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SECTION 7

Separators and Filters

PRINCIPLES OF SEPARATION

Three principles used to achieve physical separation of gas
and liquids or solids are momentum, gravity settling, and coa-

lescing. Any separator may employ one or more of these prin-
ciples, but the fluid phases must be "immiscible” and have
different densities for separation to occur,

FIG. 7-1
Nomenclature
A = area, fi? M = mass flow, Ib/sec
A, = particle or droplet cross sectional area, ft* M, = mass of droplet or particle, b
C = empirical constant for separator sizing, ft/hr MW = molecular weight, 1b/lb mole
C* = empirical constant for liquid-liquid separators, P = system pressure, psia
(bbl « cp)/(ft* « day) Q = estimated gas flow capacity, MMscfd per ft* of
C’' = drag coefficient of particle, dimensionless (Fig. 7-3) filter area
pg = gas phase density, Ib/ft? Qa = actual gas flow rate, ft*/sec
p; = liquid phase density, droplet or particle, Ib/ft® R = gas constant, 10.73 (psia « ft°)/(°R » Ib mole)
D; = separator inlet nozzle diameter, in. Re = Reymolds number, dimensionless
D, = droplet diameter, ft Sy = specific gravity of heavy liquid, water = 1.0
D, = inside diameter of vessel, ft Sg = specific gravity of light liquid, water = 1.0
G, = maximum allowable gas mass-velocity necessary T = system temperature, °R
for particles of size D, to drop or settle out of gas, t = retention time, minutes
Ib/(hr « ft%) U = volume of settling section, bbl
g = acceleration due to gravity, 32.2 ft/sec’ p = viscosity of continuous phase, cp
Hy = width of liquid interface area, ft V, = critical or terminal gas velocity necessary for
J = gas momentum, Ib/(ft . sec?) particles of size D, to drop or settle out of gas,
K = empirical constant for separator sizing, ft/sec fi/sec
Kcg = proportionality constant from Fig. 7-4 for use in W = total liquid flow rate, bbl/day
Eq 7-5, dimensionless W.s = flow rate of light condensate liquid, bbl/day
L = seam to seam length of vessel, ft Z = compressibility factor, dimensionless
Lz = length of liquid interface area, ft :

Filter Separators: A filter separator usually has two com-
partments. The first compartment contains filter-coalesc-
ing elements. As the gas flows through the elements, the
liquid particles coalesce into larger droplets and when the
droplets reach sufficient size, the gas flow causes them to
flow out of the filter elements into the center core. The
particles are then carried into the second compartment of
the vessel (containing a vane-type or knitted wire mesh
mist extractor) where the larger droplets are removed. A
lower barrel or boot may be used for surge or storage of the
removed liquid.

Flash Tank: A vessel used to separate the gas evolved from
liquid flashed from a higher pressure to a lower pressure.

Line Drip: Typically used in pipelines with very high gas-
to-liquid ratios to remove only free liquid from a gas
stream, and not necessarily all the liguid. Line drips pro-
vide a place for free liquids to separate and accumulate.

Liquid-Liquid Separators: Two immiscible liquid phases
can be separated using the same principles as for gas and
liquid separators. Liquid-liquid separators are fundamen-
tally the same as gas-liquid separators except that they

must be designed for much lower velocities. Because the
difference in density between two liquids is less than be-
tween gas and liquid, separation is more difficult.

Scrubber or Knockout: A vessel designed to handle
streams with high gas-to-liquid ratios. The liquid is gener-
ally entrained as mist in the gas or is free-flowing along
the pipe wall. These vessels usually have a small liquid
collection section. The terms are often used interchange-
ably.

Separator: A vessel used to separate a mixed-phase stream
into gas and liquid phases that are "relatively” free of each
other. Other terms used are scrubbers, knockouts, line-
drips, and decanters.

Slug Catcher: A particular separator design able to absorb
sustained in-flow of large liquid volumes at irregular inter-
vals. Usually found on gas gathering systems or other two-
phase pipeline systems. A slug catcher may be a single
large vessel or a manifolded system of pipes.

Three Phase Separator: A vessel used to separate gas and
two immiscible liquids of different densities (e.g. gas,
water, and oil).

71
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Momentum

Fluid phases with different densities will have different mo-
mentum. If a two phase stream changes direction sharply,
greater momentum will not allow the particles of the heavier
phase to turn as rapidly as the lighter fluid, so separation oc-
curs. Momentum is usually employed for bulk separation of
the two phases in a stream.

Gravity Settling

Liquid droplets will settle out of a gas phase if the gravita-
tional force acting on the droplet is greater than the drag force
of the gas flowing around the droplet (see Fig. 7-2). These
forces can be described mathematically using the terminal or
free settling velocity.

-

The drag coefficient has been found to be a function of the
shape of ihe particle and the Reynolds number of the flowing
gas. For the purpose of this equation particle shape is consid-
ered to be a solid, rigid sphere.

2gM; (py-py)

4gD, Pz~ Po) .
PrPeAp C e

3pgC

Reynolds number is defined as:

Rez_llmii)d_‘_ﬂt Eq 7-2

In this form, a trial and error solution is required since both
particle size, Dy, and terminal velocity, Vi, are involved. To
avoid trial and error, values of the drag coefficient are pre-

FIG.7-2
Forces on Liquid Droplet in Gas Stream

Drag Force of
Gas on Droplet
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Gravitational Force
on Droplet

Gas Velocity

eliminates velocity from the expression'. The abscissa of
Fig. 7-3 is given by:

_ (0.95) (10% py Dy (p/—py)

sented in Fig. 7-3 as a function of the product of drag coeffi- C (Re)® 2 Eq7-3
cient, C', times the Reynolds number squared; this technique K
FIG. 7-3
Drag Coefficient of Rigid Spheres

80

80

a0 G

30 N
O 20 N
e N
pd N
W 49 s
Q g S,
T "
w 6
o)
S 3
) M
< N
&

I~
[y
10 B
08
P—
0.4 +
|
2 3 4 5678 2 3 45678 2 3 45678 2 3 45678 2 3 45678
10' 10? 10 10* 10°
C’'(Re)’
7-2

4 0f 48



Gravity Settling - Limiting Conditions
As with other fluid flow phenomena, the drag coefficient
reaches a limiting value at high Reynolds numbers.

Newton’s Law—For relatively larger particles (approxi-
mately 1000 microns and larger) the gravity settling is de-
scribed by Newton’s law (Fig. 7-4). The limiting drag
coefficient is 0.44 at Reynolds numbers above about 500, Sub-
stituting C’ = 0.44 in Eq 7-1 produces the Newton's law equa-
tion expressed as:

g Dp (ps—pg)
Pe

V, = 1.74 Eq7-4

An upper limit to Newton’s law is where the droplet size is
so large that it requires a terminal velocity of such magnitude
that excessive turbulence is created. The maximum droplet
which can settle out can be determined by:

2 033

D, = ch[—"—}

Eq7-5
EPs (Pr—Po)

For the Newton'’s law region, the upper limit to Reynolds
number is 200,000 and Kcg = 18.13.

Stokes’ Law—At low Reynolds numbers (less than 2), a
linear relationship exists between drag coefficient and the
Reynolds number (corresponding to laminar flow). Stokes’ law
applies in this case and Eqg 7-1 can be expressed as:

1,488 g Df (p/— pg)
18

The droplet diameter corresponding to a Reynolds number
of 2 can be found using a value of 0.0080 for Kcg in Eq 7-5.

The lower limit for Stokes’ law applicability is a droplet di-
ameter of approximately 3 microns. The upper limit is about
100 microns.

V, = Eq 7-6

A summary of these equations is presented in Fig. 7-4.

Coalescing

Very small droplets such as fog or mist cannot be separated
practically by gravity. These droplets can be coalesced to form
larger droplets that will settle by gravity. Coalescing devices
in separators force gas to follow a tortuous path. The momen-
tum of the droplets causes them to collide with other droplets
or the coalescing device, forming larger droplets. These larger
droplets can then settle out of the gas phase by gravity. Wire
mesh screens, vane elements, and filter cartridges are typical
examples of coalescing devices.

SEPARATOR DESIGN AND
CONSTRUCTION

Separators are usually characterized as vertical, horizontal,
or spherical. Horizontal separators can be single or double bar-
rel and can be equipped with sumps or boots.

Parts of a Separator

Regardless of shape, separation vessels usually contain four
major sections, plus the necessary controls. These sections are
shown for horizontal and vertical vessels in Fig. 7-5. The pri-
mary separation section, A, is used to separate the main por-

S5o0f48
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tion of free liquid in the inlet stream. It contains the inlet
nozzle which may be tangential, or a diverter baffle to take
advantage of the inertial effects of centrifugal force or an
abrupt change of direction to separate the major portion of the
liquid from the gas stream.

The secondary or gravity section, B, is designed to utilize
the force of gravity to enhance separation of entrained drop-
lets. It consists of a portion of the vessel through which the gas
moves at a relatively low velocity with little turbulence. In
some designs, straightening vanes are used to reduce turbu-
lence. The vanes also act as droplet collectors, and reduce the
distance a droplet must fall to be removed from the gas stream,

The coalescing section, C, utilizes a coalescer or mist extrac-
tor which can consist of a series of vanes, a knitted wire mesh
pad, or cyclonic passages. This section removes the very small
droplets of liquid from the gas by impingement on a surface
where they coalesce. A typical liquid carryover from the mist
extractor is less than 0.1 gallon per MMscf.

The sump or liquid collection section, D, acts as receiver for
all liguid removed from the gas in the primary, secondary, and
coalescing sections. Depending on requirements, the liquid
section should have a certain amount of surge volume, for de-
gassing or slug catching, over a minimum liquid level neces-
sary for controls to function properly. Degassing may require
a horizontal separator with a shallow liquid level while emul-
gion separation may also require higher temperature, higher
liquid level, and/or the addition of a surfactant.

Separator Configurations

Factors to be considered for separator configuration selec-
tion include:

+ How well will extraneous material (e.g. sand, mud, cor-
rosion products) be handled?

How much plot space will be required?

Will the separator be too tall for transport if skidded?
Is there enough interface surface for three-phase sepa-
ration (e.g. gas’hydrocarbon/glycol liguid)?

Can heating coils or sand jets be incorporated if re-
quired?

How much surface area isavailable for degassing of sepa-
rated liquid?

Must surges in liquid flow be handled without large
changes in level?

Is large liquid retention volume necessary?

Vertical Separators

Vertical separators, Fig. 7-6, are usually selected when the
gas-liquid ratio is high or total gas volumes are low. In the
vertical separator, the fluids enter the vessel striking a divert-
ing baffle which initiates primary separation. Liquid removed
by the inlet baffle falls to the bottom of the vessel. The gas
moves upward, usually passing through a mist extractor to
remove suspended mist, and then the "dry" gas flows out. Lig-
uid removed by the mist extractor is coalesced into larger drop-
lets which then fall through the gas to the liquid reservoir in
the bottom. The ability to handle liquid slugs is typically ob-
tained by increasing height. Level control is not critical and
liquid level can fluctuate several inches without affecting op-
erating efficiency. Mist extractors can significantly reduce the
required diameter of vertical separators.

