AV N/m then print “Volume flow
5" constrain: d !
calculate and (2.20c).
M= { : (2.20b)
dcpﬂ, =( (2.200)

if user type = false and d,,; : R N
calculd e on (8.6)

calculate]e Operating E——T wier X DY X YIS

calculate to‘,al cost, Baht; C, fr% Equatlon 3 3

ﬂla!ﬂ’”lﬂ‘ﬂﬁﬂﬁl’lﬂ‘i 69

QA Pc, x hpy X yrs

0 Wﬂﬁﬁﬂjm 11INYAY .,

store feasible solution data
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amount of cyclone; N

cyclone diameter ,m; D

vortex number , n

pressuredrop, N | m” ; AP

50% cutsize particle diameter ,m; d‘,,,

objective value; Obj
1.35v,

next N

Grade Efficiency curve \

\ srade Objective eqn value and

th . .l
6 constrain: Minig

\"\
find the opgimi o ﬁ solu ons of the cyclone type and its
| ﬂld-i ¥ ‘
minimum total cost. oA
4

_

M
1

S
nst=[h+ 1+ B)(H—h)+ D, xS

ﬂum‘ﬁﬂﬁﬁ’”wﬂﬂm

o X Mac baht

Qﬁﬂﬂﬁﬂwﬁmuﬁﬂﬂmﬁﬂ

R, = Rocx Rpax A, baht
T.=M,+F,+R, baht

if there are more than 1 group of feasible solutions which have the same

minimum total cost. Find the maximum Objective value among them.
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Calculation Grade Objective eqn value and Grade Efficiency curve at the optimized

solution from particle diameter 1-15 Llm.

1
n; =[1—CX _Mdp; n+l)]

1
Obj, =[:1—CX _Mdp,-"“)J/AP

: —
#ld'-l A

finally print jout %’ Y \ nd the following details of each

(IAEdas < 2
—

cyclone type.

v
U
> epsg

AUgIaEEsng
ama\i‘iﬁ NNy

total cost,baht;C,

) . . :
50% cutsize particle diameter,

End.
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3.4 Calculation example

This calculation example for standard cyclone type, Shepherd and Lapple type in
which the same type that used for the experiment cyclone and the experiment cyclone at

the experiment Batch No.1

Details of the test condition the experiment Batch No.1 and the experiment cyclone

/}b 3.4 to Table 3.5 below.
1 a@ configuration for both Shepherd

configuration show in the following

Table 3.4 Test condition m

and Lapple ty lo the experiment cyclone.
Paramieter = | \ Opera ondition
R
K, o 8 | 05
K, J ) 0.25
N J*‘: 0 8.0
By (O P HL._% | Y 3.20%10°
0 : m’/s | *%"J_&if 1.501
i, ' 1500
P Kd 0.73625
y - Pa s | ‘m 2597%10°
DL : Kg/nf Fo 0.0001919 0.0001919
TeriPéra 3 I d o
Cycl&le Diameter ; m 0.96 i.!
o e
q . yea
N ] -
C, ; Baht/unit 1.07 1.07
Thk ; mm 2.0 2.0
Roc ; Baht/m’ 350.0 B 350.0
Mac ; Baht/kg of steel 250 250
Wt ; kg of steel/m2 19.62 19.62




Table 3.5 Particle analysis report operating condition measurement No.1

Sampling Date : June 30,1995 Date : July 26,1995
Sample designated as . Stack air emission/boiler Page 1/3
Parameter Unit Value Standard

Stack diameter m 0.48 -
Temperature 200 -
Air velocity c
Emission rate** =
Humidity -
300*
470*
400%+*
<00 Um ¢ 9 7.1
<30 - o'" 1
<50 - 100)pm T _
ARSI IA E

Remark

Notification of Ministry of Industrial Vol. 1993

Flue condition

Recommended Value by Industrial Work Department Ministry of

Industry

I
Normal Temperature and Pressure (25 C, 760 mmHg)



3.4.1. Find the maximum inlet velocity u;, iy 1D T/S At AP <2500 N/m’.
if uy, ~>30 m/sthen u, =30 m/s

if u;, <15 m/s then print “Please input new data cause u,, <15 m/s" and
max 2 max
End.

