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1 iy often necessary to separate 1wo

immiscible liguids, the light and

heavy phases, and a vapor. A typi-

cal example in petroleum refining
is the separation of water. and a hydro-
carbon liquid and vapor. Little has
been published on three-phase (lig-
uid/liquid/vapor)  separation,  with
most information avaitable only in
corporate design tiles. This articie
attempts to alleviate this situation by
covering the basics of three-phase sep-
arator design. The authors provide a
Step-by-Step procedure and worked
out examples. Further. the examples
offer guidance on making assumptions
tfor the calculations.

Selecting three-phase separators

As with two-phase designs, three-
phase units can be either vertical or hor-
izontal, although they typically are hori-
zontal (see Figures | and 2). The verti-
cal orientation, Figure |, is only used if
there is a large amount of vapor to be
separated from a small amount of the
light and heavy liquid (< 10-20% by
weight). Unfortunately. there are no
simple ruies for separator sclection.
Sometimes, both configurations should
be ¢valuated to decide which is more
economical. Further, the available plot
space (footprint) may be a factor.

The design of three-phase separators
is similar to their two-phase counter-
parts, except that the liquid section dit-
fers. For the vertical type. a baffle com-
monly keeps the liquid separation

section calm o promete the separation.
There are ditferent variations of hor-
izontal three-phuse vapor-liquid sepuri-
tors. The hquid scparction section is
usually a variation of a device W provide
interface level control. which may
include a boot or a weir. A boot typical-
Iy is specified when the volume of heavy
liquid is not substantial (< 15-20% of
total liquid by weight), while a weir is
used when the volume is substantial.
These horizontal sepurators are illustrat-
ed in Figure 2. The bucket-and-weir
type design is used when interface level
control may be ditticult. such as with
heavy oils or when large amounts of an
emulsion or a paraffin are present {/.

Stokes’ iaw applies

Separating a vapor from a light liquid
{two-phase separation) has been covered
in a previous article 12} and will not be
discussed here. However, all necessary
information for performing this part of
the calculation is provided here. The fol-
lowing discussion covers the separation
of light and heavy liguids.

The flow of rising lighe droplets in
the heavy liquid phase or settling heavy
dioplets in the light liquid phase is con-
sidered laminar and is governed by
Stokes’ law:

_ 1.488¢.D(py - p) (1

L= )
Ui 181

where 1.488 converts viscosity of the
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A Figure 1. Vertical three
vapor loadings,
continuous phase from Ib/(tt)(s) to cP.
Simplitying Eq. 1 and converting
the units of the terminal settling
velocity o in./min from fi/s results in:

2.06151 x 10°D¥(p,, - p,)

(2)
where Dy, is in microns (I micron =
3.28084 x 10 feet) and Ur, in/min.

Eq. 2 may be rewritten as:

U, = ks(p;iL ) 3

where
ks=2.06151x 107°p? |

Values of kg are given for some Sys-
tems in Table 1.

From Eqs. 1-3, it can be seen that
the settling velocity of a droplet is
inversely proportional to the viscosi-
ty of the continuous phase. Hence, it

30 »

nozzle

Wire mesh

Maximum

Baffle to provide
calming zone is
recommended

Section A-A

-phase separators are used with high

is  more diffi-
cult (requires
more time) to set-
tle the droplets
out of the contin-
uous phase with
the greater vis-
cosity, since Iy is
lower. Practically
speaking. U, js
typteally  limited
tn calculations
to 10 in./min
maximum.

For vertical sep-
arators, the diame-
ter required for
vapor disengage-
nent is calculated
as i our previous
article (2). In siz-
ing a separator, the
heights of the light
and heavy liguids
are assumed, and
the settling veloci-
ties and settling
times are then
calculated.

The residence times of the light and
heavy liquids are determined next. For
the liquids to separate. the residence
time of the light liquid must be greater
than the time required for the heavy
droplets to settle out of the light liguid
phase; and the residence tine of the
heavy liquid must be greater than the
time required for the light liguid
droplets to rise out of the heavy liquid
phase. If these conditions are not satis-
fied, then liguid
separation is con-
troiling and the
vessel  diameter
must be increased,

/]
A

Table 1. Typical values of k for
wre. liquid-liquid separations,

For horizontal separators with
given diameter, the heights of the ligh
and heavy liquids are assumed so thay
the cross-sectional areia can be caley.
lated. With the vapor disengagcmem
area set by guidelines, the lengghg
required by holdup requirements and
vapor/liquid separation are calculateq.
Then, with the assumed heights of the
light and heavy liquids and calculareg
values of settling velocities, the ger.
tling times are calculated,

The actual residence times for the
light and heavy liquids are subge.
quently calculated and compared with
the required settling times. as in the
vertical case. If the residence times
are not greater than the required set.
tling times, then either the diameter
should be increased or, for a given
diameter, the length  should be
increased (liquid separation is cop-
trolling). In the subsequent design
procedures, the latter approach js
used, along with the procedures dis-
cussed in our previous paper for
vapor/liquid separation (2).

The following design procedures
and heuristics are a result of a review
of literature sources and accepted
industrial design guidelines.,
Horizontal design procedures are pre-
sented for the four separator types
shown in Figure 2. The horizontal
design procedures incorporate opti-
mizing the diameter and length by
minimizing the approximate weight
of the shell and heads. To add a degree
of conservatism to the design, the vol-
ume available in the heads is ignored.

