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Design Two-Phase 
Separators Within 
the Right Limits 

Here is a proven, 
step-by-step 

method. 

W.Y. Svrcek, w.o. Monnery 
University of Calgary 

L
iquid/vapor separators are one of 
the most common types of process 
eq uipment. Many technical papers 
have been written o n separator 

des ign and vast amounts of in fo rmat ion 
a re a lso ava ilab le in corpo ra te process 
eng ineering design guidelines . The basic 
equations u sed fo r s iz in g are w ide ly 
known; however, subjecti vity exists dur­
ing the selection of the parameters used in 
these equations. Thi s article attempts to 
address the basics of two-phi\se separator 
desig n and provide step-by-step proce­
dures a nd exa mpl es for two-p ha se 
vapor/liquid separator design. 

Two-phase separator types 
and selection 

Two-phase separators may be oriented 
e ither vertically or horizontall y. In some 
cases, it may be necessa ry to co mpare 
both designs to determine which is more 
economi c. Separators may be designed 
with or w ithout mist e liminator pads and 
may also have inlet di verters. Some sepa­
rators may have proprietary im pingement 
or settling internals. The vendor shoul d be 
contacted to design these types of vessels. 
Verti cal vapor/liquid separators are pre­
ferred for separating liquid fro m mixtures 
with a hi gh vapor/liquid rati o wh il e hori­
zontal separators are preferred for sepa­
rat ing vapor from mi xtures w ith a low 
vapor/liqu id ratio. 

Background 
Vaporlliq ui d separation is us uall y 

acco mpli shed in three stages. The fi rst 

stage, primary separation, uses an inlet 
diverter so that the momentum of the liq­
uid e ntrained in the vapor causes th e 
largest droplets to impinge on the di verter 
and then drop by grav ity. The next stage, 
secondary separation, is gravity separa­
tion of smaller droplets as the vapor fl ows 
through the di sengagement area . The fina l 
stage is mist el imination where the smalJ­
est droplets are coa lesced so that larger 
droplets are formed which will separate 
by gravity. 

For secondary separation , the a ll ow­
ab le velocity must be calcula ted so that 
di sengagement area can be subsequently 
de termined. Performing a force balance 
on the liquid droplet settling out provides 
the necessary re lat ionship . When the net 
g rav ity force, given by Eq. I, 

balances the drag force , g iven by Eq. 2, 

(n / 8) Co D} U~ P V 
Fo = ----==----'-----'-'--'­

(2) 
gc 

the heavier liquid dropl ets will settle at a 
constant terminal veloci ty, u.,. Equatin g 
Eqs. I and 2 resul ts in , 

4g 4 (PL- PV) (3) 

3 CoP v 
Hence, as long as V I' < Vp the liquid 
d roplets will se ttle out. T ypically, the 
a llowable vertical ve locity, VI" is set 
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between 0.75U,. and U,.. Eq. 3 can be 
rearranged as Eq. 4, a Sauders-Brown 
type equation (1): 

Ur = KJ (PL ;;vpv) (4) 

where 

where K= J 4g4 (5) 
3 CD 

Practically, very small droplets can­
not be separated by gravity alone. 
These droplets are coalesced to form 
larger droplets which will settle by 
grav ity. Coalescing devices in separa­
tors force the gas to follow a tortuous 
path and the momentum of the 
droplets causes them to collide with 
other droplets or the coalescing 
device, forming larger droplets . The 
coalesced droplet diameter is not ade-

When calculating U T 

for a horizontal 

separator, a "no mist 

eliminator K value" 

should be used. 

quately predictable so the K values 
for mist eliminators are typically 
empirical. This is where subjectivity 
first enters separator design. There 
are several literature sources of K val­
ues such as the Gas Processor's 
Supplier Association (GPSA) 
"Engineering Data Book" (2), numer­
ous technical publications and ven­
dor's recommendations. The GPSA 
(2) and York Mist Eliminator (3) val-
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ues have been curve fitted and are 
given in Table I. 