As an example of a vertical separator, consider a compressor
suction serubber. In this service the vertical separator:



FIG.7-4
Gravity Settling Laws and Particle Characteristics
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FIG. 7-6
Example Vertical Separator with Wire Mesh Mist Extractor

Primary Separation
Gravit?Seelﬁfng
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A -
B-
6 i

D - Liquid Collecting

iquid
Ot

Inlet
Diverter I
\' Wire Mesh
Mist Extractor
Gas Outiet 4
/!
P -
E /’J .\j\ ; sF:?w'o
L —__:I N )
Iniet I D, or
Diverter A - 1 24" min*
Inlet D, ——a-[: 2D,
-~ E
A LSH (SD) 127 (min.)
A -
LGAC | 127 (min.)
O b———%
o Slug. | 12* (min,
- b ) capaoy ST
e A
LSH &SID} Level Switch High (Shutdown)
LG/LC Level Gauge/Level trolier

Note 1: dimensions may be influenced by instrument connection require-
ments,

*Note 2: for small diameter separators (< 48" ID.) with high L/G inlet flow
ratios this dimension should be increased by as much as 50%.

Note 3: may use syphon type drain to:
A. reduce vortex possibility

B. reduce external piping that requires heating (freeze protection)

« Does not need significant liquid retention volume.

* The liquid level responds quickly to any liquid that en-
ters—thus tripping an alarm or shutdown.

¢ The separator occupies a small amount of plot space.

Horizontal Separators

Horizontal separators are most efficient where large vol-
umes of total fluids and large amounts of dissolved gas are
present with the liquid. The greater liquid surface area in this
configuration provides optimum conditions for releasing en-
trapped gas. In the horizontal separator, Fig. 7-7, the liquid
which has been separated from the gas moves along the bot-
tom of the vessel to the liquid outlet. The gas and liquid cccupy
their proportionate shares of shell cross-section. Increased
slug capacity is obtained through shortened retention time
and increased liquid level. Fig. 7-7 also illustrates the separa-
tion of two liquid phases (glycol and hydrocarbon). The denser
glycol settles to the bottom and is withdrawn through the
"boot.” The glycol level is controlled by a conventional level
control instrument.

In a double barrel separator, the liquids fall through con-
necting flow pipes into the external liquid reservoir below.
Slightly smaller vessels may be possible with the double barrel
horizontal separator where surge capacity establishes the size
of the lower liquid collection chamber.

7-5

As an example of a horizontal separator consider a rich
amine flash tank. In this service:

¢ There is relatively large liquid surge volume leading to
longer retention time (this allows more complete release
of the dissolved gas and, if necessary, surge volume for
the circulating system).

There is more surface area per liquid volume to aid in
more complete degassing.

The horizontal configuration would handle a foaming lig-
uid better than a vertical.

The liquid level responds slowly to changes in liquid in-
ventory.
Spherical Separators

These separators are occasionally used for high pressure
service where compact size is desired and liquid volumes are
small. Fig. 7-8 is a schematic for an example spherical sepa-
rator. Factors considered for a spherical separator are:

* compactness;
¢ limited liquid surge capacity;

* minimum steel for a given pressure.

7 of 48



FIG. 7-7
Example Horizontal Three-Phase Separator with Wire Mesh Mist Extractor
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Example Spherical Separator’
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Courtesy Amenican Petroleum institute
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GAS-LIQUID SEPARATOR DESIGN
Specifying Separators

Separator designers need to know pressure, temperature,
flow rates, and physical properties of the streams as well as
the degree of separation required. It is also prudent to define
if these conditions all occur at the same time or if there are
only certain combinations that can exist at any time. If
known, the type and amount of liquid should also be given,
and whether it is mist, free liquid, or slugs.

For example, a compressor suction scrubber designed for
70-150 MMscfd gas at 400-600 psig and 65-105°F would re-
quire the separator manufacturer to offer a unit sized for the
worst conditions, i.e., 150 MMscfd at 400 psig and 105°F. But
the real throughput of the compressor varies from 150 MMscfd
at 600 psig, 105°F to 70 MMscfd at 400 psig, 65°F. Because the
high volume only occurs at the high pressure, a smaller sepa-
rator is acceptable. Conversely, a pipeline separator could be
just the opposite because of winter to summer flow changes.

Basic Design Equations

Separators without mist extractors are designed for gravity
settling using Eq 7-1. Values for the drag coefficient are given
in Fig. 7-3 for spherical droplet particles. Typically the sizing
is based upon removal of 150 micron diameter droplets.

Most vertical separators that employ mist extractors are
sized using equations that are derived from Eq 7-1. The two
most common are the critical velocity equation:

i , 0/~ P,
Py
and the correlation developed by Souders and Brown? to relate

vessel diameter to the velocity of rising vapors which will not
entrain sufficient liquid to cause excessive carryover:

Gm = CVpg (py—Pg)

Note that if both sides of Eq 7-7 are multiplied by gas den-
sity, it is identical to Eq 7-8 when:

C = 3600K

Some typical values of the separator sizing factors, K and C,
are given in Fig.7-9. Separators are sized using these equa-
tions to calculate vessel cross-sectional areas that allow gas
velocities at or below the gas velocities calculated by Eq 7-7 or
7-8.

Horizontal separators with mist extractors are sized using
Eqgs 7-7 and 7-8 except that a factor is added for the length, L,
of the gas flow path®. In horizontal separators, the gas drag
force does not directly oppose the gravitational settling force.
The true droplet velocity is assumed to be the vector sum of
the vertical terminal velocity and the horizontal gas velocity.
Hence, the minimum length of the vessel is calculated by as-
suming the time for the gas to flow from the inlet to the outlet
is the same as the time for the droplet to fall from the top of
the vessel to the surface of the liquid. In calculating the gas
capacity of horizontal separators, the cross-sectional area of
that portion of the vessel occupied by liquid (at maximum
level) is subtracted from the total vessel cross-sectional area.
Separators can be any length, but the ratio of seam-to-seam
length to the diameter of the vessel, L/D,, is usually in the
range of 2:1 to 4:1.

Vi Eq 77

Eq7-8

Eq7-9

7-7

FIG. 7-9
Typical K & C Factors for Sizing Woven Wire Demisters

K Factor C Factor
Separwioe Type (ftsec) (fuhr)
Horizontal (w/vert. pad) 0.40 to 0.50 1440 to 1800
Spherical 0.20 to 0.35 720 to 1260
Vrt. or Horiz. (w/horiz. pad) |0.18 t0 0.36 648 to 1260
@ Atm. Pressure 0.36 1260
@ 300 psig 0.33 1188
@ 600 psig 0.30 1080
@ 900 peig 0.27 972
@ 1500 psig 0.21 756
Wet Steam 0.25 9500
Most vapors under vacuum 0.20 720
Salt & Caustic Evaporators 0.15 540
Note:
(1) K=0.35 @ 100 psig — Subtract 0.01 for every 100 psi
above 100 psig.
(2) For glycol and amine solutions, multiply K by 0.6 - 0.8.
(3) Typically use one-half of the above K or C values for
approximate sizing of vertical separators without woven
wire demisters.
(4) For compressor suction scrubbers and expander inlet
separators multiply K by 0.7 - 0.8.
L 0.56
V. =K Ly [l Eq 7-10
Py 10
L 0.66
Ga = CVPg (= Pp) [—w] Eq7-11

Frequently separators without mist extractors are sized us-
ing Eq 7-7 and 7-8 with a constant (K or C) of typically one-half
of that used for vessels with mist extractors. Although com-
bining the drag coefficient and other physical properties into
an empirical constant is unsound, it can be justified since:

* Selection of the droplet diameter (separation efficiency)
is arbitrary. Even if the diameter can be selected on a
rational basis, little information is available on the mass
distribution above and below the selected size.

¢ Liquid droplets are not rigid spherical particles in dilute
concentration (unhindered settling).

Note: A number of the "separator” sizing equations given
only size the separation element (mist extractor, Eqs 7-7, 7-8,
7-10, 7-11, and vane separator, Eq 7-13): these equations do
not directly size the actual separator containment vessel.

Thus, for example, a 24 in. diameter wire mesh mist extrac-
tor might be installed in a 36 in. diameter vessel because the
liquid surge requirements dictated a larger vessel.

Separators without Mist Extractors

This is typically a horizontal vessel which utilizes gravity as
the sole mechanism for separating the liquid and gas phases.
Gas and liquid enter through the inlet nozzle and are slowed
to a velocity such that the liquid droplets can fall out of the
gas phase. The dry gas passes into the outlet nozzle and the
liquid is drained from the lower section of the vessel.

9 0of 48



To design a separator without a mist extractor, the minimum
size diameter droplet to be removed must be set. Typically this
diameter is in the range of 150 to 2,000 microns (one micron
is 107 cm or 0.00003937 inch).

The length of vessel required can then be calculated by as-
suming that the time for the gas to flow from inlet to outlet is
the same as the time for the liquid droplet of size D, to fall
from the top of the vessel to the liquid surface. Eq 7-12 then
relates the length of the separator to its diameter as a function
of this settling velocity (assuming no liquid retention):

4Qa

L JtVtD,.

Eq 7-12

If the separator is to be additionally used for liquid storage,
this must also be considered in sizing the vessel.

Example 7-1—A horizontal gravity separator (without mist
extractor) is required to handle 60 MMscfd of 0.75 specific
gravity gas (MW = 21.72) at a pressure of 500 psig and a tem-
perature of 100°F. Compressibility is 0.9, viscosity is 0.012 cp,
and liquid specific gravity is 0.50. It is desired to remove all
entrainment greater than 150 microns in diameter. No liquid
surge is required.

T _ PMW)  (514.7)(21.72)
e Pe= TRTZ " (10.73) (560) (0.90)
= 2.07 Ib/ft?
Liquid density, pr= 0.5(62.4) = 31.2 1b/ft°
(60) (10°%) (21.72)
- = i f
Mass flow, M (379) (24) (3600) 398 Ib/sec
Particle diameter, D, = 0 (0'3003937) = 0.000492 ft
From Eq 7-3,
O (Rey? = (0:95)(10% py D5 (o= py)
2
T4
_(0.95) (10°) (2.07) (0.000492)" (31.2 - 2.07)
- (0.012)%
= 4738
From Fig. 7-3, Drag coefficient, C’ = 1.40
Terminal velocity, V, = ‘\j 48D, (s pg)

3pg C’

4 (32.2) (0.000492) (29.13)
3(2.07) 140

=\/

= v 0.212 = 0.46 ft/sec

IR LS. L= L. L N 3
Gas flow, Qs = oe 2.07 19.2 ft"/sec
Assume a diameter, D, = 3.5ft
. 4Qy 4192
Vassel length, L= 2V.Dy = %(046)@35)
=162 #

78

Other reasonable solutions are as follows:

Diameter, ft. Length, ft.
3.5 15.2
4.0 13.3
4.5 11.8
5.0 10.6

Usually vessels up through 24 in. diameter have nominal
pipe dimensions while larger vessels are rolled from plate with
6 in. internal increments in diameter.