Holdup time for Light Phase Heavy Phase Minimum kg
liquids must be droplet dia., pm
added to residence Hgdmtc;nrl}onso 85 Wat i 127 0.333
. . ; at 60°F < 0, ater ar caustic .
time. The height S at 60°F < 0.85 Water or caustic 89 0.163
of the wvertical 9~ Furfural 89 0.163
three-phase sepa- Methylethyl ketone Water 89 0.163
rator is calculated  sec-Butyl aleohol Water 89 0.163
. ) Methyl isobutyl ketone Water 89 0.163
i the same man Nonyl alcohol Water 89 0.163

ner as for the two-
phase case.
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- i. Interface control 3. Interface control with weir
Feed Vapor Feed Vapor
inlet autlet inlet outlet
AN — I Nl —NF— N
l J ;| win.12in booes l Y, Min. 12in. ] koo
H
A HLL | Min12in. A v Min. 12in.|  weir L
~ —
| LL Holdup/surge NLL ] | 1 Light liquid I Hy, N
\ Light liquid Interface $ Hy min. i, ) —  Interface Light liquid -
Heavy liquid § Hyy min. 1 h'qgufli; Heavy liquid I Hue | Hokwupsurge LLL
outlet J— J—
Heawvy liquid Heavy Light
outlet liquid liquid
\ outlet autlet
D —— N |4——| N e
Hl N '-.——  — L, !..— LZ e
Min.N+6ini~—
2. Interface control with boot 4. Bucket and weir
i Feed Vapor Feed Vapor
! inlet outlet inlet outiet
‘ — N TF— — N —TN_ f—
Min. 12 in. Em
i HV % I j Hvl i \
Min. 12in.
T
D T HLL D r Light liquid w = ;
i Light liquid holdup/surge NLL | 05D :Tlghé L ,
A H T, Heavy liquid ‘ au Heay
, 4 Light - fuv, 12in A/ jghlig. 4 ligui
i Interface liguid T outtet L N
1 Heavy | | Flus rljeayg Il__igf_\(tj
! e iqui iqui
} liquid HL outlet outlet
| { i ] ]
e TR Py
eavy liqui R
: L outlet ] Note: M= 1/2 dy+6in.
i E L i dy=Nozzle dia.

& Figure 2. Basic.designs of horizontal three-phase separators.

Vertical design procedure
Reter to Figure | for dimensions:
1. Calculate the vertical terminal
vapor velocity:

112

UT — K( pL B plf) (4)
Py
Calculate the K value, using gae Of
the methods in Table 2 and set U, =
0.75U for a conservative design.
2. Calculate the vapor volumetric
flow rate:
v = 3.600p,

3. Calculate the vessel internal
diameter, Dy

(5)

4Ql:)”2 (6)

DVD = (-]'t—(]l—

If there is a mist eliminator, add 3-6
in. to Dy, to accommodate a support
ring and round up to the next 6-in.
increment to obtain D; if there is no
mist eliminator, D = Dy,

4. Calculate the setting velocity of
the heavy liquid out of the light liquid
using Stokes” law (the maximum is 10
in./min):

_ ks(pr—Po) (7)

where k; is obtained from Table 1 or is
calculated (see Eq. 3).

5. Similarly, calculate the rising
velocity of the light liquid out of the
heavy liguid phase using Stokes’ law:

y = KPP
LH iy .

6. Calculate the light and heavy
liquid volumetric flow rates, ,, and

O

(3)

_ W 9)
0u= g5

Wy
O = o (10)

7. Assume H, = 1 ft (minimum)
and calculate the settling time for the
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Table 2. Separator K values.

York Demister

1=FP<15 K'=0.1821 + 0.00297 + 0.0460 In[#)
15 P<40 K=0.35
0<P<B500 K=0430-0.023In(A

where P is in psia.

Gas Processors Suppliers’ Association
0<P<1,500 K'=0.35 - 0.0001{P~ 100)

For most vapors under vacuum, K = 6.20

For glycot and amine solutions, multiply K by 0.6-0.8

For vertical vessels without demisters, divide Kby?2

For compressar suction scrubbers, mole sieve scrubbers and
expander inlet separators, multiply K by 0.7-0.8 where Pis in psig.

Thearetical (ne mist eliminator)

_ /%B
K=v/ 3¢

where Disin ft.
Ly =exply)

y=8411-2243x+ 0.2734 - 1,865 X 1043 + 5.200 x 104

] '{ 0.95 x 10%,}(p, - pv))
xX= T
My

where D, is in ft.

7.48 gcl 1 (Q + QHL)
AD:( ft' : )(60;1“'“) LLG

W Equation 13

Uy=0313,/ 2393=0.6973 _ 574 tws

M Equation El

415,000 Ib/h
Oy =

" 3,600 'h x 0.6973 [b/fe
N Equation E2

= 165.32 ft'fs

X 16532 Fols _
7205 fys | = 10131t

Dy =

A Equation E3

16,5000 Ib/h

= o min/h x 53.95 Ib/ft
W Equation E4

=5.10 ft'/min

=0.35 ft’/min

1,300 1b/h
Qu. =

"~ 60 min/h x 62.11 Ib/f¢°
W Eguation E3

fNote: ¥ micron = 3.28084 x 104 f

heavy liquid droplets to settle through
this distance (12 is a conversion factor
tor ft to in.):

12H,

Ly = U,

8. Assume H, = 1 ft (minimum)
and calculate the settling time for the
light Tiquid droplets to rise through
this distance:

12H,, (12)

9. If there is a baffle plate, calcu-
late the area:

a. Calculate (p, - p,).

b. Assume Hy (use 9 in. as a mini-
mum) and calculate H, + H,.

¢. Use Figure 3 to obtain G.

d. Calculate A
See Eq. (13) in the box.

e. Assume W, =4 in.

t. Calculate W, /D.