L 1 0 Y
AP:EPXuTzNH or Epg NH (3.1)

N,

W
\ d._<1x107

N T Yo

3.4.2. Find assume ¢ s

First let D, = 0.3m then'Tepg d
then save D, value to D _
p, Jooiii

\Z

] 83/ 1}
n?(ﬁIISOS

UY BB

R ASOFRHRANT A 8

M =1813211

0.6931\""
dcl’sn = M

th
using the 5 constrain, d,, <d,,

r e

59
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d ”( 06931 )1.611808
o —\1813211

d,, =301x10° m

Ps

D=0971 m

343. Find the minimum amount of cyclones N, and the maximum amount of

cyclones N,

if N, =0 then set N o (3.2b)
if user type cyclone =« --
N ax = trung
N, = trune 1 (3.2a)
N =

N, =1

min )
R

3.4.4 Checked :E ible solu

- nﬁw ;jlﬁ ﬂ'ﬂ’%} BB F B consian, Nyt N

for the calculatiofiliteration of the other constrains.

IR TAINIINAE

1" constrain: 16 m/s < Uy, < (U, g, 30 /s, 1.35 V)

Calculate cyclone entry velocity, m/s; v,, and v, from Equation (2.35).

-
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=
[ 1501 }

Vo = 05%025x 1% 09717
v, =12736 m/s

v, =49 tale, = )Jx K"

0.067.. 273
Dy

3p°

8 ﬁ‘ 26 4107(1,500 - 0.73625)]
Ff/‘{.f"v 2

=

e re-entainment” and End.

Now v, <15m/s<1.

'\ = False then adjust D till
(v,, —15) > 0.0001

o

¢ o "\ K K,NBY

UL INENINEINT

AMNTERI I NS

d
3[ constrain: 05 <n <09

calculate # from Equation (2.20d).



D, = 03895

oy T, )
: 1
n=1-[1-067(D,) ](55)

n=1-[1- 067(0895)0”](

n=0.60294

if n <05 o0r n> 0.9 print “Cyclone too small or large” and End.

Now 05<n <09

th
4 constrain: A P

calculate Al

Now A P <2500 N/m’

th ' -
5 constrain: @4

|
calculate ! and d

Pso

if user types=false and d

AU

Dl@,u

473)‘”
283

Y )
Bquation (2.20b)land (2.20c).
>Q}Sd then increase N .

ENINYINT

RS OERHAAINYIN Y

0.895°

M =2,029.087

dcl’su =(
d-Cl’so =(

0.6931)"”
M

0.6931

2,029.087

d_=278x10"°

Pso

18x26x107°

)l .60294

m

62
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Now d, >085d, . d, =278x 10° m > 085d,, =272x10" m then

<p.

increase N the next calculation N =2

calculate fixed cost, Baht; C f

ixed

from Equation (3.6)

calculate operating cost, Baht; C

oper

from c ., X Apy x yrs.
calculate total cost, Baht; C, from Equation (3.3) and store the feasible

solution answer.

+ D, x S]
2)# 0.5% 0.625)

4 — - i &

bant

AUBSIHe N

» =4,66165 baht

RN Y

T,=14_87685 baht

Cﬁm, = ch x N

C ea = 14876851

(Y

C peea = 1487685  baht
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C,..r = OAPc, xhpyx yrs

oper

C,per = 1.501x 662.7837 % 6,000 x 5
C,per =31,93431 baht

CI = C/ixed + Cuper

C, =14,87685+ 31,9343
C, =4681117 baht

Table 3.6 Feasible solution at N =

SW%

Par : : - - Value
amount of cyclone ; 7\ ‘ 1
cyclone diameter ; ' - , 0.895
vortex number ; A _ i - - 0.60294
pressure drop ; AP 3 (R T 662.7837
50% cutsize particlé'diafneg o 2.78X10"
Objective Equation 7 3 8.0134)(10_‘1
135v, CTETRE ' 24.7758
total fixed cost ; C,,, _#ibiii < t 14,876.85
total operating‘ b 4 31,934.31
total cost ; C, 46,811.17