Example 7-2—What size vertical separator without mist ex-
tractor is required to meet the conditions used in Example 7-17

D, = 7.29 ft minimum; use 90 inch ID

Separators With Wire Mesh Mist Extractors

Wire mesh pads are frequently used as entrainment sepa-
rators for the removal of very small liquid droplets and, there-
fore, a higher overall percentage removal of liqguid. Removal
of droplets down to 10 microns or smaller may be possible with
these pads. The pad is generally horizontal with the gas and
entrained liquid passing vertically upward. Performance is
adversely affected if the pad is tilted more than 30 degrees
from the horizontal®. Liquid droplets impinge on the mesh
pad, coalesce, and fall downward through the rising gas
stream. Wire mesh pads are efficient only when the gas stream
velocity is low enough that re-entrainment of the coalesced
droplets does not occur. Figs. 7-10 and 7-11 illustrate a typical
wire mesh installation in vertical and horizontal vessels.

Eqs 7-7 and 7-10 define the maximum gas velocity as a func-
tion of the gas density and the liquid density. A value for K can
be found from Fig. 7-9. Firmly secure the top and bottom of
the pad so that it is not dislodged by high gas flows, such as
when a pressure relief valve lifts.

In plants where fouling or hydrate formation is possible or
expected, mesh pads are typically not used. In these services
vane or centrifugal type separators are generally more appro-
priate. Most installations will use a six inch thick pad with 9
to 12 Ib/ft? bulk density. Minimum recommended pad thick-
ness is four inches*. Manufacturers should be contacted for
specific designs.

Wire mesh pads can be used in horizontal vessels. A typical
installation is shown in Fig. 7-11. The preferred orientation of
the mesh pad is in the horizontal plane. When installed in a
vertical orientation, the pad is reported to be less efficient.
Problems have been encountered where liquid flow through
the pad to the sump is impaired due to dirt or sludge accumu-
lation causing a higher liquid level on one side, providing the
serious potential of the pad being dislodged from its mounting
brackets making it useless, or forcing parts of it into the outlet
pipe. The retaining frame must be designed to hold the mist
pad in place during emergency blowdown or other periods of
anticipated high vapor velocity.

The pressure drop across a wire mesh pad is sufficiently low
{usually less than an inch of water) to be considered negligible
for most applications. The effect of the pressure drop becomes
significant only in the design of vacuum services and for equip-
ment where the prime mover is a blower or a fan. Manufac-
turers should be contacted for specific information.
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FIG, 7-10
Example Minimum Clearance — Mesh Type Mist Eliminators
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FIG. 7-11
Horizontal Separator with Knitted Wire Mesh Pad Mist Extractor and Lower Liquid Barrel
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Example 7-3 — What size vertical separator equipped with a FIG. 7-12

wire mesh mist extractor is required for the conditions used )
in Examples 7-1 and 7-2? Example Vertical Separator with Vane Type Mist Extractor

K = 0.31 fusec (from Fig. 7-9 for 500 psig)

312 -2.07
v, = 0.31\} ST = 116 fuse

A=—2 22 _ 16512
Vv, 1.16 Inlet

Diverter -~

Vane Type
Mist Extractor

1]

D,

Separators with Vane Type Mist Extractors

Vanes differ from wire mesh in that they do not drain the
separated liquid back through the rising gas stream. Rather,
the liquid can be routed into a downcomer, which carries the
fluid directly to the liquid reservoir. A vertical separator with
a typical vane mist extractor is shown in Fig. 7-12.

4.59 ft minimum; use 60 in. ID vessel

__Vapor
i Qutlet

The vanes remove fluid from the gas stream by directing the
flow through a torturous path. A cross-section of a typical vane
unit is shown in Fig. 7-13. The liquid droplets, being heavier
than the gas, are subjected to inertial forces which throw them
against the walls of the vane. This fluid is then drained by

gravity from the vane elements into a downcomer. TW?r-' e':asq 5

Vane type separators generally are considered to achieve the ~ Downcomer
same separation performance as wire mesh, with the added
advantage that they do not readily plug and can often be
housed in smaller vessels. As vane type separators depend
upon inertial forces for performance, turndown can sometimes
be a problem.

Vane type separator designs are proprietary and are not eas-
ily designed with standard equations. Manufacturers of vane
type separators should be consulted for detailed designs of
their specific equipment. However, a gas momentum equa-
tion® can be used to estimate the approximate face area of a
vane type mist extractor similar to that illustrated in Fig. v
7-13. Liquid Outlet

J = p,VZ = 20 Ib/(ft » sec?) Eq7-13
B

where gas velocity, Vi, is the velocity through the extractor FIG. 7-13
cross-section. Cross Section of Example Vane Element Mist Extractor

Separators with Centrifugal Elements Showing Corrugated Plates with Liquid Drainage Traps

There are several types of centrifugal separators which
serve to separate solids as well as liquids from a gas stream.
These devices are proprietary and cannot be readily sized
without detailed knowledge of the characteristics of the spe-
cific internals. The manufacturer of such devices should be
consulted for assistance in sizing these types of separators.
Use care in selecting a unit as some styles are not suitable in
some applications. A typical centrifugal separator is shown in
Fig. 7-14. The main advantage of a centrifugal separator over
a filter (or filter separator) is that much less maintenance is
involved. Disadvantages of centrifugal separators are:

= some designs do not handle slugs well,

« efficiency is not as good as other types of separators, =<

e pressure drop tends to be higher than vane or clean knit- ] . <
ted mesh mist extractors, and _?::g;age Assembly

they have a narrow operating flow range for highest ef- Bolts
ficiency.

Ll s ¥
222

=
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i A i
— 3 | A
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FIG. 7-14
Example Vertical Separator with Centrifugal Elements

VAPOR OUTLET

INLET —»

- CLEAN OUT/
INSPECTION

Filter Separators

General — This type of separator has a higher separation
efficiency than the centrifugal separator, but it uses filter ele-
ments, which must periodically be replaced. An example filter
separator is shown in Fig. 7-15. Gas enters the inlet nozzle
and passes through the filter section where solid particles are
filtered from the gas stream and liquid particles are coalesced
into larger droplets. These droplets pass through the tube and
are entrained into the second section of the separator, where
a final mist extraction element removes these coalesced drop-
lets from the gas stream.

The design of filter separators is proprietary and a manu-
facturer should be consulted for specific size and recommen-
dations. The body size of a horizontal filter separator for a
typical application can be estimated by using 1.3 for the value
of K in Eq 7-7. This provides an approximate body diameter
for a unit designed to remove water (other variables such as
viscosity and surface tension enter into the actual size deter-
mination). Units designed for water will be smaller than units
sized to remove light hydrocarbons.

Example 7-4 — A filter separator is required to handle a flow
of 60 MMscfd at conditions presented in Example 7-1. Esti-
mate the diameter of a filter separator.

31.2-2.07
V=13 '\/ g7~ = 488 fusec

D, = 22ft = 26.9 in. minimum
Use 30 inch ID separator.

In many cases the vessel size will be determined by the fil-
tration section rather than the mist extraction section. The

filter cartridges coalesce the liquid mist into droplets which
can be easily removed by the mist extractor section. A design
consideration commonly overlooked is the velocity out of these
filter tubes into the mist extraction section. If the velocity is
too high, the droplets will be sheared back into a fine mist that
will pass through the extractor element. A maximum allow-
able velocity for gas exiting the filter tube attachment pipe can
be estimated using the momentum Eq 7-13 with a value of
1250 for J. Light hydrocarbon liquids or low pressure gas
should be limited to even less than this value. No published
data can be cited since this information is proprietary with
each filter separator manufacturer.

Design — The most common and efficient agglomerator is
composed of a tubular fiber glass filter pack which is capable
of holding the liquid particles through submicron sizes. Gas
flows into the top of the filter pack, passes through the ele-
ments and then travels out through the tubes. Small, dry solid
particles are retained in the filter elements and the liquid coa-
lesces to form larger particles. Liquid agglomerated in the fil-
ter pack is then removed by a mist extractor located near the
gas outlet.

The approximate filter surface area for gas filters can be
estimated from Fig. 7-16. The figure is based on applications
such as molecular sieve dehydrator outlet gas filters. For dirty
gas service the estimated area should be increased by a factor
of two or three.

The efficiency of a filter separator largely depends on the
proper design of the filter pack, i.e., a minimum pressure drop
while retaining an acceptable extraction efficiency. A pressure
drop of approximately 1-2 psi is normal in a clean filter sepa-
rator. If excessive solid particles are present, it may be neces-
sary to clean or replace the filters at regular intervals when a
pressure drop in excess of 10 psi is observed. However, as a
rule, 25 psi is recommended as a maximum as the cartridge
units might otherwise collapse. Removal of the filter pack is
easily achieved by using a quick-opening closure.

Various guarantees are available from filter separator
manufacturers such as one for 100 percent removal of liquid
droplets 8 microns and larger and 99.5 percent removal of par-
ticles in the 0.5-8 micron range. However, guarantees for the
performance of separators and filters are very difficult to ver-
ify in the field.

While most dry solid particles about ten microns and larger
are removable, the removal efficiency is about 99 percent for
particles below approximately ten microns.

For heavy liquid loads, or where free liquids are contained
in the inlet stream, a horizontal filter separator with a liquid
sump, which collects and dumps the inlet free-liquids sepa-
rately from coalesced liquids, is often preferred.

LIQUID-LIQUID SEPARATOR DESIGN

Liquid-liquid separation may be divided into two broad cate-
gories of operation. The first is defined as "gravity separation”
where the two immiscible liquid phases separate within the
vessel by the differences in density of the liquids. Sufficient
retention time must be provided in the separator to allow for
the gravity separation to take place. The second category is
defined as "coalescing separation.” This is where small parti-
cles of one liquid phase must be separated or removed from a
large quantity of*another liquid phase. Different types of in-
ternal construction of separators must be provided for each
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FIG. 7-15

Example Horizontal Filter-Separator
INLET
A SEPARATION
GAs CHAMBER
FILTER-COALESCING N/
ELEMENTS / i
MIST EXTRACTOR
a- !
) a a a \I L]
: GAS
N—_— - ouT
.o [
Quick ' pa— \
OPENING = \
ke LIQUID 3 —
CLOSURE o P \
SECOND STAGE
FIRST STAGE LIQUID RESERVOIR
LIQUID RESERVOIR
Courtesy Peeriess Manufacturing Compary
type of ligquid-liquid separation. The following principles of de- Vertical Vessels:
sign for liquid-liquid separation apply equally for horizontal
or vertical type separators. Horizontal vessels have some ad- o [Sne—Syz
vantage over vertical ones for liquid-liguid separation, due to Wy=C ( M J(O.‘?85) Dy Eq7-14
the larger interface area available in the horizontal style, and
the shorter distance particles must travel to coalesce. ;
Horizontal Vessels:
There are two factors which may prevent two liquid phases
from separating due to differences in specific gravity: W= C* &C Sy LH Eq7-15
e If droplet particles are so small they may be suspended al u L

by Brownian movement. This is defined as a random mo-
tion which is greater than directed movement due to
gravity for particles less than 0.1 micron in diameter.

The droplets may carry electric charges due to dissolved
ions, and these charges can cause the droplets to repel
each other rather than coalesce into larger particles and
settle by gravity.

Effects due to Brownian movement are usually small and
proper chemical treatment will usually neutralize any electric
charges. Then settling becomes a function of gravity and vis-
cosity in accordance with Stokes’ law. The settling velocity of
spheres through a fluid is directly proportional to the differ-
ence in densities of the sphere and the fluid, and inversely
proportional to the viscosity of the fluid and the square of the
diameter of the sphere (droplet), Eq 7-6. The liquid-liquid
separation capacity of separators may be determined® from
Eqs 7-14 and 7-15 which were derived from Eq 7-6. Values of
C* are found in Fig. 7-17.

