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Solution to Homework N° 3: particulate separation systems

1. In the laminar regime, separation efficiency is given
by:
Hl L’Upy

=1 _ 1
H Hu, (1)

n

where H; is the vertical position (the highest in-
let point of particles) in the inlet section for which
particles can still be collected by gravity within
a distance L inside the settling chamber whereas
H is the height of the chamber. To calculate the
length of the chamber assuming a chamber width
W = 2 m at maximum, we can rewrite the par-
ticle collection efficiency equation as a function of
W and L. Since the gas flow rate is Q = WHu,,
substitution in 1 gives

Ly, , W Lv,,W
p= 2ty _ 2 2)
Ho, W Q
which can be solved for L imposing W = 2 m and

n =1 We get L = Q/Wwuv,, where v, is the
particle settling velocity given by:

Png

(3)

Vyp = Tpg =

2. If the sizing of the settling chamber is made con-
sidering turbulent flow conditions the particle col-
lection efficiency becomes:

Vo L
=1- S o A 4
n exp ( va) (4)
Uy LW
=1—exp ( i ) 5
0 (5)
(6)
from which we can calculate L as:
In(1 —
I = _Qinl—n) (7)
Wupy

1. The flow is turbulent is the Reynolds number is
larger than about 2000

o pvDp
I

where Dy is the pipe hydraulic diameter, defined as
Dy =4A/p with A area and and p wetted perime-
ter of the cross section of the flow. For the settling
chamber we have Dy = 4WH/2(W + H) =2 m
and v = Q/WH =1 m/s. The Reynolds number
is Re = 1.5 - 10° > 2000 and the flow is turbulent.

Re (8)

2. Particle separation efficiency is the turbulent flow
regime is

0D, =1-ex (=954 —1- e (-0 ) (0

To have a separation efficiency equal to 90% for
particles having diameter equal to 10 um within a
given chamber length L, la distance between depo-
sition plates AH should satisfy equation 9, i.e.:

Lut

AH = ————
uln(l —n)

=6.51u; = 3.94-10"%m  (10)
Therefore, we need to install N = H/AH = 50.7

collection planes. Since this number is not an inte-
ger, we choose the larger closest integer, N = 51.

3. For the number of collecting plates selected, parti-
cle collection efficiency is:

w0 =1-e (-5 =y
o Lut o o
=1—exp <uAH) =0.95 = 95% (12)

4. Overall collection efficiency depends on the frac-
tional (or grade) collection efficiency and on the
particle size distribution:

ot = 3 £i(Dp)(D) (13)

Values of grade efficiency are shown in Table 77,
and the overall collection efficiency is 7y =
87.95%.

D, | 1lpum S5um  10pum 15pum 20pm
% 5 10 50 20 15

fi 0.05 0.10 050 0.20 0.15
Vsett 7.87-107° 0.0019 0.0078 0.0177 0.0315

n(Dy), [%]]2.96 52.89 95.07 99.88 99.99

1. The particle dynamic equation is

dv
my— = (o =PV + (14)
1 wD?
+50Cp— (v —vp) [0 = vy | (15)

and particles are suspended in the fluid (i.e. move
at the same velocity of the fluid) at starting time
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(vp(0) = v). Heavy particles suspended in a quies-
cent fluid settle down by gravity. in this case, the
fluid is moving upward and dragging the particles
against gravity. Particle settling at the bottom of
the pipe is possible if, at steady state, the particle
velocity is downward directed (v, < 0). At steady
state, the equation becomes:

1, wD;
0=—(pp —p)Vg+ 5/)CDTP(U —vp) [v—vp| (16)
(pp — p)Vg = 3mpuDp(v —vp) (17)

assuming Stokes regime for the drag coefficient. We
get:

(v—1vp) = %g (18)
Vp =V — s 1SZ)D§ (19)

For the particles to settle down should be
v, <0 — U—%g<0 (20)
b, @

i.e. the upward directed flow velocity should be
smaller than the (downward directed) particle set-
tling velocity.