Al ingninens
For next N at N= 2 repeat Caltulation 3.3.1 tg,3.3.4 in which gheck 17 constrain to

"o RHRIRIRRNVIRY 1R E



65

Table 3.7 Feasible solution at N = 2

Parameter Unit Value
amount of cyclone ; N - 2
cyclone diameter ; D m 0.633
vortex number ; A = 0.56650
2

pressure drop ; AP - N/m 662.7822

50% cutsize particle diame 2.45X10ﬁ5
Objective Equation . | '-’ — 8.4494)(10~4
1.35v, ‘ I 24.2071
total fixed cost ; C, . 15,300.66
total operating ¥ A 4.‘{3 : 31,934.24
total cost ; C, . .:. ‘ 47,234.90
.m... ‘
3.4.5 Calculation 6th ﬁ%}; eqn value and grade efficiency
curve 'T
Gth constrain: Minimum to =
= ¥
Find 0 i of the cyclone type and its
minimum total cost b Table 3.6 between N = 2
from Table 3.7 then the @iml & 3ﬁuhich give the lowest C,.

ﬁﬁﬁﬁ%ﬁlﬂ% Wﬁ{a] gﬁdéjefﬁciency curve at the

optimized solutiorfrom particle diameter 1-15 Plm

aw%&{w@(ﬂaﬂﬁmmmaa

1
A =L1 - exp(—2,029.087 x 1% 10706029441 )}

7,00 = 030691 -
7,100 = 043159
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Mg0e = 086270

[
Objy 90 =| 1= exp(—2,029.087 x 1 10706029441 H/ 662.7837

Obj, e =46306x107"
Obj, .. =65118x107

. -4
OB e =130164x107"

Z

calculationouerall-gtade » ‘cie@eciﬁc particle diameter range at

#, = 283 ¢ .55 10 7%0.60294+1 J
rett j
7= 04 e

d,x10° ; m 1, % g (%)
00-50 7 j 17.09
<50 - @ w | 16.15
<100 - 1&0 12.50 149 0.149 82.99 12.37
<150 = 20:0 17.50 6.4 0.064 88.76 568
<200 - 300 250 7.1 0.071 93.48 6.64
<30.0 - 50.0 40.0 7.0 0.070 ) 97.43 6.82
<50.0 - 100.0 75.0 6.5 0.065 99 .56 6.47
Sum - 100 1.0 - 71.23
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finally print out the optimized solution and the following details of each
cyclone type.

cyclone types (user selected types only)
amount of cyclone; N

cyclone diameter ,m;, D

pressuredrop, N | m*; AP

50% cutsize particle diameter ,m; dq,s"

cutsize pari

objectiv

End.

AUEINENINYINS
RN TUNMING 1AL



3.5 Program flowchart

WA

‘ Ptanstyk

ﬂUEl’IM‘ﬂ?ﬁﬁ B3

— Abs ItTmp ature, K Tmp

N1 ﬁmﬁm’m ALEb)

— Inlet velocity,m/ s,

]ﬁ&l

;

68



/ Input Data:

Cost and Thickness { ata §
— Power Rate, E

— Amount Opera

— Operaling

AutInemsneansT
ARAINTHEI N

cause Uy, max w m/S




VDR IF R b ITREE]

70
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IR
H=rs—t !
z 18

T
AUE TENININg
ARINN RUNRIINYIAY

72



Volume Flow Rate
Too High.

increase N

D, >085D,

AULINGNINEINS
RN THUMING




¥

Obj =[1 = cxp(— qu,,n%.)]/ AP

A, = cont x D’z N

Pressure Drop,N | m*; AP
#£2Cutsize Particle Diameter ,m; D

A ue| AT 9
RN IBIIVINGINY

%o

74



Select Maximum
ObjectiveValue; Obj

atz 7 sd g, =75%107 m

ﬂ'LlE‘l ‘Vl SNPINT

94

n, ={1-ex

R 186 8

75



Cyclone Types
Amount of Cyclones;

Cyclone Diamete

Pressure Dro

Cutsize Partiel
" —

Obyi

Total Operating

AULINENINeINg
AR TN TN

76
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