7-12

Since the droplet size of one liquid phase dispersed in an-
other is usually unknown, it is simpler to size liquid-liquid
separation based on retention time of the liquid within the
separator vessel. For gravity separation of two liquid phases,
a large retention or quiet settling section is required in the
vessel, Good separation requires sufficient time to obtain an
equilibrium condition between the two liquid phases at the
temperature and pressure of separation. The liquid capacity
of a separator or the settling volume required can be deter-

mined!? from Eq 7-16 using the retention time give in Fig.
7-18.
Vo
U= 1440 Eq7-16

The following example shows how to size a liquid-liguid
separator.
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FIG. 7-16
Approximate Gas Fiiter Capacity

ACFM/1t?

Approximate Capacity
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200 400 600 800

Flowing Pressure, PSIG

NOTES FOR FIG. 7-16:

Areaof a Filter Element is: Wd L, de%

Filter Surface Area is:
(No. of Elements) T d, L.

whare d o L o 2 the Filter Element outside diameter and length respectivaly.

1000
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FIG. 7-17
Values of C* Used in Eq 7-14, 7-15
Emulsion Droplet Diameter, | Constant’
Characteristic Microns Cc*
Free liquids 200 1100
Loose emulsion 150 619
Moderate emulsion 100 275
Tight emulsion 60 99
FIG. 7-18
Typical Retention Times for Liquid/Liquid Separation
Type of Separation Re,;.‘;;:’“
Hydrocarbon/Water Se]:-ar&tamt3
Above 35° APl Hydrocarbon 3 {0 5 min,
Below 35° API Hydrocarbon
100°F and above 5 to 10 min,
80°F 10 to 20 min.
60°F 20 to 30 min.
Ethylene Glycol/Hydrocarbon Separators
(Cold Separators)™ '* 20 to 60 min.
Amine/Hydrocarbon Separators'' 20 to 30 min.
Coalescers, Hydrocarbon/Water S«al:nalmt.cnr:'s"l
100°F and above 5 to 10 min.
80°F 10 to 20 min.
60°F 20 to 30 min.
Caustic/Propane 30 to 45 min.
Caustic/Heavy Gasoline 30 to 90 min.

Example 7-5 — Determine the size of a vertical separator to
handle 600 bpd of 55° API condensate and 50 bpd of produced
water. Assume the water particle size is 200 microns. Other
operating conditions are as follows:

Operating temperature = 80°F

Operating pressure = 1000 psig

Water specific gravity = 1.01

Condensate viscosity = 0.55 cp @ 80°F
Condensate specific gravity for 55° APl = 0.76

From Eq 7-14
Wy=C [ﬁ%sa] (0.785) (Dy)*

From Fig. 7-17 for free liquids with water particle diameter =
200 microns, C* = 1100.

B 1.01-0.76 2
600 bbl/day = 1100 "——(0. 55) (0.785) (D,)
2 600 2
(Dy” = 3025 1.53 ft
D, =1241

Using a manufacturer’s standard size vessel might result in
specifying a 20" OD separator.

7-14

Using the alternate method of design based on retention
time as shown in Eq 7-16 would give:

W)

U = 1440
From Fig. 7-18, use 3 minutes retention time.

(650) (3)
1440

U = 1.35(42) = 56.7 gal

U= = 1.35 bbl

Assuming a 20" OD, 1480 psig working pressure, a vessel
would be made from 1.031" wall seamless pipe which holds
13.1 gal/ft. The small volume held in the bottom head can be
discounted in this size vessel. The shell height required for the
retention volume required would be:

This would require a 20" OD x 10’ separator to give suffi-
cient surge room above the liquid settling section for any va-
por-liquid separation.

Another parameter that should be checked when separating
amine or glycol from liquid hydrocarbons is the interface area
between the two liquid layers. This area should be sized so the
glycol or amine flow across the interface does not exceed ap-
proximately 2000 gallons per day per square foot.

The above example indicates that a relatively small separa-
tor would be required for liquid-liquid separation. It should be
remembered that the separator must also be designed for the
vapor capacity to be handled. In most cases of high vapor-lig-
uid loadings that are encountered in gas processing equipment
design, the vapor capacity required will dictate a much larger
vessel than would be required for the liquid load only. The
properly designed vessel has to be able to handle both the va-
por and liquid loads. Therefore, one or the other will control
the size of the vessel used.

PARTICULATE REMOVAL~FILTRATION

Filtration, in the strictest sense, applies only to the separa-
tion of solid particles from a fluid by passage through a porous
medium, However, in the gas processing industry, filtration
commonly refers to the removal of solids and liquids from a
gas stream.

The most commonly used pressure filter in the gas process-
ing industry is the cartridge filter. Cartridge filters are con-
structed of either a self-supporting filter medium or a filter
medium attached to a support core. Depending on the appli-
cation, a number of filter elements is fitted into a filter vessel.
Flow is normally from the outside, through the filter element,
and out through a common discharge. When pores in the filter
medium become blocked, or as the filter cake is developed, the
higher differential pressure across the elements indicates that
the filter elements must be cleaned or replaced.

Cartridge filters are commonly used to remove solid con-
taminants from amines, glycols, and lube oils. Other uses in-
clude the filtration of solids and liquids from hydrocarbon
vapors and the filtration of solids from air intakes of engines
and turbine combustion chambers.
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Two other types of pressure filters which also have applica-
tions in the gas processing industry include the edge and pre-
coat filter. Edge filters consist of nested metallic discs,
enclosed in a pressure cylinder, which are exposed to liquid
flow. The spacing between the metal discs determines the sol-
ids retention. Some edge filters feature a self-cleaning design
in which the discs rotate against stationary cleaning blades.
Applications for edge filters include lube oil and diesel fuel
filtration as well as treating solvent.

Precoat filters find use in the gas processing industry; how-
ever, they are complicated and require considerable attention.
Most frequent use is in larger amine plants where frequent
replacement of cartridge elements is considerably more expen-
sive than the additional attention required by precoat filters.

The precoat filter consists of a coarse filter medium over
which a coating has been deposited. In many applications, the
coating is one of the various grades of diatomaceous earth
which is mixed in a slurry and deposited on the filter medium.
During operation additional coating material is often added
continuously to the liquid feed. When the pressure drop across
the filter reaches a specified maximum, the filter is taken off-
line and back-washed to remove the spent coating and accu-
mulated solids. Applications for precoat filters include water
treatment for waterflood facilities as well as amine filtration
to reduce foaming. Typical designs for amine plants use 1-
2 gpm flow per square foot of filter surface area. Sizes range
upward from 10-20 percent of full stream rates’.
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SECTION 17

Fluid Flow and Piping

Few flow problems can be solved with an acceptable degree
of accuracy when using equations designed to fit idealized ap-
plications. Flow regimes and associated pressure drops are
complex phenomena and require complex equations to predict

their relationships. For engineering design purposes, sev-
eral empirical formulas have been developed to fit particu-
lar circumstances in predicting flow capacity and pressure

drop.

FIG. 17-1
Nomenclature

pipe cross sectional area, ft* (A = tD%4)

sum of allowances for corrosion, erosion, etc., in.,
Fig. 17-23

design parameter used in Hazen and Williams
formula, Eq. 17-33

discharge factor from Fig. 17-8

size factor from Fig. 17-9

internal diameter of pipe, in.

internal diameter of pipe, feet

outside pipe diameter, in.

pipeline efficiency factor (fraction)

longitudinal weld joint factor from ANSI B31.3,
Fig. 17-23

longitudinal joint factor from ANSI B31.8,

Fig. 17-24

construction type design factor used in
ANSI'B31.8, Fig. 17-24

volume correction for a non-ideal fluid due to
compressibility from Eq 17-13

transmission factor

Fanning friction factor

Moody friction factor (f, = 4.0 fp

single phase friction factor for Dukler calculation,
from Eq 17-44

friction factor ratio for Dukler calculation,

Fig. 17-17

acceleration due to gravity, 32.2 ft/sec?
gravitational constant, 32.2 (ft « Ibm)/(Ibf « sec?)
total energy of a fluid at a point above a daturm,
from Eq 17-1

liquid holdup fraction (Dukler), Fig. 17-18
liquid holdup fraction (Eaton), Fig. 17-20

liquid holdup fraction (Flanigan), Fig. 17-19
loss of static pressure head due to fluid flow, feet
of fluid

liquid inventory in pipe, ft?, from Eq 17-57
length of line, feet

length of line, miles

molecular weight

= Fig. 17-16 horizontal coordinate, ft/sec

Fig. 17-16 vertical coordinate, ft/sec
abscissa of Eaton correlation, Fig. 17-20

NLv
Ngv
Na
Ni,
P

APy =

AP,

liquid velocity number, from Eq 17-53

gas velocity number, from Eq 17-54

pipe diameter number, from Eq 17-55

liquid viscosity number, from Eq 17-56
pressure, psia

inlet pressure, psia

outlet pressure, psia

average pressure, psia, from Eq 17-16

base absolute pressure, psia (ANSI 2530 specifi-
cation: P, = 14.73 psia)

internal design pressure, psig

pressure drop, psi/100 ft equivalent pipe length
elevation component of pressure drop, psi
frictional component of pressure drop, psi

total pressure drop, psi

flow rate, gal./min

flow rate of gas, cubic feet per day at base condi-
tions

liquid volumetric flow rate at flowing conditions,
ft3/sec

gas volumetric flow rate at flowing conditions,
ft3/sec

Reynolds number

mixture Reynolds number for Dukler calculation,
from Eq 17-45

specific gravity of flowing gas (air = 1.0)
allowable stress, psi, Fig. 17-23

specified minimum yield strength, psi, Fig. 17-24
absolute temperature of flowing gas, °R
temperature derating factor used in ANSI B31.8,
Fig. 17-24

average temperature, °R, [Tay = 1/2 (Ty, + Toupl
base absolute temperature, °R (ANSI 2530 speci-
fication: T, = 520°R)

thickness, in., Figs, 17-23, 17-24

minimum required wall thickness, in., Fig. 17-23
single phase fluid velocity, ft/sec

superficial gas velocity, ft/sec, from Eq 17-36
superficial liquid velocity, ft/sec, from Eq 17-35
mixture velocity, ft/sec, from Eq 17-46

mass flow, lb/hr
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FIG. 17-1 (Cont’d)

X, = Aziz fluid property correction factor (horizontal
axis, Fig. 17-16)
Y, = Aziz fluid property correction factor (vertical axis,
Fig. 17-16)
Y’ = coefficient found in Table 304.1.1, ANSI B31.3,
Fig. 17-23
Z.ye = average compressibility factor
Z. = pipeline vertical elevation rise, ft
¢ = absolute roughness, ft
A = flowing liquid volume fraction
le = single phase fluid viscosity, 1b,/(ft « sec)
p = single phase fluid viscosity, cp
Us = gas viscosity, cp

y, = liquid viscosity, cp
L, = mixture viscosity for Dukler calculation, cp
p = single phase fluid density, o/t
Pavg = average density, I/ft’ [payg = 1/2 (Pin + Pout)]
p. = air'density at 60°F and 14.7 psia, 0.0764 1b/ft’
pw = water density at 60°F and 14.7 psia, 62.4 b/ft?
pg = gas density, Ib/t?
pL = liquid density, Ib/ft’
pex = two phase mixture density for Dukler calculation,
1b/et?
G = interfacial tension at flowing conditions, dyne/cm
Gwa = interfacial tension of air and water at 60°F and

14.7 psia, 72.4 dyne/cm

Bernoulli’s Theorem

The Bernoulli Theorem? is a mathematical derivation based
on the law of conservation of energy. This theorem states that
the total energy of a fluid at any particular point above a da-
tum plane is the sum of the elevation head, the pressure head,
and the velocity head. Stated mathematically:

144P V?
l44P V-

H =12+ 2%

Eq17-1

If there are no friction losses and no energy is added to or
taken from the system, H is constant for any point in the fluid.
In reality, whenever fluid is moving there is friction loss (hy).
This loss describes the difference in total energy at two points
in the system. Expressing the energy levels at Point 1 versus
Point 2 then becomes:

144P, V?
w2
o 2g

All practical formulas for fluid flow are derived from the
above. Modifications to Eq 17-2 have been proposed by many
investigators to account for the friction losses.