2. The time evolution of the particle velocity is the

solution of the differential equation

7D3 dv mD;
g T e TG e STy () (22)
dv, _ _(eo=plg | W= t) (o
dt Pp Tp

which is given by:

(v = vp(t)) = Tpg(1 — exp(—t/7p)) (24)
vp(t) = v —7pg(1 — exp(=t/7p)) (25)

This is an exponentially decreasing function with
positive initial value, which is decreasing and be-
comes negative at steady state. Integrating the par-
ticle velocity in time we can calculate the particle
position along the vertical direction, z,(t):

zp(t) = /U:D(t)dt = vt — 1pg(t + Tpexp(—t/7,)) (26)

The upward pipe of the elutriator should be longer
than the maximum height reached by the parti-
cles over time, which can calculated as the value
of z,(t) at the time in which the velocity becomes
zero (z, = max — dzp/dt = v, = 0). If the fluid
velocity is v = 0.87,¢g the time for motion inversion
is t = —7,1n0.2. Substituting this value into equa-
tion 26 we get for the maximum height reached by
the particles znae = 0.52729.
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1. Using practical cyclone design equation, the separa-

tion efficiency for particles of diameter D, is given
by

(27)

n(Dy) =1 — exp [2 [ﬂ} M/Z]

MN,_D3

where N, = 450-2 = 900 is the number of cyclones,
M =1/(m+1) depends on the flow field inside the
cyclone

T 0.3
m=1-(1-067D%") (2—83> =054  (28)

For Stairmand cyclones K is 551.3 and 7 s the
particle characteristic time 7 = p,D2/18u. For
D, =10pm, T = 3.58-10~*s and the particle collec-
tion efficiency is 95.13%. Pressure losses are given
by

NppQ?

AP=—H<
2K2K2N2D?

(29)

with Ny = 6.4, K, = 0.5 and K, = 0.2 for Stair-
mand type cyclone. We get AP = 2.13 - 103Pa.

. To obtain the same separation efficiency using a

single cyclone, the cyclone diameter should be cal-
culated as

KOr M/2
where the unknown is D.. We get D, = 2.43 m
and the pressure loss is 1.93 - 10° Pa.

e design alternative 1: multi-cyclones collector
The total annual cost associated with this al-
ternative is given by:

P
TAC == klNCab+k2—t+k3NC (31)
n

with ky = 7000$/10, ks = 72/10 and ky =
0.08%/kWh, t = 8000 h and 5 = 0.65. The

theoretical compressor power consumption is:
P=AP-Q=3.5145-10°W = 351.45 kW (32)

e design alternative 2: single cyclone collector
The total annual cost is given by

TAC = ky(ab)®*% (33)
with k4 = 57800$/10, and the theoretical com-

pressor power consumption is:

P=AP-Q=3.184-10"W = 31840 kW (34)
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Cost Alt 1 Alt 2
EC 10,417.5 3591.9
CE  346,041.2 31,349,982.4
Chor 356,458.7 31,353,574.4

For both alternatives, a = k,D. and b = kD,
with k, = 0.5 and k;, = 0.2. Calculated costs are:
Therefore, even if equipment costs are larger, the
multi-cyclones collector allows a significant abate-
ment of operating costs.

. The optimal number of cyclones of the multi-
cyclones collector is the one minimizing the total
annual cost. The total annual cost depends on the
number and size of cyclonic units according to the
following equation:

TAC = kikakyN.D? 4+ k3N, + kaN,..P = (35)
= kikokyNeD? + ksN. +  (36)
Np Q*
k Nore “a Pio79 0 4
+ 2 Q 9 pkgk/’gNgDﬁ (37)
C

_ 2

= AN.D; + BN, + W (38)

The number of cyclones N, and the cyclone diame-
ter D. are not independent variables since to satisfy
the constraint on the collection efficiency

n(Dp) =1—exp(—pD)) =7 (39)

 [KQp,(m +1)1M/?
— M

7=1—exp (_ (Nig)Mm) (41)

for a given 77 we get a functional relationship be-
tween N, and D.:

E
3 _ —
N.D? = T " F (42)

Total annual costs can be rewritten as:

F F D?
TAC =A— + B— — = f(D, 4
c Dch D§+CF2 f(D.) (43)
where the cyclone diameter is now the only un-
known for cost optimization. Deriving the cost with
respect to D., we get:

OTAC F F D.
C
ZEDi’ — AFD? -3BF =0 (45)

which can be solved in D, to find the optimal di-
ameter. This value, substituted into equation 42,
allows to calculate the optimal number of cyclones.
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. The particle collection efficiency for a plate-plate

electrostatic precipitator is given by:

7(Dy) = 1 exp (%‘) - (46)
= 1—exp (_Zmeg) (47)

where W is the distance between plates, H and L
are width and length of the ESP. Equation 46 can
be rewritten as a function of the volume V of the
ESP:

u. LHW
1(Dp) =1 ~exp <—m>

— 1l —exp (_z;v) (49)

- (48)

from which we get:

uV

W=—-—ouou-—— 50
QIn(1 —n) 50)
Considering that
E A
ue = 2L _ w8V (51)
3ruD,  3TuD,W
we get
gGpAVV
W=,|- =1.28 52
\/ 3muDpQ In(1 — 1) " (52

. The overall collection efficiency depends on the

fractional collection efficiency and the particle size
distribution:

Mot = Z fi(Dp)n(Dy) (53)

Fractional collection efficiency calculated for each
particle diameter are shown in Table ?7; the over-
all collection efficiency for the given particle size
distribution is 70 = 97.49%.

Dy, [pm]|f % p Vele, [m/s] 0 m-f
0.5 0.2 1.60-107** 0.736  0.899 0.179
1.0 0.5 6.40-1071%  1.473  0.989 0.494
2.0 0.2 256-107** 2946  0.999 0.199
5.0 0.1 1.60-1071  7.366 0.999 0.1
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1. Being the maximum power available to handle the

flow fixed, the maximum pressure drop for the flow
is fixed. This pressure drop is mainly given by the
flow through the cyclone, since pressure drops are
usually reduced inside ESPs. The pressure drop for
the flow through the cyclone is given by:
Lo,
Ap = NH§va (54)

with Ng = 9.24 for Swift type cyclone. The maxi-

mum pressure drop is Ap = P/Q = 1500 Pa. The

gas density at actual temperature and pressure is:

Mp

= —— =117 kg/m*® 55

P=Tr g/m (55)

and using this value we obtain vg = 16.66 m/s.
The inlet velocity depends on the size of cyclone

Q

" kaky D2 (56)

VE
with k, = 0.44, k;, = 0.21 for Swift type cyclone,
from which we can calculate the cyclone diameter,
D, = 2.55 m. For any larger diameter, the pressure
drop through the cyclone will be lower than the
fixed maximum.

. The overall collection efficiency for the cyclone is
given by

Mot = Z fi(Dy)n(Dy) (57)

where 7n(D,) are the grade efficiency values calcu-
lated for each particle size in the particle size dis-
tribution. We can calculate m as

T 0.3
m=1-(1-0.67D%") <2—83> =0.76 (58)

from which M = 1/(m + 1) = 0.568. Cyclone effi-
ciency is given by:

n(Dy) =1 —exp(—¢D)") (59)
with
L [EQpum+ 1M
V=2 [W} = 554.26 (60)

and K = 699.2. Grade efficiency values are shown
in the Table and the overall collection efficiency is
Titot = 3778%

. Particles having D, = 1 pm can be collected with
19.48% separation efficiency in the first stage of sep-
aration (cyclone). The overall collection efficiency
for the two-stages separation system is given by:

1—ntot = (1= 1eiet) (1 —mesp) = 1—0.999 = 0.001 (61)

=&
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Dy, [pm]| 1 peso  f fn
0.5 0.1360 25 0.0694 0.0094
1
5

0.1948 125 0.3472 0.0676
0.4175 100 0.2778 0.1160

10 0.5512 75 0.2083 0.1148
20 0.6951 30 0.0833 0.0579
50 0.8645 5 0.0139 0.0120

From this we can calculate npsp(1 pm) = 99.875%.
The fractional collection efficiency of the ESP de-
pends on its geometrical characteristics:

3muDyQ

PR 190 m? 62
UWDIQ)AV m”/m(62)

= —In(1 = Nesp(Dyp))

The required ratio of collecting area to plate dis-
tance can be obtained choosing W = 0.2 m and
fixing a collecting area equal to 38 m?, for instance
obtained using 4 charged plates and 5 grounded
plates (corresponding to 8 collection areas) having
H = 1.5 m and L = 3.167 m. The overall ESP
width in this case would be Wy =8-0.2 =1.6 m.