(thH

g. Use Table 3 to determine A, /A.

h. Calculate A= (rn/4)D>.

i. Calculate A4,

Jo Select the larger value of 4,

k. Calculate the area of the baffle
plate = settling area for the light lig-
uid; A, = 4 - A

10. Calculate the residence time
of each phase based on the volumes
occupied by the light and heavy
phases:

0, = HQLiL (l4a)
eHL = HQHiH (14b)

If 8, <t or 6, <1, increase
the diameter and repeat the procedure
from Step 7 (liquid separation is con-
trolling). Note that A,, = A.

11. Calculate the height of the
light liquid above the outlet (holdup

32 o SEPTEMBER 1994 ® CHEMICAL ENGINEERING PROGRESS

height) based on the required holduy
time:

H,= ——Q‘U’TH (13
R A,

Check this value with that assumed
in Step 9b to ensure that the assumed
value is reasonable. If surge is not
specified, calculate the surge height
based on surge time:

T |T,
Hsz(Qu‘.i-A”_“"'J N (16)

The minimum is 6 in.

12. Calculate the vessel height
using the guidelines:

H, =6 in. minimum.

Hygy =2 dy + greater of (2 ft or H,
+ 0.5 fi).

Hp = 0.5D or a minimum of;

36 in. + Yad, (without mist
eliminator), or

24 in. + Yad,, (with mist eliminator):




4 ft/s

32 ft'/s

ft

t*/min

3 .
T/min

1holdup

(15)
assumed
1ssumed
> is not
: height

(16)

height

L mist

inator):

Table 3. Cylindrical height
and area conversions.

a+cx+ext +gx +ix

YT10+ b+ da? + f2 4 bt

HID to AIA*
y=AlA,
r=HID

o =—8.753930 x [}
h =392109]

¢ =0.174873

o = -6.333%03

¢ =5.668973

F= 4018448

o= —=b916311

It =-1.8017035
i=-0.143348

A/A to H/D*
v={ND
X =AM

a ={L00133756
fr = 26.78710%
c=3.299201

o ==22921932
v = 24353518
r= 14844824
. = =364959370
= [LA2Y572

= EYNS)

# = Or equivalent expressions. such as H (/D
(LRI I

HysHy+~H + Hy+ Hy + Hy +
H,, a7

If a mist eliminator pad is used.
additional height is added as shown in
Figure 1.

Example 1

Stze avertical separator with a baf-
fle plate and wire-mesh mist elimina-
tor 1o separale the mixture given in
Table 4. The operating pressure is 165
psia. and 3t is necessary to have a
hydrecarbon liquid heldup time of 25
min and a surge time of only 3 min.

1. Calculate the vertical terminal
velocity. Using Table 2. calculate K
using the York Demister equations.
see Eq. El in the box.

and U= 0.75 x 2.74 = 2.05 fu/s,

11,000 [~ 201
n.
__-—-""—-J .
27in.
£ 10000 24n.
[+
o
z 21in.
£ 9000 —
2
[»]
© 18in.
o
€ 8000 —
2
B
©
7.000 — High liquid level above interface
6000 | | | | |
15 20 25 30 35 40 45 50
PPy, b1

W Figure 3. G is found from the downcomer allowable flow.,

Table 4. Data for Example 1.

Mass Flow, ibfh p. Ib/ft? p. cP
Hydrocarbon Gas W, = 415,060 p,=0.6873 —
Hydrocarbon Liquid W, = 16,500 p, = 53.95 p, = 0630
Water W.. =1,300 py = BZ.11 = 0.764

the time for the
light liguid to
rise out of the
heavy  liquid
phase:

fry =12y (1.0
/1.74=6.9 nin
9. Calculate

2. Calculate the vapor volumetric
flow rate. see Eq. E2 in the box.

3. Calculate the vessel inner diam-
eter, see Eq. E3 in the box.

Use D =105 ft.

4. Calculate the settling velocity of
the heavy liquid out of the light liquid
phase. Using Table 1. &k = 0.163.
Then:

Uy = 016300211 — 53.95)/0.630
=211 in/min

5. Calculate the setiling velocity of
the light liquid out of the heavy liquid
phase:

Uy = 0016306211 — 33.95)/0.704
= 174 in./min

6. Calculate the light and heavy
liquid volumetric flow rates. see Eq.
£4 and ES in the box.

7. Assume H, = | ft and calculate
the time for the heavy liquid to settle
out of the light liquid phase:

ty =2y (1.0) /2.1 = 5.7 min

8. Assume Hy = 1 ft and calculate

CHEMICAL ENGINEERING PROGRESS e SEPTEMBER 1994

the batfle plate area:

P, — Py-= 5395 - 0.6973 = 53.23
Ib/ft

sAssume He=121n0 H, + Hy =24
in. Using Figure 3. G = 9.800 gph/ft=.

Ay, = (748 galftt’)(60 min/hy (5.10
+ 0.35)01719.800 gph/fi? = 0.25 fi°

« Assume W, =4in.:

WD =4/(12 x 10.5) = 0.0317

Table 5. Inlet nozzle sizing.

d,vz(&)’”