V2
—; +hg,

144 P,
+

P2

e1 Lz + Eq 17-2

2

Fluid Physical Properties

The physical properties of a flowing fluid must be known to
predict pressure drop in piping. The two properties entering
into the solution of most fluid flow problems are viscosity and
density.

Viscosity expresses the readiness with which a fluid flows
when it is acted upon by an external force. Two types of vis-
cosity measurements are used, absolute and kinematic. Abso-
lute viscosity is a measure of a fluid’s internal resistance to
deformation or shear. Kinematic viscosity is the ratio of abso-
lute viscosity to mass density. The absolute viscosity will be
used for all calculations in this section.

Viscosity is temperature dependent. The viscosity of most
liquids decreases with an increase in temperature, whereas
that of gases increases. Pressure has almost no effect on the
viscosity of liquids or near perfect gases. On the other hand,
the viscosity of saturated or slightly superheated vapors is
changed appreciably by pressure changes. The viscosity of
steam is readily available, but the viscosity of other vapors
may not be known.

Specific volume is the inverse of density. Specific gravity of
a liquid is the ratio of the density of the liquid at a specified

17-2
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temperature to the density of water at 60°F. The specific grav-
ity of gas is defined as the ratio of the molecular weight of the
gas to the molecular weight of air.

_ MW (gas)
T MW (air)

Flow in Pipes and Reynolds Number

At low velocities, fluid molecules or particles carried by the
fluid move in a reasonably straight line. Velocity of the fluid
is maximum at the center of the pipe and zero at the pipe wall.
This flow pattern is referred to as laminar. If the velocity is
increased it will reach a critical point where fluid particles
begin to show a random motion transverse to the direction of
flow. This is the critical velocity. This random motion is typical
of what is referred to as turbulent flow. Above the critical ve-
locity the flow is considered to be completely turbulent even
though there is always a boundary layer at the pipe wall where
flow is laminar. In the turbulent zone the velocity profile is
more nearly straight across the face of the pipe.

S Eq 17-3

Reynolds developed a dimensionless number that may be
considered as the ratio of the dynamic forces of miass flow to
the shear stress due to viscosity. The Reynolds number is:

Re = DVp

Eq17-4
He 1
If the Reynolds number is less than 2000, flow may be con-
sidered laminar. If it is above 4000, the flow is turbulent. In
the zone between 2000 and 4000 the flow could be either tur-
bulent or laminar, but cannot be predicted by the Reynolds
number.

If a non-circular conduit is encountered, the Reynolds num-
ber can be approximated by using an equivalent diameter for
D. The equivalent diameter would equal four (4) times the
hydraulic radius. The hydraulic radius is defined as:

Area of Flowing Fluid
Wetted Perimeter

Hydraulic Radius = Eq 17-5

This conversion would not apply to extremely narrow shapes
where the width is small relative to the length. In such cases
an approximation may be used wherein one-half the width of
the passage equal to the hydraulic radius.

Pressure Loss Due to Friction

Flow is always accompanied by friction. This friction results
in a loss of energy available for work. A general equation for
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pressure drop due to friction is the Darcy-Weisbach? (often
referred to as simply the Darcy) equation. This equation can
be rationally derived by dimensional analysis, with the excep-
tion of the friction factor, f;,, which must be determined experi-
mentally. Expressed in feet of fluid this equation is:

£, LV?

= Eq 17-

Converting to pounds per square inch, the equation be-
comes:

_ pf.LV?
"~ (144) D (2g0)

It should be noted that the Moody friction factor®, f,,, is used
in the equations above. Some equations are shown in terms of
the Fanning friction factor, f;, which is one fourth of f,, (f,, =
4.0 fp). A graph of both Fanning and Moody friction factors as
a function of Reynolds number appears in Fig. 17-2,

) Eq 17-7

The Darcy-Weisbach equation is valid for both laminar and
turbulent flow of any liquid, and may also be used for gases
with certain restrictions. When using this equation, changes
in elevation, velocity, or density must be accounted for by ap-
plying Bernoulli’s theorem. The Darcy-Weisbach equation
must be applied to line segments sufficiently short such that
fluid density is essentially constant over that segment. The
overall pressure drop is the sum of the AP, values calculated

for the individual segments. For gas applications the segmen-
tal length may be relatively short, as compared to liquid ap-
plications, since many gas applications involve compressible
gases where gas densities vary with pressure.

Friction Factor and Effect of Pipe Roughness

When the fluid flow is laminar (Re<2000), the friction factor
has a direct relationship to the Reynolds number, such that:

fn, = 64/Re or f; = 16/Re Eq17-8

Pipe roughness has no effect on the friction factor in laminar
flow.

Substitution of the formula for Reynolds number, Eq 17-4,
into Eq 17-8, yields the following:

_ B4 (64)( 1 |12
Vp || 1488 || d

= Dvp =

This expression can then be substituted for the friction fac-
tor in Eq 17-7, resulting in the following formula for pressure
loss in pounds per square inch:

fm Eq 17-9

AP; = 0.000668 'H(I;—ZV Eq 17-10

Eq 17-10 is commonly known as Poiseuille’s law for laminar
flow.

FIG. 17-2
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When the flow is turbulent, the friction factor depends on
the Reynolds number and the relative roughness of the pipe,
¢/D, which is the roughness of the pipe, €, over the pipe diame-
ter, D. Fig. 17-2 incorporates the relative roughness of the pipe
into the determination of the friction factor. Fig. 17-3 indicates
relative roughness and friction factors for various piping ma-
terials. These figures are based on the iterative solution of the
following equation developed by Colebrook®.

1
Vi

£ 2.51
= -2 10g10 ( 37D + Re \/_f—;] Eq 17-11

Equivalent Length of Valves and Fittings

The pressure drop effects of valves and fittings can be ac-
counted for by addition of the "equivalent lengths" of the fit-
tings to the actual piping lengths. This augmented pipe length
is then used in any of the following pressure drop calculation
techniques. A table of equivalent lengths for a number of rep-
resentative valves and fittings appears in Fig. 17-4.

Compressibility of Gases

For more accurate values of Z, refer to Section 23. For more
approximate calculations, the value of the average compressi-
bility factor, Z,,, may be calculated from the following rela-
tions:

1

—_— Eq17-12
Fpy)®

Zavg =

and
(Pavg) (3.444) (105) (10(1.785) (S))

3.825
Tavg

Fpy = 1+ Eq17-13

Fig. 17-5 contains a plot of the deviation factor, Fyy, virtually
identical to those calculated by this equation.

An estimate for Z,,, at pressures below 100 psi is:

1

Dgg = ————————
€ 7 14 0.0002 Poyg

Eq17-14

SINGLE PHASE FLOW

Transmission Line Gas Flow

Isothermal Flow — The steady-state, isothermal flow
behavior of gas in pipelines is defined by a general energy
equation of the form:

T i P p? 05
_ by 1 1—- 2.5
- w2 T o]

Eq 17-15

This equation is completely general for steady-state flow,
and adequately accounts for variations in compressibility fac-
tor, kinetic energy, pressure, and temperature for any typical
line section. However, the equation as derived involves an un-
specified value of the transmission factor, V1/fs. The correct
representation of this friction factor is necessary to the valid-
ity of the equation.

The friction factor is fundamentally related to the energy
lost due to friction. In the derivation of the general energy
equation, all irreversibilities and non-idealities, except for
those covered by the real gas law, have been collected into the
friction loss term.

Empirical methods historically and currently used to calcu-
late or predict the flow of gas in a pipeline are the result of
various correlations of the transmission factor substituted
into the general energy equation.

Examination of the relationships presented by various
authors shows that their forms differ primarily in the inherent
or specified representation of the transmission factor which
defines the energy lost in resistance to flow for various pipe
sizes, roughnesses, flow conditions, and gases.

To obtain Eq 17-15, which is convenient for general calcula-
tions, a number of simplifying assumptions have been made.
For other than pipeline sections with a very high pressure
gradient, the change in the kinetic energy of the gas is not
significant, and is assumed equal to zero. It is also assumed
that the gas temperature is constant at an average value for
the section considered; the compressibility factor is constant
at the value characterized by the average gas temperature and
pressure; and in the term giving the effect of elevation change,
the pressure is constant at the average value. In the range of
conditions to which pipeline flow equations are ordinarily ap-
plied, averages are usually sufficiently accurate. Average tem-
peratures are calculated as indicated in Fig. 17-1.

The average pressure in the line can be computed by:

P, Py
Pl + Pz

Py = Eq 17-16

2
— P —
3 ( 1+ Py

In the absence of field data indicating otherwise, an effi-
ciency factor, E, of 1.0 is usually assumed.

The AGAEquations — The AGA Equations were devel-
oped to approximate partially and fully turbulent flow using
two different transmission factors. The fully turbulent flow
equation accounts for the relative pipe roughness, &/D, based
on the rough-pipe law.* This equation uses the following trans-
mission factor:

Eq 17-17
e q

N1 = 410&0(3'7 D ]

When the transmission factor for fully turbulent flow is sub-
stituted in the general energy equation (Eq 17-15), the AGA
Equation for fully turbulent flow becomes:

05
) T, 3.7D Pl - P} 25
Q = 3877(1)}) ]El:‘l 10g10( € )iH: S Ly, Tavg Zavg ¢

Eq17-18

The partially turbulent flow equation is based on the smooth-
pipe law* and is modified to account for drag-inducing ele-
ments. The transmission factor for this equation is:

VU = 4logo 0.6 Eq17-19

_Re
v U

17-4

24 of 48



FIG. 17-3

Relative Roughness of Pipe Materials and Friction Factors for Complete Turbulence®
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FIG. 17-4
Equivalent Length of Valves and Fittings in Feet
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Substituting V1/f from Eq 17-19 into Eq 17-15 does not pro-
vide an equation which can be solved directly. For partially
turbulent flow a frictional drag factor must also be applied to
account for the effects of pipe bends and irregularities. These
calculations are beyond the scope of this book and the AGA
"Steady Flow in Gas Pipelines"6 should be consulted for a de-
tailed treatment of partially turbulent flow.