. Similarly as the cyclonic collector, the overall col-

lection efficiency for the ESP is given by
Mot = Y fi(Dp)n(Dy) (63)

Values of grade efficiency are calculated for each
particle size represented in the particle size distri-
bution as shown in the Table and the overall col-
lection efficiency for the ESP is equal to ny: =
99.71%.

Dy, [um]| mesp £%  n-f

0.5 0.9646 0.0694 0.06698
1.0 0.9987 0.3472 0.34678
5 1 0.2777 0.27777
10 1 0.2083 0.20833
20 1 0.0833 0.08333
50 1 0.0138 0.01388

. The air flow rate through the cyclone is

Q= % =46.29 m*®/s (64)

From practical cyclone design equation, we can
calculate the (Stairmand type) cyclone diameter
which allows to separate the particles with the de-
sired efficiency. We have M = 1/(m + 1) = 0.57
and

n(Dy = 100 pm) = 0.99 = 1 — exp(—y D) (65)



12 November 2018

from which

In(1 —n)
DM

= — — 877.50 (66)

Since 1 is defined as

K 1)7M/2
b =2 KQpy(m +1) (67)
18uD3
we can write D, as
1 [y 2/M 18 5)
D |2 KQpp(m +1)

where K = 551.3 for Stairmand type cyclone. From
calculations we get D, = 2.8 m.

. The compressor power consumption is given by
P = Ap-Q where

1
Ap = Nupv (69)

For a Stairmand type cyclone k, = 0.5, k, =
0.2, Ny = 6.4 and we get vg = Q/(k.kpyD?) =
58.39 m/s and Ap = 9819.59 Pa, from which
P =454.61 kW.

. Overall collection efficiency can be computed as
Mot = Y Ji(Dy)(Dy) (70)

where values of grade efficiency for each particle
size are calculated using equation 65 and summa-
rized in Table. The overall collection efficiency is
Ttot = 8464%

Dy, [pm]| nesp £% n-f
1 0.2821 0.05 0.0141
5 0.5645 0.1 0.0564
10 0.7092 0.2 0.1418
50 0.9549 0.3 0.2864
100 099 0.2 0.198
150 0.9969 0.15 0.1495

1. For a Lapple type cyclone is k, = 0.5, ky = 0.25,

K = 4029 and Ny = 8. From practical cyclone
design equations we get

—In(1 —n)

o ()

n(Dyp) =1 —exp(—¢Y D)) — ¢ =

and assuming m = 0.38 as first trial value we get
M =1/(m+1) = 0.725. To achieve the target
collection efficiency n = 0.5 for D, ;1 = 10 ym and
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Dy = 2.5 pm it should be 11 = 2910.81 and ¥ =
7948.57. The value of 1 depends on the cyclone
size

M/2
b= [KQopm+ 1] 72)
18uD3
and isolating D, we get:
LUt s 73)
D |2 KQpp(m +1)
from which
22/1\/[KQpp(m + 1) 1/3
18/“p2/M

Using the numerical values D.; = 11.78 e¢m and
D. o = 4.67 cm. The cyclone size should be smaller
to collect smaller size particles. Checking the values
of m used as first trial we get

T 0.3
m=1-(1-0.67-D2") <2—85) (75)

my = 0.47 for the first cyclone, and M = 0.68, ¢ =
1746.57 and D, = 12.82 ¢m as corrected values;
for the second cyclone we have mo = 0.41, and
M = 0.71, v» = 6515.05 and D, = 4.80 cm as

corrected values.

. To separate PM10 and PM2.5 from the sample

particles the larger particles should be collected
first to collect only the smaller particles from the
second cyclone. If the second cyclone D. 2 would
be the first in the series, separated particles would
include 50% of the D, = 2.5 wm particles together
with a significant fraction (more than 50%) of all
the particles larger in size.