If there is no mist eliminator, it is 
recommended to use one half of the 
above values (2) or the "theoretical" 
value K can be calculated from Eq. 5 if 
the liquid droplet size is known. The 
drag coefficient, CD has been curve fit­
ted and is given in Table I or can be 
obtained from Figure 7-3 in the GPSA 
"Engineering Data Book" (2). 

Before proceeding, it is worthwhile 
to clarify some definitions and criteria. 
Holdup is defined as the time it takes 
to reduce the liquid level from normal 
(NLL) to empty (LLL) while maintain­
ing a normal outlet flow without feed , 
makeup. Surge time is defined as the· 
time it takes for the liquid level to rise 
from normal (NLL) to maximum 
(HLL) while maintaining a normal 
feed without any outlet flnw. Some 
guidelines base "surge" on the volume 
between low (LLL) and high (HLL) 
liquid levels. Holdup time is based on 
the reserve required to maintain good 
control and safe operation of down­
stream facilities. Surge time is usually 
based on requirements to accumulate -
liquid as a result of upstream or down­
stream variations or upsets, for exam­
ple, slugs. In the absence of speci fic 
requirements, surge time may be taken 
as one half of holdup time. 

Vertical separators. For vertical 
separators , the vapor di sengagement 
area is the entire cross-sectional area of 
the vessel so that vapor disengagement 
diameter can be calculated from Eq. 6: 

(6) 

Technically, this is the mist eliminator 
diameter and the inside diameter of the 
vessel must be slightly larger so that 
the mist eliminator can be installed 
inside the vessel. Typically, the calcu­
lated value is taken up to the next six 
in. This value is taken as the required 
diameter of the vessel, D, and the cor­
responding cross-sectional area, A, is 
calculated using this diameter. 

The next step in sizing a vertical 
separator is to determine the height. 
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For a two-phase vertical separator, the 
total height can be broken into sec­
tions, as shown in Figure 1. The sepa­
rator height is then calc ul a ted by 
adding the heights of these sections, 
as per Eq. 7. 

If a mi st e liminator pad is used , 
additional hei g ht is added, as 
shown in Figure I. The calculation s 
of diameter and height are detailed 
in the "Design Procedures" section 
of thi s arti c le. 

Horizonta l separators. For hori­
zontal two-pha se se parators, the 
cross -sec tion is occupied by both 
vapor and liquid, as shown in Figure 
2. When sizing hori zontal two- phase 
separa tors, us ually a diameter is 
assumed, LLL is selected or ca lculat­
ed, NLL is set by liquid holdup, and 
HLL is set by liquid surge. The cross­
sectional area between H LL and the 
top of the vessel is used for vapor 
di se ngagement. Th e length of the 
vessel is then calculated to accom­
modate noldup and surge or to facili­
tate vapor liquid separation. Hence, 
thi s ap proach to sizing horizontal 
separa tors, or variations of it , are 
iterative calculations. 

The following will deve lop the 
basic equation used for calculating the 
size of a horizontal separator. For a 
horizontal separator cross section , a 
"volume balance" is written. 

Holdup and surge volumes are calcu­
lated from holdup and surge times 
which are selected according to guide­
lines. The low liquid level area is a 
function of the low liquid level height, 
obtained from guidelines, and the ves­
se l in side diameter. The minimum 
vapor di sengagement area, A yD , is 
typically speci fi ed as one to two ft or 
20% of the vessel inside diameter , 
whichever is greater. The s izin g 
method in the "Des ign Procedures" 
section of this article assumes this for 
A VD and only increases it if the length 

With 
Mist El iminator 

Vapor Without 
Outlet Mist Eliminator 

Liqu id 
Outlet Nozzle 

• Figure 1. Vertical two-phase separator. 

required for vapor-liquid separation is 
much greater than the length required 
for holdup and surge, for a g iven 
diameter. Equation 8 is then a func­
tion of the inside diameter, D , and 
length, L. 

