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NOMENCLATURE

C - constant of integration

E = energy of liquid stream ft

tf - total energy of vortex ft
E = weighted energy ft

energy in vortex due to axial
velocity ft

energy in vortex due to static
pressure ft

Ef = energy in vortex due to tangen
tial velocity ft

g = gravitational constant ft/sec

g = conversion constant lb of
force ft/lb of mass sec

K = proportionality constant units
not fixed

PR = static pressure at radius R ft
P$ - static pressure ft

AP = change in Pf between positions
1 and 2 ft

Q = volumetric flow ft /sec

r = radius of pipe ft

E

E

V

R

radius of void ft

maximum inner pipe radius ft

radial bubble velocity at point
ft/sec

V, =

average radial bubble velocity
ft/sec

absolute velocity at position 1
(before vanes) ft/sec

absolute velocity at position 2
(after vanes) ft/sec

axial velocity component ft/sec

axial velocity before rotation
ft/sec

tangential velocity component
at R ft/sec

tangential velocity component
ft/sec

= average axial velocity ft/sec

= surface tension lb/ft

= liquid density lb/ft

= gas density lb/ft

V =

V. =

V =

V

7

Pi

P2



DEVELOPMENT OF THE PIPE LINE GAS SEPARATOR

J A Hafford

The results of a series of tests on

various components of a model of an
axial gas separator are presented In
particular the following information
is included (1) the measured flow

patterns through two sets of vanes
compared with the expected theoretical
flow patterns (2) the applicability
of volutes and the experimental re
sults obtained with two types of
volutes (3) the most desirable means
of gas removal and removal efficiencies
and (4) a procedure for estimating
required separator length and pressure
loss

The problem of removing relatively
small amounts of gas from a stream of
liquid is usually solved by using a
settling tank which permits bubbles
of gas to rise to a free surface In
applications in which the amount of
liquid hold up is critical this
approach has the serious drawback of
requiring too much liquid However a
chamber which imparts centrifugal
force to the liquid and forces the
gas to a free surface before the liquid
leaves the chamber offers a possible
solution There are several such

mechanical separators which can be
used The most promising is the pipe
line or axial gas separator which
occupies a straight section of pipe
that in most applications would be
available

The pipe line gas separator con
sists of a means of imparting rotation
to the liquid that is vanes or a
volute and a section of pipe with a
void space in the center to provide
the free surface for gas to travel to
and from where it will be removed If

it is desired the energy of rotation
can be partially recovered with vanes
or a volute at the discharge end of
the separator

A model of the axial gas separator
was built and several runs were made

to test vanes and volutes of different

types for energy conversion and
recovery and for gas-removal ef

ficiency Tests were also run on the
most feasible means of controlling the
size of the void

It is desired to acknowledge the
assistance and encouragement given by
I Spiewak of Oak Ridge National
Laboratory and G F Wislicenus of
Johns Hopkins University during the
course of this work

EXPERIMENTAL APPARATUS

The separator model consisted of
5 in lucite tubing of various lengths
to test the effect of vortex length on
the performance of the separator Two
sets of vanes were built to provide
rotation and one to test recovery
One conventional volute was built to

test both rotation and recovery and
one modified volute was built to test

rotation only These components are
discussed in the section on Velocity
Distribution

Figure la shows a schematic layout
of the loop used during the runs
Figure 16 shows the assembled separator
model This photograph was taken
before any runs had been made The
pump had a maximum output of 900 gpm
at a head of 75 ft of water The

maximum flow rate used during the
runs was 600 gpm Air was the only
gas used and it was metered into the
system through a Flowrater which had
been calibrated against a wet test
meter used to meter the separated
gas

The separator discharged into a
surge tank of 500 gal capacity Even
though baffles were provided in the
tank a small amount of gas was
entrained which later was picked up in
the void of the separator However
other errors in measurements exceeded
that introduced by the additional gas