5% o
Pu=pAipy(1-2)
o,
A= =
O +0y
Q=0+ 3, f¥s
Oy 60
= =U, <
%d,;, u =Sy

+ 33
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Table 6. Liquid holdup and surge times, " Using Table 3. 4,74 = 0,0g¢
A= (105 fi) = 86.39 12
Service Holdup time, min Surge time, min A = (0.0095) (86.59 117} = 0.3
L — 111y LL— i) +Use A, = 0.82 1
) A, =8639-082 = 8577 12
A. Unit feed drum 10 5 L
18, Calculate the residence tin
B. Separatars euch phase:
1. Feed to column 5 3 6.0 = (1.0 10 (85.77 ft2)/:
2. Feed to other drum or tankage ft¥/min = 16.8 min
a. With pump or through exchanger 5 2 - 7 g fy2
[ b. Without pump 2 1 fve’{L N 7-(1!]2 “.) (86.59 ey
3. Fead 1o fired heater 10 3 e/oun = 2474 min .
11, Calculate the heighi of the |
€. Reflux gr product accumulator l]qlllll above the odtlet, based
1. Reftux onty 3 2 holdup:
2. Reflux and pmduct_ _ 3+ 2+ Hy =(5.10 fe¥/min) (25 minygs
{Basad on reflux (3 min) plus appropriate holdup time of overhead fi2=15f
duct B1- o s
o pro u.c (as per 3 ) Hy = (510 + 0.35)(ft*/min)
. D. Column bottoms min)/86.39 12 = (.3} ft
s 1. Feed to another colymn 5 2 Use H=0.5 1.
2. Feed to other drum or tankage 12. Caleulate . o, according
a) With pump or through exchanger 5 2 Table 3 ’
b} Withaut pump 2 1 _ - 3
3. Feed to fired reboiler 5-8 2-4 ?i._ -QL/(Q" -; Qv —Hpm..m
i {Based on rebojler vapor expressed as liquid (3 min} plus appropriate holdup 0.35)15.10 + 0.35 + 165.32 x 60
; time for the bottomn productias per D 1, 2) 0.0006
‘ij Use Eq. E6 (see box) 1o caleuly
e E. Compresser suctionfinterstage scrubber P,

3 min batween Hif (high liquid atarm} and high leve| shutdown

Py = pA pul = (545,
10 min from bottom tangent fine to high liquid alarm Bu = Prr+ py Y

(0.0006) + (0.6973) (1 = 0.0006)
F Fue! gas knock-out drum 0.730
20 ft. slug in the incoming fuel gas line between Vi{ and high level shutdown Qy = 16532 + (5.10 + 0.35/60
165.41 ti¥y/s
Use Eq. E7 (see box} to caleulate ¢
dy 2 21 in; use dy = 24

G. Flare Knock-out drum
20 to 30 min to HiL

. ) . Caiculate H,

Muitiply by the followin factars {optional): o .
oy I P Hy, = 0.5 (10.5) = 5.25 f1 o
Personne Factor Instrumentation Factor Hp=24 4+ 242 = 36 ip, = 301

(minimum)
Experienced 1.0 Well Instrumented 1.0 Use H, = 5.5 ft. From Figure [, fH,
) =lfrands =035 fi, Calculate A,

Trained 1.2 Standard Instrumented 12 ) B3

Hopn=¥ Q0 +2 =3
Inexperienced 15 Poorly Instrumented i5 Set H, = 0.5 ft. F“"_‘] dunenston‘s:
D= 1051, Hy =10, H = 1.0 f,
Hy= L5 HUH =05 1, Hyo < 3.0 11

- and Hp, = 5.5 ft. Add 1.5 ft for the st
,

: eliminator,
16,500 00 3 ~ 1408
= = 5a— X 53.95 2 A1 =5455 He=1401
Pe 17,800 + 17,800 X 62.11 >3 Ib/ft H:/D: 14.0/10.5 = 1.3
W Equation Eg Add 2 ft to He (Hy =201, Hy =

7.0 1) so that H/D = 152 (HAD
should be in the range of 1.5 10 6.0).

Horizontal design procedure:
no boot or weir

1. Calculate the vapor volumetric
flow rate, 0, using Eq. 5.

4x165.41 "
d“ = T DL =1.73 ft
" (60 “/‘./o.73o)

W Equation £E7
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DL *  SEFIEMIBEH 3% = Lhciviius ENOIECEYY © g hieoo o R e T —

ead -



= 0.0095:
1.59 112
) =0.82 1

T7 4

nce time of |

Tof/510
PofE)/0.35

of the light
based on

niny/85.77

Ymin) (5

rding to

(5.10 +
X 60y =

calculate |

(54.55)
0008) =

35)/60 =

ulate dy.
24 in,

=30 ft

el, H,
Hyy

t
1sions;
1.0 1,
3.0 1,
e mist

Hy = ”
H./D '
6.0).
fre:

tetric

r—u_-.“.\...w‘w o .

!

2. Cuiculate the light and heavy
liquid yolumetric flow rates, Q,, and
Q- wsing Lys. 9 and 10

3, Cualeulate the vertical terminal
velowtly, U using Eq. 4. (select a K
vatue frem Table 23 and set U, =

R &

4. Select holdup and surge times
rrom Table 6 and caleulate the holdup
and surge volumes, V, and V. (unless
surge is otherwise specified. such as a
slug volume):

Vie= TH QJ_ (18}
Vi=T1,0, (19)
5. Obtain an 770 from Table 7 and
initially — caleulate  the  diameter

according to:

173
v

HV+ V\') (20)

O.5I[(L/D)

Calculate the tatal cross-sectional
arcu:
rD" 5
A‘,. - —T (_.I )

6. Set the vapor space height, H,.
to the targer of 0.20 or 2 ft; | ftif
there is no mist eliminator. Using
H\/D in Table 3. obtain A, /A, and cal-
culate A,.