For hori zontal separators, the I iq­
uid droplet to be separated from the 
gas has a hori zontal drag force which 
is not directly opposite to grav ity as in 
the verti cal case. Without detailed 
treatment of two-dimensional particle 
motion, most literature sources recog­
ni ze that the allo wabl e hor izo ntal 
velocity can be higher than the tenni­
nal velocity (2, 5, 7). This can be 

If a mist eliminator pad 

is used, additional 

height is added. 

shown simply by equati ng the "res i­
dence" times of the liquid droplet to 
be settled. That is, the time it takes to 
travel the horizontal length between 
inlet and outlet must be greater than 
the time it takes to settle the vertical 
distance to the liquid surface. 

~> Hy 
VAN - VT 

(9) 

This can be rearranged in terms of the 
allowable horizontal ve locity. 

U AH S; t U T 
V 

(10) 

The length, L, di vided by the height of 
the vilpor disengagement area , HV' 
would always be greater than unity. 
The allowable hori zontal velocity is a 
very subj ec ti ve topic with several 
empirical approaches to modify the 
vertical "f(" value avai lable in the lit­
erature (2, 5, 7, 8). For hori zontal sep­
arator design, the subsequent des ign 
proced ures use a "drople t se ttling 
approach" similar to the API proce­
dure (6) which does not require 
empirical modification of the "f(" val­
ue for vertical settlers. It should be 
noted that when calculating V ,. for a 
hori zontal separator, a "no mist elimi­
nator K value" should be used. 

Design Procedures 
The following design procedures 

and heuri stics are a result of a review 
of literat ure so urces and accepted 
industrial design guidelines. The hori ­
zontal design procedure incorporates 
optimizing the diameter and length by 
minimizing the weight of the shell and 
heads . To add a degree of conser­
vat ism to the design , the vo lume 
available in the heads is ignored. 

Vertical design procedure (See 
Figure 1): 
1. Calc ulate the verti ca l termin al 
vapor velocity: 

VT=K(p Lp~p Yr,ft/s ( 11 ) 

Set V y = 0.75VT for a conservative 
design. Calculate the K value from 
Table I. 
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Nomenclature 

A = vertical vessel cross-sectional 
Area, ft2 

AUL ;;;; cross section for LLL (horizQntal 

vessel) , ft ' 

AT ;;;; total cross scc;tional area 

(horizontal vessel), ft' 

AVD =vapor disengagement area 
required, ft2 

(D = drag coefficient 
D :::: vessel diameter, ft or in. 

Dp = droplet diameter, ft. 

DN ;:; nozzle diarrie~f-r, in. (inlet or out 
let vapor/liquid as specified) 

PVD = vapor disengage~ent diameter, ft 
E = welded jdiQt effi~iency 

FD =drag iorce,lbl 
EG = gravity. force, Ibl 
g == gravitation~1 cQnstant, 32.17 ftls2 

g, = 32.17 (Ibmlft)/(Ib,-S2) 

HD = disgengagement height, ft 

HI{ = hold~p height, ft 

HUN = H u to inlet nozzle centerline 

height, ft 
HU = high liquid level 

HUL = low Liquid Level height, ft 

!I~'E = mist elil1)inator to top tank height, ft 

H, = surge height, ft 

HT = loqd ver:tical separator height. ft 

Hv = vapor disengage!Tlent area height, ft 

K ;;;; terminal velocity constant, ftls 

L = vesse l length, ft 

LU = low liquid level 

LMIN = vaporlliquid separation minimum 
length, ft 

M, = droplet mass, Ibl 
NLL = normal liquid level 
p = pressure, psig or psi a 
Q, = liquid volumetric flow, ft3/min 

QM = mi~ture volumetric flow, ft3/s~ 
ft'f/min 

Qv = vapor volumetric flow, ft9ls, ft9/~n 
S = vessel material stre:;s value, psi 

TH = holdup time, I1)in. 

t, = head thickness, in 

t, = shell thickness, in 

VAH = allowable 11Orizontai velocity, ftls 

VT = terminal velocity, ftls 

Vm = mixture velocity, ft/s 

Vv = vapor yelocity, ftls 
VH = holdup volume, ft' 

VUL = UL volume, ft3 

V, = surge volume, ft3 
VT = total volume (horizo~u~l vessel), fi3 
W = vessel w~igpt. Ibm 

Greek ~tter. 