When the volute was used at the

discharge end of the separator it was
possible to insert a rod into the void
along its axis On the end of the rod
was a small ball bearing with two pins
welded radially to it Two adjustable





paddles on the pins rotated with the equations taken from a report by
water and could be timed with a Peebles (2)
Strobotac In this manner the To complete the calculations of
tangential component of the water vane discharge angle the axial
velocity was measured over the length velocity distribution must be known
of the separator under a variety of The expected axial velocity variation
conditions The absolute direction of is shown to be (app A)
flow was determined by inserting a

streamer into the water and measuring dV (Vt dVt
the angle of flow with a protractor (2) V '= ~V,
The axial component of flow could then
be calculated and by substituting Eq 1 in Eq 2

The gas could be introduced either anc[ integrating
directly into the void or into the
liquid several diameters upstream from 2 . _ „2 , op/2d _ op/2
the separator Means for removal of a R
gas included central take offs at both or
ends of the separators and various (3) y (r) _ 4 V2 + 3K2(R - r)
types of annular take-offs The
pressure in the separator was usually
about 20 to 30 psig VR ls found b* assuming a value for

Provisions for measuring pressures the axial velocity and then finding the
ip „ .. _ _ l „„ „ ,. v, o average axial velocity from Lq 3at a number of points along the ° ' "*

1 j a ti,„ „„„,. oil This trial and error procedure isseparator were included lhe over-ail r
, 1 ,_ r „ ,i „ repeated until a value is lound lor '„pressure drop averaged out lor the ^ «

. , „u„„^ 9 i-„ 1 that gives the correct average axialvarious components to be about I to 3 6 ,,,,,/ , 1/ , ,
, . , velocity With V and Vt known the

velocity heads ' , ' .
direction of the absolute velocity

VELOCITY DISTRIBUTION

(1) Vt = KnTt"

a dr *\ r dr

which is the desired vane discharge
angle can be found

, During the actual fabrication of
Vanes Vanes possess several ,

r the first set of vanes a drawing
inherent advantages for gas separator , , , „„.,., 1 #-„„ *6 ° r was misinterpreted and the resultant
design They are simpler to construct ^^ the theoretlcal distribution
than volutes and they require less ^^ ^ g The experlme ntally
volume in the system In addition , , ,

1 , determined velocities are shown in
the velocity profiles can be regulated „ ,
by the shape of the vane system
However the problem of entry and exit The energy distributions were calcu
from the void is somewhat more compli lated from the experimental data by
cated and void shape and stability graphical methods that use the formulas
are less certain than in the case of a developed in Appendix B There is
volute apparently good conversion of energy

In selecting a flow pattern a from static pressure to velocity The
tangential velocity defined by the over all efficiency of conversion is
relation about 857

The first set of vanes did a good
job of separation of gas but the void

was chosen This choice was based on created was a series of lumps and
the data presented in a report by thus there was indication of an un
Peters (1) which indicated that a expected oscillating radial velocity
vortex of this nature was quite stable in the vortex The reason for this
the radial bubble velocity was theo is not clear The void although
retically adequate as calculated from irregular was quite stable and the



Fig 2

Distribution
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DWG 20876

Theoretical Velocity

Model I

tangential velocity decayed in an
orderly manner but the profile of
axial velocity was quite erratic
Figure 3 shows the variations of V
and V with distance from the vanes
The irregular void appeared to cause
some difficulty in gas removal the

snozzle had to be carefully placed
to get suitable efficiency In
general the first set of vanes was
not wholly satisfactory and a second
set was constructed

The second set of vanes was designed
to give a theoretical distribution of

(4)
K

77

This distribution when substituted in
Eq 2 gives

"K

UNCLASSIFIED
DWG 20877

Fig

bution

3 Measured Velocity Distri

Model I

V2 =
K2

+ C

For the case in question
equal to V for all radii (that is
vane discharge angle set to 45 deg)
thus

K

was set

t 47

(i e C = 0)