The Weymouth Equation — The Weymouth Equation,

published in 19127, evaluated the coefficient of friction as a
function of the diameter.

0.008
fr = V Eq 17-20
V1 = 11183 Eq 17-21

When the friction factor, fy, is substituted in the general en-
ergy equation, Weymouth’s Equation becomes:

T PZ Pz 0.6
= (4335) | =2 |BE| —2 2 | @*% Eq17-22
Q ( )[Pb] {SLmTanga‘vgj| q

The Weymouth formula for short pipelines and gathering
systems agrees more closely with metered rates than those
calculated by most other formulae. However, the degree of er-
ror increases with pressure. If the Q calculated from the Wey-
mouth formula is multiplied by V1/Z, where Z is the
compressibility factor of the gas, the corrected Q will closely
approximate the metered flow. Fig. 17-5 shows a plot of the
deviation factor, V1/Z, of a common gas and can be used safely
if exact data is not available.

The equation cannot be generally applied to any variety of
diameters and roughness, and in the flow region of partially

developed turbulence, it is not valid. The Weymouth Equation
may be used to approximate fully turbulent flow by applying
correction factors determined from the system to which it is to
be applied. Graphs showing gas flow calculations based on the
Weymouth equation are shown in Fig. 17-6a and 17-6b.

Panhandle A Equation — In the early 1940s Panhan-
dle Eastern Pipe Line Company developed a formula for cal-
culation of gas flow in transmission lines which has become
known as the Panhandle A Equation. This equation uses the
following expressions of Reynolds number and transmission
factor.

Re = 1.934@

1 Eq 17-23

Qs 0.07305
VUt = 7.211 (Tj = 6.872 (Re™3%® Eq17-24
The transmission factor assumes a Reynolds number value
from 5 to 11 million based on actual metered experience.

Substituting Eq 17-24 for V1/f; in the general energy equa-
tion (Eq 17-15), the Panhandle A Equation becomes:

1.0788
T P} - P}
Q = 4358722 | E|lom—
Py S%® L Tavg Zavg

0.56392

:l d2.6182
Eq 17-25

This equation was intended to reflect the flow of gas through
smooth pipes. When "adjusted” with an efficiency factor, E, of
about 0.90, the equation is a reasonable approximation of the
partially turbulent flow equation. The equation becomes less
accurate as flow rate increases. Many users of the Panhan-
dle A Equation assume an efficiency factor of 0.92.
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FIG. 17-5
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Panhandle B Equation — Anew or revised Panhandle
Equation was published in 1956. This revised equation is
known as the Panhandle B Equation and is only slightly
Reynolds number dependent. Therefore, it more nearly ap-
proximates fully turbulent flow behavior. The transmission
factor used here is:

0.01961

I/ = 16.70 (%) = 16.49 (Re* ! Eq17-26

Substituting Eq 17-23 for v1/f; in the general energy equa-
tion (Eq 17-15), the Panhandle B Equation becomes:

T 1.02 0.51
Q = 737 [—"J E{ } 258

Py
Eq 17-27

Pi_Pd
80‘961 Lm Tavg Zavg

The equation can be adjusted through the use of an effi-
ciency term that makes it applicable across a relatively limited
range of Reynolds numbers. Other than this, however, there
are no means for adjustment of the equation to correct it for
variations in pipe surface. Adjusted to an average flowing
Reynolds number, the equation will predict low flow rates at
low Reynolds numbers, and high flow rates at high Reynolds
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numbers, as compared to a fully turbulent flow equation. Ef-
ficiencies based on the Panhandle B equation decrease with
increasing flow rate for fully turbulent flow. The efficiency fac-
tor, E, used in the Panhandle B equation generally varies be-
tween about 0.88 and 0.94.

Conclusions — The successful application of these trans-
mission line flow equations in the past has largely involved
compensation for discrepancies through the use of adjustment
factors, usually termed "efficiencies.” These efficiencies are
frequently found in practice by determining the constant re-
quired to cause predicted gas equation behavior to agree with
flow data. As a result, the values of these factors are specific
to particular gas flow equations and field conditions, and, un-
der many circumstances, vary with flow rate in a fashion that
obscures the real nature of flow behavior in the pipe.

The Reynolds number dependent equations, such as the
Panhandle equations, utilize a friction factor expression which
yields an approximation to partially turbulent flow behavior
in the case of the Panhandle Aequation, and an approximation
to fully turbulent behavior in the case of the Panhandle B.

These equations suffer from the substitution of a fixed gas
viscosity value into the Reynolds number expression, which,
in turn, substituted into the flow equation, results in an ex-
pression with a preconditioned bias.

Regardless of the merits of various gas flow equations, past
practices may dictate the use of a particular equation to main-
tain continuity of comparative capacities through application
of consistent operating policy. A summary of comparisons be-
tween transmission factors used in the above gas equations
are shown in Fig. 17-7.

Reference should be made to "Steady Flow in Gas Pipe-
lines"%, published by American Gas Association, for a complete
analysis of steady flow in gas pipelines.

Low Pressure Gas Flow

Gas gathering often involves operating pressures below
100 psi. Some systems flow under vacuum conditions. For
these low pressure conditions, equations have been developed
that give a better fit than the Weymouth or Panhandle Equa-
tions. Two such formulae are:

The Oliphant Formula® for gas flow between vacuum and

100 psi:
B o5 d® (144
Q= 42(24)(d * 30][ P, )[520]

2l

L
The Spitzglass Formula for gas flow below 1 psig at 60°F.

Ty

0.6
S

520
T

Eq 17-28

1/2
27.69 (P, - Py) d°

SL (1 3.6

Q = (24) (3550)
+——+0.03 dj
Plant Piping Gas Flow

Eq 17-29
d

For estimating pressure drop in short runs of gas piping,
such as within plant or battery limits, a simplified formula for
compressible fluids is accurate for fully turbulent flow, assum-
ing the pressure drop through the line is not a significant frac-
tion of the total pressure (i.e. no more than 10%).




FIG. 17-6a

Gas Flow Based On Weymouth Formula
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FIG. 17-6b
Gas Flow Based On Weymouth Formula
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FIG. 17-7
Comparison of Gas Equation Transmission Factors for Nominal 20 Inch Pipe
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The following method is a simplification of the Darcy for-
mula, which eliminates calculation of f,, the Moody friction
factor. This simplification was checked over a wide range of
flows and densities for pressure drops of 0.25 to 1.5 psi/100 ft.
Density was varied over a range of 100 to 1; flows varied over
a range of 75 to 1. Pressure variation was from atmospheric
to 1000 psia. The error from using the simplified approach as
compared to the actual friction factor calculated in the Darcy
formula was from zero to 5%, with the simplified approach
giving consistently lower calculated pressure drop for a given
flow.

The Darcy formula can be written in the simple form:

2 (0.000336f,,
APygo = w [ 5 J Eq 17-30
p d
336,000f,,
Simplifying, C; = W2(10®),and C; = —F then
APy = Clpcz Eq 17-31
AP
C, = (_Elqp,)i = discharge factor from chart, Fig. 17-8
2
AP
C, = (—éoolg = size factor Fig. 17-9
1

C; incorporates the friction factor, assuming clean steel. Us-
ing this simplified approach, new lines can be sized by setting
the desired APy and solving for C,; with a given flow. For a
given flow and pipe size, APg can be solved directly.

Example 17-1 — Calculate the pressure drop in a 10-in.,
Schedule 40 pipe for a flow of 150,000 Ib/hr of methane. Tem-
perature is 60°F and pressure is 750 psia. The compressibility
factor is 0.905 (from Fig. 23-3).

Solution Steps

- 16.042 (750) ) .
P = 1073 460+ 60) (0.005) ~ 258 A

Cy from Fig. 17-8 i5 22.5
Cy from Fig. 17-9 is 0.0447
CiC,  22.5(0.0447)

P 2.38

AP 100

0.423 psi/100 ft using Eq 17-31

Example 17-2 — Calculate the required line size (of Sched-
ule 40 pipe) to give AP0 = 1 psi or less when flowing
75,000 Ib/hr of methane at 400 psia and 100°F. The compressi-
bility factor is 0.96 (from Fig. 23-8).
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FIG. 17-8

Simplified Flow Formula for Compressible Fluids®

AP100= 1.11

5.6 (0.146)

= 0.74 psi/100 ft

Values of Cq
w Q
- 2500
1500
4 2000
F
:-!500
w [q o\ w +
10 0.1 0.1 10 1000—- 1000
0.09 <4900
9 0.08 900—— 800
- 0.07 — 700
0.15 il =
' 0.06 800 =1~ 600
7 0.05 0.2 700}~ 500
15 ¥
0.04 0.25 - - 400
6 600—
5 0.3 5 ¥
2 0.03 2 F 30
& s oo oa—4-20 & s00—F-250
2 3 p
£ 0.02 0.5 £ F 200
° Q i =
S 06~ 25 « 400—F
: 0.015 5 0.7 : :_—150 g
- - < T -
€33 5 os £ - °
3 $ 09 30 3 + s
K 001 5 10 g j_— 100 <
T 3 0.009 > . 30090 >
; 0.008 ; J-s
o 0.007 .5 o T 7
el X ’ 40 = 250
- 0.006 h 1«0
2 0.005 2 s 330
o ] -
3 - -+
12 0.004 2.5 30 ) 200 40
Ed 3 3 ¥
0.003 £ %
60 3
0.0025 «—F 25
1.5 130—f
0.002 5 70 420
L] <
0.0015 . Fs
¢—-90 £
4 [
1.0 0.001 10 100 100—4— 10
0.0009
R 0.0008
0.0007
3= 0.0006
Solution Steps
o= 16.062 (400) 11T
10.73 (460 + 100) (0.96)
C, from Fig. 17-8 is 5.6
(AP100) p 1(1.11)
Cy = = = 0.20
C, 5.6

From Fig. 17-9 the smallest size of Schedule 40 pipe with C,
less than 0.20 is 8-in pipe. For 8 in. Sch 40 pipe, C; is 0.146.
The actual pressure drop can then be calculated as:

using Eq 17-31 for the above flow conditions.

Liquid Flow

For the calculation of pressure drop in liquid lines, the
Darcy-Weisbach method, Eq 17-6, can be used. The calculation
is simplified for liquid flows since the density can reasonably
be assumed to be a constant. As a result, the Darcy-Weisbach
calculation can be applied to a long run of pipe, rather than
segmentally as dictated by the variable density in gas flow. In
addition, several graphical aids are available for pressure drop
calculation. Elevation pressure drops must be calculated sepa-
rately using Eq 17-32. These elevation pressure gains or losses
are added algebraically to the frictional pressure drops.

AP, = (0.00694) py, Z Eq 17-32

Water — A graph showing pressure drop for water per
100 feet as a function of flow rate in gallons per minute and
pipe size is shown in Fig. 17-10. These data are based on the
Hazen and Williams empirical formula!® using a "C" constant
of 100 which is commonly used for design purposes in welded
and seamless steel pipe.

Hazen and Williams formula for flow of water:

p 0.54
q = 0.442 a*®C [%Pz] Eq 17-33
Where:
C = 140 for new steel pipe
C = 130 for new cast iron pipe
C = 100 is often used for design purposes to account

for pipe fouling, etc.