. The overall pressure drop across the two-stage sep-

aration system is given by the sum of the pressure
drop across each cyclone:

Apior = Ap1 + Apo (76)

where

Q2

1
ZoK
2P 212D, (77)

1
Api = 5pKuvp,; =

with D.; cyclone diameter, i = 1,2. The gas den-
sity is given by ideal gas law

pMM 3
=—=1.04
RT 04 kg/m (78)

Using the numerical values we get Ap;o: = 0.405 +
20.47 = 20.875 Pa.
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1. Oil droplets and sand particles separate by grav-

ity. For a given particle size, the separation is
easier for the phase for which the density differ-
ence with water is larger. The density difference
is Ap = 1000 kg/m3 for sand particles and only
200 kg/m? for oil droplets. Therefore, for a given
particle diameter, oil separation is harder than sand
separation. We need to identify process conditions
which allow to achieve the target collection effi-
ciency. The collection efficiency is given by:

a0y =1~ exp (551 (79)

Q
where A. = LW is the collection area and v; =
TpgAp/pp is the particle settling velocity. Being
the geometrical data known, we can calculate the
flow rate which, flowing through one tank, allows to
separate the oil droplets with the target efficiency

Acut
—In(1 —n)
Since we have v; = 1.09 mm/s and A, = 3 m?, we
get Q = Quaz = 1.42-1073m3 /s = 1.42 1/s. Any
smaller flow rate can be conveniently processed by

one tank. Since the flow o be processed is larger, we
need to split it into many tanks working in parallel

Q
lel$

We need at least 3 tanks.

Q= (80)

Noyasche = =211 -3 (81)

. To calculate the sand and oil overall collection effi-
ciency we use the equation

Ntot = Z fi(Dp)n(Dy) (82)

where the values of grade efficiency calculated for
each particle diameter are given by equation 79
where Q" = Q/Nyasche and the settling velocity is
that of the oil droplet or sand particle of the given
size. Results are summarized in Tables. The over-
all collection efficiency is N0t = 99.45% for sand
particles and 7;,; = 84.78% for oil droplets.

. In the first configuration, the overall collection ef-
ficiency is obtained from the two collecting devices
working in series:

(1= 1tot) = (1 = Ngrav) (1 = 7cict) (83)

Since the geometrical characteristics of the the set-
tling chamber are given, we can calculate 14,4, and

Neict(Dp) =1 — eXP(*i/fo,”) =P =
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Sand

Dy, [pm]|myp £, [%] v n__f-m
0.00005 {325 0.325 0.0013 0.98 0.319
0.0001 450 0.45 0.0054 0.99 0.449
0.00015 {225 0.225 0.0122 1 0.225
Oil
Dy, [pm]|mp £, [%] o n f-m
0.00005 |0.5 0.294 0.0002 0.5584 0.1642
0.0001 1 0.588 0.001 0.9619 0.5658
0.0002 0.2 0.117 0.004 0.9999 0.1176

derive 7., from the equation above. For the set-
tling chamber:

Acut)
rav = 1 — €x — 84
o p( = (84)

with A, = LW = 10 m? collecting area and u; =
Apng, /181 settling velocity. The gas density can
be calculated using the ideal gas law

pM 3
=—=0.934 k
P="pr 0.934 kg/m (85)
and we get 1grq = 0.5309 = 53.09%. From 83 we
get Neier = 0.9573 = 95.73%.

. The size of the single cyclone (first design alterna-

tive) can be calculated from practical cyclone de-
sign equations. For a Swift type cyclone, k, = 0.44,
ky = 021, Np = 9.24 and K = 699.2. Using
m = 0.7 we get M =1/(m + 1) = 0.588 and from
the collection efficiency:

—In(1—n)

M
DP

(86)
¢ = 711.13. Using

K 1y1M/2
=2 [%} =711.13  (87)

and deriving D, we get:

1 VT/M 181

D} (2]  KQpy(m+1)

; (39)

From calculation we get D. = 1.98 m. Pressure
drops are given by

1 1 2
Ap= S prcued = Lpry Y

—_ 89
2 o Kngepr, )

which for problem data give is Ap = 131.088 Pa.