Here K is determined from conditions

of continuity Figure 4 shows the
theoretical velocity distribution
and Fig 5 shows the experimental
distribution

The energy relations show a vane
efficiency of about 90% for a vortex
of greater intensity than that of the
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Fig 4 Theoretical Velocity

Distribution Model II

previous model The gas separation
was decidedly improved and the gas
removal was simplified because the void
was smooth and stable

Again the vortex was stable and
decayed in a regular fashion however
the axial velocity profile was more
erratic than that in Model I The

variation of V and V with distance
a t

from the vanes is shown in Fig 5
The theory used in vane design only

roughly approximates the actual flow
conditions At present there is no
quantitative method of determining
what the actual flow patterns will be
for any given vane configuration A
general qualitative feeling for the
problem can be gained however by a

^u
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Fig 5 Measured Velocity Distri

bution Model II

study of the theory the deviations
being in a generally expected direction

The method of fabrication of the

vane system is of interest Vanes for
Model I were cut from 5 in lucite

tubing The varying discharge angle
was achieved by cutting away the
cylindrical section to the proper
distance Vanes for Model II had a

constant discharge angle and were cut
from sheet copper bent to the desired
parabolic shape and soldered to the
supports Figures 6 and 7 show these
vane systems

Recovery Vane System In the

recovery vanes the leading edge of
the vane should be parallel to the
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Fig 10 Principle of Operation

of Helical Vane

section with the downstream take off

being a little more reliable for com
plete removal

When no gas is flowing there will
be little or no void existing in the
separator and the liquid will be
flowing in relatively large amounts
through the take off If however
it is desired that a gas space be
maintained under all conditions of

operation that is if the void were
to be used as a pressurizer the
take off must be an annulus whose

outside diameter is larger than the
minimum required void size A shaped
knob with its maximum diameter equal
to the minimum void size allowed is

placed in the center of the take-off
a short distance from the entrance as

shown in Fig 12

10

Attempts to provide complete gas
removal with a single annular take off
were not successful in that many
bubbles were swept past with the liquid
stream However if the above re

strictions are complied with es
sentially complete -gas removal is
experienced with all void sizes

In removing the gas a definite
amount of entrainment is unavoidable

The pressure drop in the gas take off
line will be dependent on the amount
of liquid entrained or conversely
the amount of liquid entrained will be
largely a function of available pressure
drop and pipe size Several papers on
calculation of pressure drop in two
phase flow have been published ^ '
Reference 4 is the most complete
publication and it refers to other
work in the field Future tests are

planned to determine the applicability
of these calculations to larger scale
operations

REQUIRED SEPARATOR LENGTH

The required length of a sepa
rator can be estimated by using the
calculations given in ref 2 for
bubble velocity (app D) The length
of vortex section required for the
model compared very favorably with
the visually observed separation of
bubbles The observation was aided
by the use of a Strobotac to detect
bubbles left in the liquid stream
No bubbles could be seen beyond
about two pipe diameters (10 in )
from the vane systems It is well
to state here that to make accurate

predictions the velocity profiles
must be known accurately The
calculations in Appendix D were
based on a relatively large bubble
size If very small bubbles less
than 0 010 in in diameter were

present the length of required
separator could be much greater

PRESSURE DROP THROUGH A SEPARATOR

The pressure drop through a gas
separator can be approximated by
assuming an efficiency of conversion
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Fig 12 Gas Take Off for Mainte

nance of Large Void

of pressure to velocity in the rota
tion system of 907 and a recovery
efficiency of 80% The pressure

drop in the vortex will be about
three times that which would exist

without rotation

CONCLUSIONS

Either vanes or volutes may be
used both as rotation systems or
recovery systems with good results
The choice must be made on the basis

of the requirements of the whole
system

Gas removal is very good if a
centrally located take off is used
The void size is controlled largely
by the inside diameter of the gas
take off line For the assured

maintenance of a large void a take
off as large as the diameter of the
void desired and having a recessed
annulus must be used