Hydrocarbon — A graph showing pressure drop for hy-
drocarbons per 100 feet as a function of flow rate in gallons
per minute and pipe size is shown in Fig. 17-11. This graph
assumes a specific gravity of 1.0 (water). To correct for differ-
ent liquid densities, the value read from Fig. 17-11 must be
multiplied by the actual specific gravity to obtain the correct
pressure loss.

Steam Flow

Fig. 17-12 contains a graphical representation of Fritzsche’s
formula!' for calculating pressure drop in steam lines.
Fritzsche’s formula and instructions for the chart usage are
given in Fig. 17-12.

The Babcock formula® for steam flow is:

d+36 )WL

AP; = 3.63(107%) (7j 5 Eq 17-34

d6
Fire Stream Flow

Fig. 17-13 is a table permitting rapid computation of the
behavior of various sized fire nozzles. The table also includes
the estimated pressure drop in 100 feet of 2-1/2 inch diameter
fire hose.

TWO PHASE FLOW

Two-phase flow presents several design and operational dif-
ficulties not present in single phase liquid or vapor flow. Fric-
tional pressure drops are much harder to calculate. For
cross-country pipelines, a terrain profile is needed to calculate
elevation pressure drops. At the downstream end of a pipeline,
it is frequently necessary to separate the liquid and vapor
phases in a separator. The presence of liquid slugs coraplicates
this process, and a slug catcher may be required.
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FIG. 17-9

Simplified Flow Formula for Compressible Fluids®

Values of C2
N.omir.nal Schedule Value N.omnilz‘la Schedule Value Nim:l;;:é Schedule Value
pipe size number of Cz2 pipe s number of C2 pipt number of Cg
mn. m. in.
v 40s 7 920 000. 6 40s 0.610 16 10 0.004 63
80 x 26 200 000. 80 x 0.798 20 0.004 83
Yy 40s 1590 000. 120 1.015 30s 0.005 04
80 x 4 290 000. 160 1.376 40 x 0.005 49
% 40 s 319 000. o XX 1.861 60 0.006 12
80 x 718 000. 8 20 0.133 80 0.007 00
Y 40s 93 500. 30 0.135 100 0.008 04
80 x 186 100. 40's 0.146 120 0.009 26
160 430 000. 60 0.163 140 0.010 99
. XX 11 180 000. 80x 0185 160 0.012 44
Yy 40s 21 200. 100 0.211 18 10 0.002 47
80 x 36 900. 120 0.252 20 0.002 56
160 100 100. 140 0.289 w8 0.002 66
o XX 627 000. o XX 0.317 30 0.002 76
1 40s 5 950. 160 0.333 X 0.002 87
80 x 9 640. 10 20 0.039 7 40 0.002 98
160 22 500. 30 0.042 1 60 0.003 35
o XX 114 100. 40s 0.044 7 50 0.008 76
1% 40s 1408, 60 x 0.051 4 100 0.004 85
80 x 2 110. 80 0.056 9 120 0.005 04
160 3490 100 0.066 1 140 0.005 73
o XX 13 640. 120 0.075 3 160 0.006 69
1% 40 627. 140 0.090 5 20 10 0.001 41
80 x 904. 160 0.105 2 20 s 0.001 50
160 1656. 12 20 0.0157 30 x 0.001 61
o XX 4 630. 30 0.016 8 40 0.001 69
2 40 s 169. .8 0.017 5 60 0.001 91
80 x 236.
40 0.0180 80 0.002 17
160 488. x 0.0195
: 100 0.002 51
P 29 60 0.0206 120 0.002 87
2% 40s 66.7 '
804 918 80 0.023 1 140 0.003 35
160 1463 100 0.026 7 160 0.003 85
- 380.0 120 0.031 0 24 10 0.000 534
P 0. 14 140 0.035 0 20 s 0.000 565
80« 8.7 160 0.042 3 X 0.000 597
160 8.3 14 10 0.009 49 30 0.000 614
. 96.6 20 0.009 96 40 0.000 651
' 30s 0.010 46 60 0.000 741
3% 40s 10.0
40 0.010 99
80 x 13.2 80 0.000 835
X 0.011 55
4 40s 517 100 0.000 972
60 0.012 44
80 x 6.75 ' 120 0.001 119
120 8.94 80 0.014 16 140 0.001 274
160 11.80 100 0.016 57 160 0.001 478
v XX 18.59 120 0.018 98 Note: The letters s, x, and xx in the col-
5 40 s 1.59 140 0.021 8 umns of Schedule Numbers indicate
160 0.025 2 Standard, Extra Strong, and Double Extra
80 x 2.04 . : :
Strong pipe respectively.
120 2.69
160 3.59
. XX 4.93
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FIG. 17-11

Pressure Drop for Hydrocarbon Liquids in Smooth Pipe
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Notes:

1. Curves calculated using the Fanning equation:

5.35 f 9” p

APy =
100 d5 pw

2. For this chart € = 0.00015 ft

3. This chart assumes specific gravity = 1.0. For other values multiply
pressure loss from chart by actual specific gravity (p/pw).

4, For viscous fluids, use this chart only if the flow is fully turbulent (see
Fig. 17-2). For viscous fluids in the partially turbulent range, use Fig.
17-2 to obtain f,, and use Eq. 17-7 to calculate AP

Flow Regime Determination

Several empirical flow regime maps have been presented
that determine vapor-liquid flow patterns as a function of fluid
properties and flow rates. Diagrams of these flow patterns
are shown in Fig. 17-14. One map commonly used was de-
veloped by Gregory, Aziz, and Mandhane'® for horizontal
flow. This map appears as Fig. 17-15. The coordinates of the
map are:

and vertical flow regime maps must not be used for horizontal
flow. The Mandhane map given in Fig. 17-15 was developed
for horizontal lines flowing air and water at near atmospheric
pressure. Inclinations in the range of 0.1-1.0 degrees can cause
substantial regime boundary movement. In addition, flow re-
gime boundary adjustment has been observed due to fluid
pressure, pipe diameter, and surface tension.'*?? The gas den-
sity increase caused by high pressure acts to move the slug-
mist boundary to lower superficial gas velocities, while
increased pipe diameter acts to increase the stratified wavy

Vi, = superficial liquid velocity flow regime at the expense of the slug flow regime. In addition,
= Qu/A Eq 17-35  foamy fluids having a high surface tension have been observed

to flow in the dispersed flow regime even though Mandhane

V. = superficial gas velocity would have predicted superficial liquid velocities too low to
cause dispersed flow. A flow regime map generated by Taitel

= Qg/A Eq17-36  and Dukler contains explicit inclination effects and should be

Mandhane proposed a fluid property correction to the super-
ficial velocities, but concluded that the fluid property effects
are insignificant compared to the errors in the empirical map.
The map reports the flow regimes: stratified, wavy, annular
mist, bubble, slug, and dispersed. Care should be taken in the
interpretation of these flow maps as the regime boundaries
are strongly affected by pipe inclination. In particular, hori-
zontal flow regime maps must not be used for vertical flow,

used for inclined pipes. This latter method also contains ex-
plicit pipe diameter effects but lacks any way of accounting for
surface tension.

For vertical flow, the stratified flow regime cannot exist as
there is no preferred direction for the liquid to settle. An em-
pirical flow regime map developed by Aziz'* for vertical up-
ward flow is shown in Fig. 17-16. The coordinates for this flow
map are the same as for the Mandhane map in Fig. 17-15

17-14
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FIG. 17-12
Pressure Drop in Steam Pipes by Fritzsche’s Formula™
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FIG. 17-13
Table of Effective Fire Streams

Smooth nozzles, size 3" Us" 1"
Pressure at hydrants, psi. 32| 43| 54| 65| 75, 85| 34] 46| 57| 69| 80 91, 37| 50| 62| 75| 87| 100
Pressure at nozzle, psi 30| 40/ 50| 60| 70/ 80, 30, 40f 50| 60; 70/ 80| 30| 40| 50| 60, 70| 80
Pres. lost in 100 ft. 2% in. hose psi 2 3 4 5 5 6 4 6 7 9| 10f 11 71 10| 12| 15| 17| 20
Vertical height, ft. 48, 60| 67, 72| 76| 79| 49, 62| 71 77| 81| 85| 51| 64| 73| 79| 85| 89
Horizontal distance, ft 37, 44| 50| b54) 58 60| 42| 49, 55/ 61| 66, 70| 47| 55| 61| 67| 72| 76
Gal discharge/ min, 90| 104| 116] 127| 137 147| 123| 142| 159, 174| 188 201 161| 186| 208| 228| 246| 263

Smooth nozzles, size 1" 1y 134"
Pressure at hydrants, psi 42| 56| 70 ~84| 98] 112| 49| 65, 81| 97| 113| 129| 58} 77| 95| 116| 135| 154
Pressure at nozzle, psi 30, 40, 50, 60| 70, 80; 30| 40| 50| 60| 70| 80 30, 40| 50/ 60| 70| 80
Pres. lost in 100 ft 2%% in hose psi 12] 16, 20, 24| 28 30| 19, 25 31| 37, 43| 49/ 28 37| 36, 56| 65 74
Vertical height, ft 52, 65| 75 83| 88 92| 53, 67 77| 85 91| 95 55 69, 79| 87| 92| 97
Horizontal distance, ft 50/ 59 66, 72| 77/ 81| b4 63 70; 76/ 81| 85| 56| 66; 73 T9| 84 88
Gal discharge/min 206| 238 266| 291 314| 336| 256| 296 331| 363 392| 419| 315| 363| 406 445| 480| 514

Using 100 ft of 214 in. ordinary best quality rubber lined hose between nozzle and hydrant or pump.

The vertical and horizontal distance in above table are "effective” streams. The "effective stream," is one that has not broken up into a spray
and which will project three fourths of the water through a circle 10 in. in diameter, at the distance indicated.

The bulk of the stream and extreme drops will carry a greater distance, but the stream is spread out too much to penetrate a hot fire and
reach the burning materials before evaporation. The vertical height "h" in feet, which the bulk of the stream will carry, may be computed

V2
by formulah = 0.91 2_g

The gallons/minute discharge in the above table check approximately with the formula: V = CY2gH =

VA
gpm = ——-

then 0.321

A = Area of nozzle, in square inches

V = Velocity in feet per second

0.321 x gpm
A

g = Acceleration due to gravity, = 32.16 ft/sec?

C = Coefficient for smooth nozzles = 0.98

H = Head in feet = pressure x 2.31

Reference: Fire Protection Handbook, 14th Edition, 1976, National Fire Protection Association

FIG. 17-14

Two Phase Flow Regimes

FIG. 17-15

Mandhane et al. Horizontal Flow Regime Map12
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FIG. 17-16
Aziz et al. Vertical Up-Flow Regime Map14
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Modified Superficial Liquid Velocity, N, = vq * Y,, fi/sec

Modified Superficial Gas Velocity, N, = V.4 * X,, ft/sec

Courtesy The Journal of Canadian Petroleum

except that fluid property corrections are used. The coordi-
nates used in the Aziz vertical map are:

N, = Vi Xa Eq 17-37
Ny = VsL YA Eq 17-38
0.333
X, = {—p&) Y, Eq 17-39
Pa
0.25
Y, = |BLOva Eq 17-40
Pw O

For pipe inclinations greater than 10-20 degrees, flow re-
gime patterns resemble those of vertical flow more than those
of horizontal flow, and the Aziz vertical map should be used.
For vertical downward flow, the flow patterns can be more
complicated. A generally accepted vertical down-flow map is
not available.