. The size of a cyclone of the multi-cyclone collector

system can be calculated using the same equations
as before imposing a collection efficiency equal to
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the overall target collection efficiency. Considering
Neier = 0.98, and assuming m = 0.59 we get M =
0.6289 and 1 = 1282.698. The size of each cyclone
is D. = 0.587 m and the pressure drop is Ap =
42.349 Pa.

. The best design alternative depends on design con-
straints (e.g. space available for the installation of
the particle collection system), on equipment costs
and on operating costs. The pressure drop is three
times larger for the first design alternative. The fin-
gerprint on the ground of each design alternative
is similar. In these conditions, the multi-cyclone
collector could be more profitable (lower operating
costs).

. Particle collection efficiency for an ESP with 5
plates (4 channels) is given by:

A,
n(Dp) =1 —exp (— Qvt)

(90)
where A, = 4HL and v is the electric migration
velocity given by

_qF  qAV
- 3muD,  3wuD,W’

(%7

(91)

where W’ = W/N, is the plate to plate distance.
For D, = 20 um is v, = 0.1768 m/s. The volumet-
ric gas flow rate through the ESP is

m cn T
Q:_:anp_:an

=478 m3/s
p p Ten /

(92)

ESP collection efficiency is n = 30.91%.

. The overall target collection efficiency can be cal-
culated as

Min —

Ntot = (93)

and will be obtained by the two devices (ESP and
filter) in series:

(1 - ntot) = (1 - nesp)(l - nfilter) (94)
We get
(1 - 77tot) (1 - Utot)
(I=nfitter) = 77— = Nfitter | == = 92.76%
! (1- 7768;0) ! (1- 77681))
(95)

1.
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The gas temperature at filter inlet (7" = 300°C =
523.15 K) drives the selection of the filtering ma-
terial which should by thermally resistant. From
Table 10.3 of Benitez (p. 430), fiberglass could be a
suitable material (fiberglass, T}, = 530 K). From
Table 10.1 of Benitez (p.427) we can select a proper
value for the gas to cloth ratio, i.e. for the filtra-
tion velocity, which depends on the material to be
filtered and on the cleaning strategy: for fly ashes
and reverse air cleaning we get V = 1.02 ¢cm/s. To
achieve this filtration velocity, the filtration area
should be A = Q/V, where @ is the volumetric gas
flow rate at actual working conditions. The volu-
metric gas flow rate is given by

1 cn T
Q= Ui an% = anT— =10.49 m?/s (96)

p

from which we calculate A = 1028.4 m?. From Ta-
ble 10.2 of Benitez we get that, to use a reverse air
or shaker cleaning strategy, the filtering area should
be multiplied by a factor larger than 1 to account
for the fraction of filtering area which is by-passed
by the flow during the cleaning operations. From
problem data (net filtering area A = 1028 m?) the
multiplication factor is 1.5 and the overall filtering
area is A’ = 1.5A4 = 1542.6 m?2.

. The pressure drop across the filter increases in time

according to

Ap(t) = S,V + K,C; V2t (97)

where V' is the filtration velocity, S, is the pressure
loss through the clean filter, and C; is the parti-
cle concentration in the incoming stream (kg/m?).
From problem data we can calculate:

cn C .
= QT* = 238.32 mg/m® = 0.23810%kg/m®

(98)
and imposing Ap(teican = Pmaxr We can calculate
the time after which the cleaning cycle should be
performed to get the pressure drop below the max-
imum allowed:
Pmax — Sev

T TKL,C V2 (99)

tclean

we get tejean = 1.019-10%s ~ 11.7 days.

. 40% of the mass of particles has D, < 25 pum. This

fraction of particles together with 5% of the par-
ticles larger than 25um which are not collected by
the pre-separator are the new particle load to the
filter. The overall mass of particles is

m=C-Qcn = 2500 mg/s (100)

of which 0.47h = 1000 mg/s is fines and 0.677 -
0.05 = 75 mg/s is the unseparated fraction of par-
ticles larger than 25 ym. Overall mass downstream
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the cyclonic pre-separator is 1y, = 1075 mg/s. 0.102-1073kg/m3 (five times less than before) and
The concentration of particles loading the filter in using this value in 99 we get tciean =~ 58days.
this condition is C; = 1i401/Q = 102.48 mg/m3 =