7. Set the heights of the heavy and
light liquids. #,, and H,,.

8. Find (4, + A, VA, using (H,,
+H,, )0 in Table 3, and calculate A,
+ AH.'

9. Calculate the minimum length to
accommaodate the liquid holdup/surge:

_ Vi +V
D e e
AT*AK"‘(AHL'*'ALL) 22

10. Calculate the liquid dropout
time:

b=H/U,

11. Calculate the actual vapor

0<P<250 15-2.0
250 < P< 500 3.0-40
W< P 40-6.0
velocity:
. = /A, {24

12. Culculate the minimum length
reguired for vapor/liquid separation:

Lyn=U 0 (25)

3. IF L <Ly, then set L = £,
{here, vapor/liquid separation con-
trols). This simply results in some
extra holdup and residence time. If L
<< Ly then increase H, and recal-
culate A and repeat. starting from
Step 9. If L > Ly, the design is
acceplable for vapor/liquid separa-
tion. iF L >> L, (liquid holdup con-
trols). L can only be reduced and £,
increused if Ay ix reduced. H,. may
only be reduced if it is greater than the
minimum specitied in Step 6. (With
reduced H,. recalculate A, and repeat
the procedure from Step 9.) Note: For
this and other calcultions. “much
greater than™ (>>) and "much less
than™ (<<) mean a variance of greater
than 20%.

14, Calculate the settling velocities
of the heavy liquid out of the light lig-
uid phase and the light liquid out of the
heavy liquid phase. U,,, and U, . using
Eqgs. 7 and 8 (find £, from Table 1).

15. Caleulate the settting times of
the heavy liquid out of the light phase
and the light liquid out of the heavy
phase:

fne = 120D = Hy = Hy WUy, (26)
Ly =12 Hy JU,, (27)

16. Calculate the residence times
of the light and heavy liquids:

B = Ay Lt Qe (28)

(A.' it Am.}L 129
O

. 17.17 6, <1, 0r 6, < g then
merease the vessel length (liguid sep-
aration controls);

9,_,_ =

e men

L = ma
A, (A,r — A - Am,]

130))

I18. Caleulate /D, 1Y 1/D << 1.5,
decrease 13 unless it is already at it
minimum). and it £/0 >> 6.0 then
increase £; repeat from Step 3.

19. Culeulate the thickness of the
shell and heads according o Table 8.

2. Caleulate surface area of the
shell and headx according o Table 8.

21 Caleulute the approximate ves-
sel weight according to Table §.

22, Increase or decrease the vessel
dimmeter by 6-in. increments and
repeat the caleulations until the L/0)
ratio ranges trom 1.5-6.0.

23. Using the aptintum vessel size
(minimum weights. calcutate the nor-
mal and high lHguid levels:

Hyy=D-H, (31)

Avie = Ry + A+ VL 132
Obtain H.,; using Table 3 with the
value of A, /4,.

Horizontal design procedure:
heavy liguid boot

L. Calculate the vapor volumetric
flow rate, 0. using Eq. 5.

2. Calculate the, jight and heavy
liquid volumetric d8w rates. Q,, and
Q- per Eqs. 9 and 10,

3. Calculate the vertical terminal
velocity, Uy, using Eq. 4 (the K value
comes trom Table 2) and set U, =
0.75 Uy

4. Select holdup and surge times
from Table 6 and calculate the holdup
and surge volumes. V,, and Vi, from
Eqgs. 18 and 19 (unless surge is other-
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wise specified. such as slug volume),
3. Obtain /0 from Table 7 and
initiadly set the dimuneter according to:

13

pof Wrul
0.6TC(L"[)]

Then caleulate the total cross-sec-
tional area. A, using Eq. 21,
6. Set the vapor space height. H,.

to the larger of 0.25 or 2 # (1 fUif

there is no mist eliminator). Using
H,/D in Table 3. obtain AvA - and cal-
culate 4.

7. Set the light liquid heights in the
vessel and boot. H,,,. and H, o

8. Caleulate the cross-sectional
arca of the light liquid above the bot-
tom of the vessel. 4,,,. using H, /D
in Table 3,

9. Calculate the minimum length 1o
accommodate the liquid holdup/surge:

Vi +V,
A'r -4 | Au_l'

10. Caleutate the liquid dropout
time. ¢. using Eq, 23.

11. Calculate the actual vapor
velocity. U\, using Eq. 24,

12. Calculate the minimuwmn length
required for liquid/vapor separation,
Ly using Eq, 25.

3. 16 L < L, then set L = Ly
(vapor/liquid separation controls),
This simply results in some extra
holdup and residence time. It L
<<Lyyy then increase A, and recalcu-
late A, then repeat from Step 9.1 . >
Ly the design is acceptable for
vapor/liquid separation, If 7, »» Ly
fiquid holdup controls. 7 caa only be
reduced and L, increased if H, is
rediced. A, may only be reduced if it
is greater than the minimum specitied
in Step 6.

With reduced H,, recalculate Ay
and repeat from Step 9.

14, Calculate the settling velocity
of the heavy liquid out of the light lig-
uid phase, U, using Eq. 7 (obtain ke
from Table 1).

15, Calculate the settling time of

L= (3
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Table 8. Wall thickness, surface ETGER

.
I
i

e

and approximate vessel weight.

pD . ‘
e T
WE-TP M

2:1 Elliptica! Heads 1.09
D +
Hemispherical Heads 4SE-04P 1.571¢
0.885P0 "
Dished Heads SE-0.1P 7€ 0.842¢7

Approximate Vessel Weight

W= (%Xﬁxﬂ‘jmr + ZAHﬂkf)

Notes: The design pressure, P, is typically either the operating pressure with 15 to 30 psiadczd to
it or the aperating pressure + 10%, whichever is graater. For the allowable stress, $, see
Reference (3) The joint efficiency, £, ranges from 0.6 to !: use (.85 for spot-examined joints, 2nd )

far 100% X-rayed foints. The corrosion allowance, I typically ranges from '4a to v+ in. The vessal
thickness, ¢ is the larger of fgand £, up to the nearest % in.

the heavy liquid out of the light liquid
phase:

ty, = 12 (Hyp + D= HU,, (35)

16. Calculate the residence time of
the light liguid:

{Ar-Al
O = Ou

Note: This volume of light liguid
ignores the light liquid volume in the
boot.