A. = mixture liquid fraction 
J.iv = vapor viscosity, cP 

PL = liquid density , Ib/ft' 

PM = mixture density, Ib/ft' 
Pv = vapor density, Ib/ft' 
~ = liquid dropout time, s 

2. Calcu late the vapor vo lumetric 
flow rate, 

Qv = (3,60~ CP v)' ft3/s (12) 

3. Calculate the Ves se l (in side) 
di,nneter: 

=(~)112 
U 

,ft 
n; v 

(13) D VD 

Table 2. Liquid holdup and surge times. 
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If there is a mist eliminator, add 3 to 6 
in. to Dvo to accommodate a support 
ring and rpund up to the next 6 in . 
increment to obtain D. If there is no 
mist eliminator D = Dvo. 
4. Calculate the liquid volumetric 
flow rate: 

5. Select holdup time from Table 2 
and calcu late the holdup volume: 

(15) 

6. If the surge vo lume is not specified, 
select a surge time from Table 2 and 
calcu late the surge volume: 

v, '" (T,) (QL) ft' (16) 
7. Obtain low liqu id level height , 
HLLL, from Table 3. 
8. Calculate [he height from low liq­
uid level to normal liquid level: 

V H = . H ft (17) 
H (n /4) D ~' 

I ft minimum 
9. Calculate the height from normal 
liquid level to high liquid level (or 
high level alarm): 

(18) 

6 in minimum 
10. Calculate the height froin high liq­
uid level to the centerlihe of the inlet 
nozzle: 

HUN = 12 + dN' in. (with ihlet diverter) 

HUN = 12 + '/2 dN' in. (without inlet 
diverter) (19) 

Note: dN is calculaiedas per Table 4. 
11. Ca lculate the di sengageme nt 
height, from the centerline of the inlet 
hozzle to: 

a. the vessel ~op tangent line if there is 
no mist eliminator or 
b. the bottom of the demister pad. 

Ho = 36 + '12 dN' in. (without mist 
elimiriator) (20) 

Ho = 24 + 'Iz dN' inches (with mist 
eliminator) 

12. If there is a mist eliminator, take 6 
in. for the mist eliminator pad and take 
1 ft. from the top of the mist eliminator 
to. the top tangent line of the vessel. 
13; Calculate the total height, HI' of 
the vessel: 

where H ME is the height from step 12; 
if there is no mist eliminator H ME = o. 

Horizontal design procedure (See 
Figure 2). 

1. Calculate the vapor voiumetric 
flow rate, Qv using Eq. 12. 

2. Calculate the liquid volumetric 
flow rate, QL' using Eq. 14. 

3. Calculate the vertical terminal 
vapor velocity, Up using Eq. 13, (K 
va lu e as per Table 1 for no mist 
eliminator) . Set Uv = 0.75 UT for a 
conservative design. 

t--:~'AV HLL I fNLL 
D 'A 

~ 'Al: LLL 

• Figure 2. 
Horizontal two-phase 
separator. 

T Surge 
IHoldup 
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Table 6. Cylindrical height 
and area conversions. 

y = la + eX + eX' + gX' + iX")/ 
11-.0+ bX+ dX'+ fX+~) 

HID to AlAr 
y= AlAr 
X=H/D 

B = 4.755930E-5 
b= 3.924091 
e = 0.174875 
d = -6.358805 
9=5.668973 
f=4.018448 
9 = - 4.916411 
h = -1.601705 
i = -0.145348 

AlArto HID 
Y= HID 
X= AlAr 
B = 0.00153756 
b = 26.787101 
c=3.299201 
d=-22.923!132 
8 = 24.353518 
(=-14.844824 
9 = - 36.999376 
h = 10.529572 
i= 9.892651 

4_ Select a holdup time from Table 
2 and calculate the holdup volume, 
VH , using Eq. 15. 