The required length of the vortex
as calculated is reasonably accurate
if the velocity pattern is known
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Appendix A

FLOW THROUGH STATIONARY VANES

The assumption is made that the entire flow field is at constant energy
This assumption leads to

v2 y2

1 2AP, =
s 2g 2g

where

V2 = V2 + V21 tj at

V2 = V2 + V2
2 t a

2 2

and therefore

AP.
V*t + Vl, - Vt2 ~V\

2g

Upon differentiating to get the radial pressure gradient

oWs) vti dvti vai dvai vt2 dvt2 v„2 dVc
dr g dr g dr g dr g dr

it can be shown that

and

Hence

dps v2 dps v\
Sl *1 S2 %2

= and =
dr rg dr rg

dr dr rg

2V. dVt V dV V2 V. dV. Vn dVn Vt2 t2 a2 a2 t2 tj tl aj a, tj
+ + = 0

g dr g dr rg g dr g dr rg

Y;[—+ IT) +"•. TT *v-, IT"+ —I ' v-
In the case of no rotation before the vanes

V, = 0 V constant
ai

Therefore by dropping subscript 2

Vt dVt\ dVav (— +— + y —— = 0
*V r dr J a dr

13



Appendix B

ENERGY BALANCE EQUATIONS

The energy before the vanes is

V2
ao

(1) E = — + P
2g

The total energy in the vortex at radius r is

V*(r) V]{r)
(2) E(r) = + + P(r)

2g 2g

The axial and tangential energy components are self evident and

i rRy2t{r) i y> y2t{r)i f *v?(r) 1 ^
(3) P.(r) - P„ -—I dr = ?„-->, Ar

r

To find the energy passing through a section of the vortex E{r) must be weighted
for area and velocity that is

- 277 rR
)

where

_Q =ttR2 va
Va = average axial velocity ft/sec

Substituting Eq 2 in Eq 4 gives

1 CR

(4) E=-^-f*E(r) Va(r) r dr
Q JO °

(5) E= — jR rV3a(r) + rVJr) V2Ar) + 2gr Va(r) P,(r) dr
gR2Va °

Into summation form Eq 5 becomes

(6) E = — 21 rV3a(r) + rVJr) V2Ar) + 2gr V (r) P,(r) Ar
g/?2K »

or

£ = Ea + £t + Ep

The energy is evaluated from experimental measurements of V V. and P,

14



Appendix C

ANALYSIS OF HELICAL VANE

The assumptions are made that (1) the absolute velocity remains constant and
is V and (2) the axial component of velocity varies inversely with the radius

a0
that is V = Kr = axial component of velocity (assuming there is no radial
velocity) Then

(1)
K37T

sQ
\

/" dr +
ttK frVUr

2ttK
+ P„ "

V.

E

Now from the assumptions

(2) Vt - V% cos e- Jv2ao - v2a
where 6 is the angle of absolute flow or

(3) Vt-JVln--r
Also to find /" P dr

*o r

'r s
v

K\2
R V2

XR

Ps(r) dr

E.

J

(v2 -I)
r* 1 ' t 1 /* «\ % r) If
I dr =— / dr = — I

Jr S r g J r r gJr

i rRk2
dr - — I dr

g Jr r3

i r k2— \V2a (In R - In r) +— (B 2 - r/)

(4)

So

1 / #2
P = [V2 In fi + " V2 In

s g Vao 2R2
II
2r2

/•« 1 / , tf2\ /** ao /•« , , K2 /•* dr
(5) / P, dr = (V2 In R + )Jr dr / In r dr - —- /
v ' *, • g V o 2i?/ g Jr, 2g ^ r2