17. 11 6,, < #,, then increase the
vessel length (liquid separation con-
trols):

(36)

L - rHLQ?LL (37)
-4

18. Caleulate L/D. If [/D << 1.5
then decrease D (uniess it is already at

. @ minimum) and if 1D >> 6.0 then

increase £ repeat from Step 5.

19. Calculate the thickness o the
shelt and heads according 1o Tab'z 8.

20. Caleulate the swrfuce ares of
the shell and heads according to Table
8.

21. Calculatz the approximate
weight of the shell and heads accord-
ing to Table §.

22. Increase or decrease the vessel
diameter by 6-in. increments and
repeat the calculations uniil £/D
ranges from 1.5-6.0,

23. With the optimum vesse| size
(minimum weight), calculate the nor-
mal and high liquid levels:

Hyy =D - H, ‘ 138)
Ay S A+ Vi/L (39)

Determine H,,, using Table 3 from
Avi/Ar

24, Design the heavy liquid boot:
Set the height of the heavy liquid,
Hyy: caleulate the rising velocity of
the light liquid out of the heavy liquid
phase, U, . using Eq. 8 (find kg from




si added to
e
iints, and 1

The vessel

'ss of the
Table 8.
> arey of
I to Table

reximate
s accord-

he vessel
:nts and
atil L/D

ssel size
the nor-

(38)

(39
e 3 from
iid hoot:
¢ liguid,
ocity of

2y liquid
kg from

bie 1y et {7 =075 U, 0 caleulae
& heav vy ligquid boot diameter:

’, +x 120,

(40)
AV 172

D=

i caleulate the settling time of the
fight liguid out of the heavy liquid
phase:

trp = V2H /Uy, (+h)

Caleulate the residence time of the
vy liquid:

_nD EHm.

eh‘l, - _’_ QH (42)
1.

If ©,, < 1, then increase the boot
diameier.

Horizontal design procedurs:
weir

1. Calculate the vapor volumetric
tflow rate. @,. using Eq. 5.

2. Caleulare the light and heavy
liguid volumetric flow rates. Q,; and
(2, as per Eqs. 9 and 10,

3. Caleulate the vertical terminal
vapor velocity. /5. using Eq. 4 (ind K
from Table 2) and set U,.= 0.751/;.

4. Select holdup and surge times
from Table 6. and calculate the holdup
and surge volumes, V,, and V. trom
Eqs. 18 and 19 (unless surge is other-
wise specified. such as a slug volume).

5. Obtain L/D from Table 7 and

initially  calculate  the diameter
according to:
1
16V, +V;
— ( f# ) (43)

_\H s
0.6n(L p)

Then calculate the total cross-section-
al area, A, using Eq. 21,

6. Set the vapor space height, #,,
to the larger of 0.2D or 2 ft (1 ft if
there is no mist eliminator). Using
H./D in Table 3, obtain A/A; and cal-
culate A,.

7. Calculate the low liquid level in

Table 9. Low liquid level height.

“Verlwicafu_L il'l. Sl e

", Horizontal UL, in. %

< 304 psia > 300
<4, 1 6
6 15 §
8 15 6
10 6 6
12 6 6
16 6 §

the light liquid compartment using
Eq. 44 orread it from Table 9.

H,, =05D+7 (44

where D is in feet and H,,, in inch-
es (round up to nearest in), If D £ 4.0
fr. then A, =9 in. Using H,,,/D in
Table 3, Calculate A, ,.

8. Calculate the weir height:

Hy=D-H, (45)

It H < 2 1L increase D, and repeat
the calculations from Step 6.

9. Calculate the minimum length
of the light liquid compartment to
accommodate holdup/surge. L, in
Figure 2 :

46

L, = Vi + Vi (=6}
T A~ AG-Ay,

Round to the nearest '~ tt. The

minimum for L. =d,+ [2in.

10. Set the interface at the height
Hy/2, obtaining the heights of the
heavy and light liquids, A, and H,.

11, For the liquid settling com-
partment. calculate the cross-section-
al area of the heavy liquid. using
Hy, /D in Table 3 and calculate the
cross-sectional area of the light liquid
from:

Ay =Ar—A—Ay (47)

12. Calculate the seutling velocity
of the heavy liquid out of the light lig-
uid phase, U}, and the light liquid out
of the heavy liquid phase, U, . using
Eqs 7 and 8 (find & from Table 1).

13. Calculate the settling times of
the heavy liguid out of the light liquid
phase and the light liguid out of the
heavy liquid phase:

= 12H /Uy, (48)

CHEMICAL EN

Sta
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1

12

13

15

— 2 r
o= 12H,/Uy, 49)
14. Caleuwlate minimum £, to facil-
itate  liquid-tiquid sepuaration as the
larger of:

L, = max rLHQHL‘ O\ 5oy

Ap Ay

Round to the nearest Vs tt,
15. Find L:

L=L +1L, (31

16. Calculute the liquid dropout
thne. ¢. using Eq. 23,

17. Calculate the actual
velocity, Uy, using Eq. 24,

18. Calculate the minimum length
required for vapor//liquid separation.
L using Eq. 25,

19.If L < Ly thenset L =L,
(vaporfliquid separation controls).
This simply resubts in some extra
holdup and residence time. If L <<
L+ then increase H,., recaleulate 4.
and repeat the calculations from Step
6.1t L > Ly, the design is acceptable
for vapor/liquid separation. If [ >>
Ly (liquid separation and holdup
control), L can only be reduced and
Ly, increased if H,. is reduced. H,
may only be reduced if it is greater
than the minimum specified in Step 9.
With reduced H,. recalculate A, and
repeat from Step 9.