5_ If the surge volume is not speci­
fied , select the surge time from Table 
2 and calculate the surge volume, Vs' 
using Eq. 16. 

6_ Obtain an estimate of UD from 
Table 5 and initially ca lcu late the 
diameter according to: 

( 
4 (VH + 1's) )"J 

D = (n)(0.6)(UD) ,ft (22) 

(Round to nearest 0.5 ft.) 
Calculate the total cross-sectional area 

AT = ~ D 2 (23) 

Calculate the low liquid level height, 
HUL, using Table 3 or 

HLLL = 0.5D + 7, in. (24) 

where D in ft and round up to the 
nearest in ., if D:;:; 4'0" , HLLL = 9 in . 

Table 7. Wall thickness, surface area and 
approximate vessel height. 

Wall Thickness Surface Area 
(in.) 1ft') 

Shell PO 
2SE- l.2P +', 

nDL 

2:1 Elliptical Heads PO 
'ZSE -4J.2P + " 

1.090' 

Hemispherical Heads PO 
4SE -4JAP + t, 

1.5710' 

Dished Heads 0,.5PO 0.8420' 
S. ~.Ip+t. 

Appropriate Vessel Height W=(~){2)A.+2Aw) 
Notes: 

P, design pressure. pSig Itypically, operating pressure + l1!i-30) psi or 10-15%, whichever greaUlr 

T. design pressure, OF Itypically, operating pressure +25-50°F if T .. > 200°F, if T .. < 200°F, 250°F 
• under 650°F does not reduce wall thickness 
• if overpressure caused by boiling, should be TBP 

D, diameter, in. 
5, allowable stress, psi IReference 9) 
E, Joint efficiency, 10.6-1.0), 0.85 for spot e~amined joints, to for l00lh·rey joints 
t" corrosion allowance, in, typically 0 to q in. 
t in., larger of t, and tH Ito nearest q in.) 

8. Us ing Hw!D , obtain ALL/AT 
using Table 6 and calcul ate the low 
liquid area, Auc 

9. If there is no mist elintinator pad, 
the minimum height of the vapor disen­
gagement area (A v) is the larger of 0.2D 
or I ft. If there is a mist eliminator pad, 
the minimum height of the vapor disen­
gagement area is the larger of 0.2D or 2 
ft. Hence, set H v to the larger of 0.2D or 
2 ft ( I ft if there is no mist eliminator). 
Using HID, obtain A/AT using Table 6 
and calculate AI" 

10. Calculate the minimum length to 
accommodate the liquid holdup/surge: 

11. Calculate the liquid dropout time, 

(26) 

12. Calculate the actua i vapor 
velocity, UVA : 

UVA = ~V, ft/ s (27) 
v 

13. Calculate the minimum length 
required for vapor-liquid di sengage­
ment, LMIN: 

(28) 

14. If L < LMIN, then set L = LMIN" 
(Vapor/liquid separation is control­
ling). This simply res ults in some 
ex tra holdup. If L MIN » L , th en 
increase H v and repeat from the step 
9. If L > LMIN' the design is acceptable 
for vapor/ liquid separation . If L » 
LMIN, (Liquid holdup is controlling), L 
ca n only be decreased and L "IN 
increased if H v is decreased . H v may 
only be decreased if it is greater than 
the minimum specified in the step 9. 
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(Calc ul ations would have to be 
repeated from the step 9 with reduced 
Hy) . Calculate UD. If UD > 6.0 then 
increase D and repeat calculations 
from the step 6. If UD < 1.5 , then 
decrease D and repeat calculations 
from the step 6. 

15. Calculate the thickness of the 
shell and heads according to Table 7. 

16. Calculate the surface area of the 
shell and heads according to Table 7. 

17. Calculate the approximate ves­
sel weight according to Table 7. 

18. Increase and decrease the 
diameter by 6 in. increments and 
repeat the calculations until UD has 
ranged from 1.5 to 6.0. 