=—(V2. lnfi +̂ )l* ~r.) "
g \ ao

V2
a. "l«

r In r _ r A! 1
~2g r

U2

ao r i X2 /I 1lf(fl - r.) "—[<* lnfl -fl) " (r. In r, - r, )] +- [^ - -

15



Substituting Eqs 3 and 5 into Eq 1 gives

k3tt rR nK rR / K2\(6) ET =—- f r 2 dr +— / V2 - — ] dr
T SQ •*• g<? Jr Va° r2/

+P„ - — j*<« - rw) - —^ \(R In R- A)

Equation 6 is evaluated in the following

sQ

K37T

(r» ln % - r„>

2g \R

7 SQ \R r J gQ *l. «-'.>+'* (j'T + p.

r V2
2-rrK °o r •, u2 /1 1 \ 1+—^M(R-rv)-— [(R InR.R) . (r, lnr, _rJ] +JL(±-±U

For the experimental model

Flow rate = 300 gpm of water = 0 669 ft3/sec

Inside diameter of pipe = 5 in

Radius of helix hub = 3 in

Inlet area = 5 in

The solution for Kis obtained by using Eq 2 and the second assumption to give
K = r V sinff

o

At R = 42 ft and 6-17 deg

K = 0 208 (ft) x 19 3 (ft/sec) x 0 304

or

K = 1 24 (ft2/sec)
Q = 0 669 ft3/sec

R = 0 208 ft

rv = 0 125 ft

Thus

K3tt \ -2 1077
£ =

gQ \R rJ 32 2 x 0 67 \0 208 ~ 0 125

7lK
V2 (R - r ) + K-

1 1

R ~ T

16

3 14 x i 24

=32 2 x 0 67 [368(° °83) +164("3 19)]
= 4 70 ft

0 976 ft



27*
£ = PR -— P (r)
p R n

where

_1
g V o — " 2R

and thus

2-nK f 368 r
E = P„ <-\l 8 0 208 - 0 125 [(0 208 In 0 208 - 0 208)p R Q \ 32 2

, 1 54 / 1 1
- (0 125 In 0 125 - 0 125)] +

M=-(V2 In R +-—] = - 17 8

= PR - 1 74 ft

K2
[(R In R - R) - (r In r - r )] +

V 2g VR

64 4 \0 208 0 125y

For the energy balance

KE in inlet = 5 72 ft

Therefore

P( ni t) + 5 72 " losses = ET = 0 976 + 4 70 + PR - 1 74

P( niet) - P„ = 5 66 - 1 74 - 5 72 + losses

^( ni t) ~ ^R = ~1 ^® + losses = AP across vane
Experimental AP was found to be 0 55 ft of H20 Thus the losses were 1 35 ft

Care must be exercised in any application of this analysis Obviously if
r becomes small V gets very large and the calculation breaks down

The inlet velocity was 19 3 ft/sec so 0 23 velocity head was lost However
the liquid must be greatly accelerated before it enters the helix and thus it
introduces further losses

17



Appendix D

CALCULATION OF REQUIRED GAS SEPARATOR LENGTH

Equation 29d on p 25 of ref 2 that 1s

.0 083

where

8 K (Pi -pa>
3 r px

is used to obtain the bubble velocity
For the model

7 = 5 7 x 10 3 lb/ft

P1 = 62 4 lb/ft3
p2 = 0 081 lb/ft3

Substituting these values in the above equation gives
0 332

«=0199 (-?-)
To get a conservative average bubble velocity

.R

R-r R - r £-i \r

dr n / ,\° 332R y2 \
Ar — ' y •

the velocity profile at 14 in from the vanes was used and it was found that

u = 1 84 ft/sec

Now

R- rv =0 146 ft
and thus the time for a bubble to get to the void is

0 146
= 0 0794 sec

1 84

If the axial velocity is assumed constant then

- Q 1 34
V = = ^—— = 10 8 ft/sec

tt(R2 - r2) n x ° 0395
V

The length of the separator is then

0 0794 x 10 8 - 0 86 ft - 10 3 in

or about two pipe diameters It was visually observed that the last bubbles
reached the void in about two pipe diameters

18
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