20. Calculate L/D. If i/D << 1.5,
then decrease D (unless it is already at
a minimum) and repeat from Step 6.
If £/D >> 6.0, then increase D and
repeat from Step 5.

21. Calculate the thickness of the
shell and heads according to Table 8.

22. Calculate the surface area of the
shell and heads according to Table 8.

vapor
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Seurwater stripper feed drums, 0, = to the larger of 0.2 or 2 1 ¢ frif

235,000 Ib/h 3 40.5-0.19

y=— = 343,57 ft'/s Up=0.175,/ 242 =U.19 =2.55 v
3,600 h x 0.190 Io/fe ! 0.19 ’ |
B Equation 18 A Equation E1f !
i3 l
- 450001/ - [ _4x27780 " ;
™ 6 mini x a5 i =852 Fmin D= (m) ~H R uselton |
W Equation E9 B Equation £12 f'
____ 7,500 lo/h _ y . 277.80 - |
Ou = 60 mit/h x 62.0 /e = 2.02 ft'/min L,= 95.03= 71.08 483 14.54 f I
W Equation Eiy X Equarion E13 ;

| L _ 2.0 min x 2,021t Ymin =045 ft
‘ AHL 8.93 ftz

B Equation E14

fmuQu _ 2.0 min x 18.52 ft¥/min =247 f
A, C 15.02 2 '

W Eguation El5

343.57 ft'/s
71.08 ft’

=4.83 fY/s

B Equation EI6
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0.001280,,(AS)D5 (56
Hy = My

whers Dy is in microns.

i ~. Calcuiate the difference in
neiglw between the light and heavy
ligquid weirs:

- (57)
AH =H, 1~ %)

i Design the light liquid bucket:
Set Lie wp of light liquid weir = [ —
H,:assume the bottom is at 0.1235;
assume a hotdup/surge (typically,
5-15 min); assume HLL is 6 in
betow the weir height and LLL is 6 in.
above the bottom of the buckel.
Using Table 3 with H,, /D and
Hy 0D, calculute Ay, and Ay,
Calculate Ly:

(TH + TS)Q{,L

15, Assume Ly is the larger of Df12
or 121n.

16. Design the heavy liquid com-
partment: Set the top of the heavy lig-
uid weir = D - H. — AH; assume a
holdup/surge (typically. 5-15 min);
assume HLL is about 6 in. below the
weir height and LLL is about 6 in.
above the bottom of the vessel. Using
Table 3 with Hy,,/D and H,,,/D. cal-
culate A, and A, ;.

Calculate L

L, = (58)

“

Nomenclature
A = vertical vessel cross-sectional area, fi? @ = vyolumetric fAlow, ft*s or ft¥min
A, = downcomer cross-sectional area, ft* S = vessel material stress value, psi
A, = area of light liquid above vessel bot- AS,, = specific gravity difference between
tom, fi light and heavy liquids
Ay = total cross-sectional area , ft? t. = corosion allowance, in.
C, = drag coefficient, dimensionless f, = head thickness, in.
d, = nozzle dia., in. (inlet or outlet ty, = seltling time for heavy liquid droplets
vapor/liquid as specified) out of light liquid. min
D = vessel diameter, ft or in. t,, = rise time for light liquid droplets out
D, = bootdia,ft of heavy liquid, min
D, = droplet dia,, ft, or microns t; = shell thickness. in.
Dy, = vapor disengagement dia.. ft T, = holdup time, min
E = welded joint efficiency, dimension- T, = surge time, min. ,
less U, = allowable horizontal velocity, fi/s
= gravitational constant, 32.17 fi/s? U, = settling velocity of heavy tiquid

&

G = baffle liquid load. gph/ft?

H  =height fi

H, = liquid level above batfle, in. or ft

Hy, = liquid height from above baffle to

feed nozzle, ft

= disengagement height, ft

y = holdup heighy, ft

H, = height from liquid interface to LL
nozzle, ft

H,;, = HLL to inlet nozzle centerline height, fi
H,,; = light liquid height in boot, ft

H;.r = light layer thickness, in.

H,, = light liquid height in vessel. fi

Hye = mist eliminaior to top tan. height, f1

H, = height from light liquid nozzle to bal-
fle, ft

H; = surge height, ft

H; = total vertical separator height, ft

H, = vapor disengagement arca height, it

H, = weir height, ft

AH = height difference between light and

heavy liquid weirs, in.
- ks = Stokes’ law terminal velocity con-

stant, {in./min)(cP)/(Ib/ft*)

K = terminal velocity constant, fu's

L = vessel length, fi

Ly = vaporfliquid separation minimum
length, ft

L, = asdefined in Figure 2

P = pressure, psig or psia

_ (TH + TS)QHL (59)

b (AHLL - AI_LL]

17.Calculate L=L + L, + Ly+ L.
18. Calculate L/D. If L/D << L5,

droplets out of light liquid. in./min
U, = rising velocity of light liquid droplets
out of heavy liquid, in/min

U,, = mixture velogity, ft/s

U, = boot velocity, in./min

Uy = terminal velocity, fUs or in./fmin
U, = vapor velocity. fifs

U,, = actual vapor velocity, /s

V, = holdup volume. f¢}

Vy, = LLL volume, ft?

V, = surge volume, ft!

W = vessel weight, lb

W, = downcomer chord width. in.