19. With the optimum vessel size 
(minimum weight), calculate normal 
and high liquid levels: 

(29) 

With ANuiATobtain HNU from Table 6 

(30) 

Example: Size a horizontal sepa­
rator with a mist eliminator pad to 

Qv = 145,600 lhlh = 10.09 ft3/s 

(3,6001i)(4.01; ) 

• Equation A. 

• Equation B. 

UT = (O. I3'V 38.81.014.01 = 0.38, fi/s 

• Equation C. 

(
4(197.90 + 98.95»)"3 

D = n(0.6)(5.0) = 5.01 jtls, use 5.0ft 

• Equation D. 

VH + Vs 197.90 + 98.95 
L= AT-AV-ALLL' L = 19.63 -7.34- 2.16,29.3, say 29.5 ft 

• Equation E. 

2.0 ft 690 
¢ = 0.29 ftls =. s 

• Equation F. 

Size a horizontal 
separator with a mist 

eliminator pad. 

separate the fo llowing mixture. The 
operating pressure is 975 psig and the 
holdup and surge are to be 10 min and 
5 min respectively. Use a design tem­
perature of 650°F. See Table 8. 

1. Calculate the vapor volumetric 
flow rate (Eq. A). 

2. Calculate the liquid volumetric 
flow rate (Eq. B). 

3. Calculate the vertical terminal 
velocity (Eq. C): K = 0.13 (GPSA val­
ue divided by two since " no mi st 
eliminator" value is used) 
U y = 0.75UT = 0.29 ftls 

4. Calculate the holdup volume: 
V

H 
= (10 min. ) ( 19.79 ft '/min .) = 

197.90 ft' 
5. Calculate the surge volume: 

Vs = (5 min.) (19.79 ft' /min.) = 98.95 ft' 
6. Assume UD = 5.0. Initially set 

the diameter (Eq. D) 
AT = 1(/4 (5.0 ft)' = 19.63 ft3. 

7. Calculate low liquid height: 
HUL = (0.5)(5 .0) +7 = 9.5 in. , use 10 in. 

8. Calculate the low liquid level 
area: 
Hw/D=0.167 
Using Table 6, ALL/AT = 0.110 
AUL = (0. 110) (19.63 ft2) = 2.16 ft' 

9. Set Hy = 2 ft, HI D = 2/5 = 0.4 
From Table 6, AIAT = 0.374 
A y = (0.373)(19.63) = 7.34 ft2 

10. Calculate the length to accom­
modate holdup/surge (Eq. E). 

11. Calculate the liquid dropout 
time (Eq. F). 
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12. Calculate the actual vapor 
velocity (Eq. 0). 

13. Calculate LMIN = (1.37 
ft/s)(6 .90 s) = 9.45 ft 

14. L » L MIN but Hv is minimum 
and cannot be reduced so L cannot be 
reduced. 
UD= 29.5/5 .0 = 5.9 

IS. Calculate the thickness of the 
shell and heads according to Table 7: 

• Table 9, use 2: I elliptical heads 
• Assume E = 0.85 
• Assume SA 516 70 Carbon Steel, 

Design Temp. = 650°F 
• From (9), S = 17,500 psi 
• Assume corrosion allowance = 

VI6 in . 
• p = 975 x 1.1 = 1,072 psig (See 

Eq. H). 
use t, = 2-% in. (See Eq. I) 
use tH = 2- V4 in., and use t = 2_3/8 in. 
16. Calculate the surface area of the 
shell and heads according to Table 7: 

A s = Jt(5.0 ft) (29.5 ft) = 463.38 ft' 
and 

AH = (1.09) (5.0 ft) ' = 27.25 ft' 
17. Calculate the approximate vessel 
weight (Eq. J): = 50,224 lb. 
18. Try D = 5.5 ft and repeat calcula­
tions until minimum weight of shell 
and heads is obtained. 1m 

For a free copy of this article, send in 
the Reader Inquiry card in this issue 

with the No. 156 circled. 
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• Equation G. 
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• Equation H. 
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