Greek lerrers

8 = liquid residence tire, min
A = mixture liquid fraction
i = viscosity, cP

P = density, Ib/f}

¢ = liquid dropout time, s
Subscripts

H, HL = heavy liquid

HLL = high liquid level

L, LL = light liquid

LiL = low liquid level

M = mixiure

NLL = normal liquid level

4 = vapor

then decrease D and repeat from Step
5. If L/D >> 6.0, then increase D and
repeat trom Step 5.
19. Calculate the thickness of the
shell and heads according to Table 8.
20, Calculate the surface area of
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Table 10. Data for Example 2. _

Tabfe 11. Selection of vessel heads.

Component Mass Flow, Ib/h p, Ib/ H, cP Conditians Typical Heads Used
Hydrocarbon vapor W, = 235,000 py=0.190 — g<:: : an(di £< 11300 ps:g 5;52::’ :Tc':; knuckle radius = 0.06 0
Hydrocarbon liguid W, = 45,000 p.= 405 ", = 0.24 <lyftand 7> pfs g " _Sph o

Water W, = 7,500 Py = 620 1= 0.682 D>151t, regardless of pressure amispherica

shell and heads according to Table 8.

21 Calculate the approximate ves-
sel weight according to Table §.

22, Increase or decrease the diam-
cter by 6-in, increments and repeat the
caleulations wntil 7D ranees from
.5-6.0. )

Example 2

Design g three-phase horizontal
separator with a weir to separate the
mixture in Table 10. The operating
pressure and temperature are 25 psig
and 100, respectively. and it is neces.
>ary 10 have a liquid holdup and surge
ume of 15 min.

l. See Eq. E8. box, p. 38

2. See Eqs. E9 and E 10, box. p. 38

3. K = 0.175 (the Gas Processors
Suppliers” Association value in Table
2 was divided by 2 since there is no
mist eltminagory,

See Ee. Et1 box. p. 38

U= 075 %255 = | 9] fi/s

4. Holdup + surge as specified = 15
nin.

Vi + Vi = (15 min) (18.52 ft¥/min)
= 277.80 f©?

Assume 10 min holdup. 5 min
surge.

S, Assume LD = |7,

See Eq. E12, box, p. 38

Ap = w4 (11.0 1) = 95.03 f2

6. Since the mass rate of vapor is

where: P = design pressure and 0 = drum dia,

about 829 of the loading. set H, tobe
much greater than the minimum.
Assume H. = 0,700 = (0.70% 1 1.0 )
= 770 fi. Using Table 3. AA, =
0.748. A, = 71.08 fiz

T H = 05)11.0)+7=125in.,
use 13 in,

Hy/D = 13/(11.0x 12y =0.098

Using Table 3. 4,, /4, = 0.051

A = (0.051495.03 ft?) = 4.85 fv°

8. Hy=110-7.70=3301

9. Sec Eq. E13. box. p. 38

Use L. = 15.0 fi.

10. Hy, = H,, = 3.30/2 = 1.65 ft

o Hy /D= 1.65/11.0=0.150

From Table 3. A,,,/4, = 0.094

Apy = (0.094)95.03 f1°) = 8.93 fi°

A =9503-71.08-893=15.02 "

12, From Table [, k. = 0.333

Uy = (0.333)62.0 - 40.5)/0.24 =
2983 in./min

Use 10 in/min (maxinmum)

Uy =10.333)(62.0 - 40.5)/0.682 =
10.50 in./min

Use 10 in/min (maximum)

13 4 = (12 in/fO(1.65 f/10
in/min = 1.98 min. use 2.0 mins

L=ty = 2.0 min

I14. See Egs. El4 and E15. box.
p. 38

Use L, =301t

15.L=30+150=180n

16. ¢ = 7.70 ft/1.91 fu/s = 4.03 s

17. See Eq. E16. box, p. 38

5 2

fo= 35 x1
T 2% 17,500 % 0.85 -
W [quarion E{7

0.885 x55x 1

F%sE ' 1e=0.307 in. |

32

W Egquation K18

fe! 12 in/ft
N Fquation Ef9

" TX 17,500 % 0.85 - 0.1 55 *'10=0.495 in.

W= 49016, 0.500in. (673 g7 62 1 2 5 101 88 fﬁ) =17.920 Ib

|
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18, Ly = (483 fUsnd03 s ) =
19.5 1t

9. Since L< L, setL =195 g
(set L, = 1601 L. =3.51m

20.{/D=19.5110=178

21 Assume dished heads per
Tabte t1.

Assume £ =0.85

Use SA-316 70 carbon
design temperature = 63(°

$ = 17,500 psi: from Ref. (3.

Corrosion allowance = o in,

P =25+ 30 =55 psig

See Eq. E17, box on this page.

Use 7o = *in,

See Eq. EI8. box on this page.

Usery =5 incuser=':in,

22, Ag = m(1L0 fu (195 fu =
673.87 fr

Ay =(0.842) (110 ft)° = {01.88 112

23. See Eq. E19, box on this page.

24. In this example. calculation~
were performed for only ene diame-
ter. However. nearly the minimum
L/D corresponded o a diameter of
11.0 ft: therefore. the next diameter
should be smaller. resuliing in a
targer L/D. Also. caleutations should
be performed using a diameter of
L5 ot

25. For the light liquid compartment;

Huy = Hy=3311~3 1L 4in

Ay =485+ 185.20/16.0= 16,43 112

A /Ay = 104379503 =0.173

Using Table 3. #,.,,/D = 0.229

Hey, =020 100=25210-2
ft, 6 in.

H,, =13in.

Comment: Due to the small
amount of heavy liquid and large
amount of vapor, a better design
would have used a boot. A vertical
vessel should be compared. as

well. | CEP |

sleel,

To receive a free copy of this article,
send in the Reader Inquiry card in this
issue with the number 153 circled.