Although the designer frequently does not have the choice,
avoidance of the slug flow regime in horizontal flow and the
slug and froth flow regimes in vertical flow is desirable. Slug
flow introduces a flow rate and pressure intermittency that
may be troublesome to process control. In some cases, slug flow
may be avoided by the choice of smaller pipe sizes. Of course,
frictional pressure drop may be increased by use of this
smaller pipe. In vertical upflow, oversizing the pipe may result
in a bubble flow regime, and a large liquid inventory. This
liquid inventory may cause excessive hydrostatic pressure
drops.

Example 17-3 — A vapor-liquid mixture is flowing vertically
upward in a pipe having an inside diameter of 8.0 inches. The
fluid is a hydrocarbon liquid-hydrocarbon vapor mixture. The
liquid density is 52 Ib/ft? and the vapor density is 2.0 1b/ft%.
The interfacial surface tension is 20 dynes/cm. The liquid
volumetric flow rate is 0.17 ft%/sec and the vapor flow rate is

0.5 ft%sec measured at actual conditions. What flow regime is
to be expected?

Solution Steps

0.25
Y, = {M] - 1.32 using Eq 17-40

(62.4) (20)
2.0) 0.333
Xp = [m] (1.32) = 391 using Eq 17-39
Ve = 05 1.43 ft/sec using Eq 17-36
B (m4) (8/12) ' 4
0.17
oL = ——— ——— = 0.49 ft/sec ing Eq 17-35
YT () 8112 Heine

Ny = (1.43) (3.91) = 5.60 ft/sec
N, = (0.49) (1.32) = 0.64 ft/sec

using Eq 17-37
using Eq 17-38
Fig. 17-16 shows that this flow is in the slug flow regime.

Pressure Drop Calculation

Calculation of pressure drop in two-phase flow lends itself
better to computer calculation than to hand calculation. Sev-
eral two-phase pressure drop correlations are available for
both horizontal and vertical flows.'® 47 Due to the complex-
ity of two-phase flow, uncertainties associated with pressure
drop calculations are much greater than uncertainties in sin-
gle-phase pressure drop calculations. As a result, errors in cal-
culated two-phase pressure drops in the order of plus or minus
twenty percent may normally be anticipated, especially in cir-
cumstances where fluid velocities are unusually high or low,
where terrain is rugged, or where fluid properties are inade-
quately known. In addition, different two-phase flow correla-
tions may give significantly different pressure drops. In order
to evaluate these differences, several correlations should be
used. A method suggested by the American Gas Association!®
can serve as a basis for hand calculation. This method uses a
frictional pressure drop caleulation generated by Dukler!® and
an elevation pressure drop correlation by Flanigan?.

Frictional Component!'®— Using the Dukler frictional
pressure drop calculation method, the frictional pressure drop
is given by the equation:

£ fipr % Lin
AP; = tor P Vi

(0.14623)d Eq17-41
where
2 2
_ PL A Pg (1 - )\,)
Pr = Hiq * (1-Hya) Eq17-42
and
A= QLQ%Q Eq 17-43
g

The single phase friction factor, f;,, can be obtained from the
correlation®:;

£, = 0.0056 + 0.5 (Re,)** Eq 17-44

The mixture Reynolds number, Rey, is calculated according
to the equation:

(124.0) py Vi d

Re, =
Y Hn

Eq 17-45
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Calculation of this Reynolds number requires determina-
tion of mixture velocity, Vy,, and mixture viscosity, U,. These
quantities can be determined according to:

Vm = VgL + ng Eq 17-46

Un = ML A+ (1—A) Eq 17-47

The two-phase friction factor ratio, f;,,, representing a two-
phase frictional "efficiency” can be determined by reference to
Fig. 17-17 or by the equation:

y
1.281 — 0.478y + 0.444 y*> — 0.094 y° + 0.00843 y*

Eq 17-48

fth‘: 1+]:

where y = —In(A).

The remaining quantity to be calculated in the Dukler
scheme is an estimate of the liquid holdup, Hy4. This holdup
can be estimated using Fig. 17-18. This figure gives liquid
holdup as a function of A and Re,. Since Re, is itself a function
of liquid holdup, the calculation is, in general, iterative. For
most calculations, however, the Rey line can be used for a first
estimate.

Elevation Component — The elevation component of
pressure drop can be found using the Flanigan method. In this
method, the elevation component is calculated using the equa-
tion:

pr Hye

AP =

XZ, Eq 17-49

where Hi¢is determined from Fig. 17-19 or calculated accord-
ing to the formula:

1
1+0.3264 (V"%

HLf = Eq 17-50

The term Z, is the vertical elevation rise of a hill. The rises
are summed. No elevation drops are considered. This is tan-
tamount to ignoring any possible hydrostatic pressure recov-
eries in downhill sections of pipeline and may lead to a
considerable error in the pressure drop analysis.

Once the frictional component or pressure drop is found us-
ing the Dukler method, and the elevation component is found
using the Flanigan method, the overall two-phase pressure
drop is found by summing the friction and elevation compo-
nents.

AP, = AP, + AP; Eq 17-51

Since fluid properties and liquid holdups can change rapidly
in a two-phase line, accuracy is improved if this AGA calcula-
tion procedure is performed segmentally. The need for seg-
mental calculations is one of the reasons why two-phase
calculations are best suited for computer calculations.

Liquid Holdup — The liquid holdup correlation given in
Fig. 17-18 is intended only for use in the Dukler friction pres-
sure drop calculation. A correlation by Eaton et al.?! is better
suited for liquid holdup determination in liquid inventory cal-
culations.

The Eaton?! holdup correlation is shown in Fig. 17-20. In
this figure, the holdup fraction, Hy,, is plotted directly as a
function of the dimensionless group, Ng. This dimensionless
group is of the form:

P 0.06
1.84 (N1, (—g] (N

Y
N, = Eq 17-52
Ngv (Nd)0.0277
where:
0.25
Ni, = 1.938V,y, [%J Eq 17-53
0.25
N, = 1.938V,, [%J Eq 17-54
0.50
N, = 10.073d [%] Eq 17-55
1 0.25
Ny = 0.15726 g [— Eq 17-56
pP1O

The Eaton correlation has been found reasonably accurate
by several investigators, particularly for low holdup flows.

The liquid holdup fraction, Hy,, is the fraction of the flow
area of the pipe occupied by liquid. To calculate the liquid in-
ventory in the pipe, I, the pipe internal volume is multiplied
by this holdup fraction.

I, = (28.80) Hy,d’Ly, Eq 17-57

Since holdup fractions may change along the length of the
pipe, a segmental calculation is more accurate.

Example 17-4 — A pipeline segment with a 6-inch inside di-
ameter, 0.75 miles long, transports a mixture of gas and oil.
The pipeline has a gradual upward slope and rises 100 feet
over the 0.75 mile length. The inlet pressure of the pipeline is
400 psia, liquid viscosity is 20 cp, the vapor viscosity is
0.015 cp, and the interfacial surface tension is 15 dynes/cm.
The liquid flow rate is 10 ft®/min and the vapor flow rate is 250
actual ft3/min. The density of the liquid phase is 55 1b/ft%, and
the density of the gas phase is 1.3 Ib/ft® at operating condi-
tions. What is the pressure at the downstream end of the line
segment, and what is the liquid inventory of the line?

Solution Steps
Calculate the flowing liquid volume fraction using Eq 17-43.
10
M= 250410 - 0038

Calculate the mixture viscosity, W, using Eq 17-47.
i, = (20) (0.038) + (0.015) (1.0 - 0.038 = 0.774 cp

For a first guess, assume Hy4 = A and estimate py, using Eq
17-42

_ (55)(0.038)° (1.3) (1.0 - 0.038)"
Pk = "0038 (1.0 — 0.038)

=3.341 1/t

Calculate the superficial velocities and the mixture velocity.

_ 10.0
(/4) (6/12)% (60)

250
Vg =" 5
(r/4) (6/12)° (60)

Vi = 0.849 + 21.22 = 22.07 ft/secusing Eq 17-46

oL = 0.849 ft/secusing Eq 17-35

= 21.22 ft/secusing Eq 17-36
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FIG. 17-17

Dukler Two-Phase Friction Factor Ratio'®
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FIG. 17-19
Flanigan Liquid Holdup Correlation?®
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Calculate an estimate of the mixture Reynolds number, Re,,
using Eq 17-45

 (124.0) (3.341) (22.07) (6.0)
N (0.774)

Re, = 70,878

From Fig. 17-18, determine a better estimate for the holdup
fraction Hy4 using A = 0.038, Re, = 70,878

Hpy = 0.12
FIG. 17-20
Eaton Liquid Holdup Correlation®'
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Using this improved Hyq4, recalculate py using Eq 17-42

| (55)(0.038)*  (1.3) (1.0 - 0.038)*
P = " 0.12) (1.0 - 0.12)

= 2.029 Ib/fi?

Using this improved py, recalculate Re, using Eq 17-45

_(124.0) (2.029) (22.07) (6.0)
B (0.774)

From Fig. 17-18 with A = 0.038 and Re, = 43,044, Hy 4 = 0.16.
Angther iteration using Hyq = 0.16 indicates Re, = 40,923 and
Hig=0.16.

Re, = 43,044

Calculate the single phase friction factor with Re, = 40,923,
using Eq 17-44

f, = 0.0056 + 0.5 (40,923) %% = 0.0223

Determine the two-phase friction factor, fi,,, from Fig. 17-17
using A = 0.038.

fipr = 2.59
Now for A =0.038, Hq = 0.16 then py = 1.929 using Eq 17-42.

Calculate the frictional component of pressure drop AP; us-
ing Eq 17-41

_(0.0223) (2.59) (1.929) (22.07) (0.75)

B (0.14623) (6.0)

Find Hisfrom Fig. 17-19 using V, = 21.22 ft/sec
H;s = 0.13

AP; = 46.39 psi

Determine the elevation component of pressure drop, AP,,
using Eq 17-49

_ (55) (0.13) (100)

AP, = = 4. i
(144) 4.97 psi

Find the total pressure drop, AP;, using Eq 17-51
AP, = 46.39 +4.97 = 51.36 psi
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Find the segment discharge pressure
P, = 400 - 51.36 = 348.64 psia

The pipeline segment has a discharge pressure of 348.64
psia.

To calculate the liquid inventory, the liquid holdup fraction
from Eaton’s correlation must be found. First determine the
nondimensional parameters:

Np, = (1.938) (0.849) (55/15)"%°

2.277 using Eq 17-53
N,, = (1.938) (21.22) (55/15)"%

i

56.91 using Eq 17-54
Ny = (10.073) (6.0) (55/15)*% = 115.73 using Eq 17-55

0.25
L } = 0.152

= (0.1 0| ———
Np, = (0.15726) (20 )[(55) 057

using Eq 17-56

Determine Eaton’s nondimensional abscissa, Ng, using
Eq 17-52

(1.84) 2.277)"% (400/14.73)*% (0.152)*

B (56.91) (115.73)%027

From Fig. 17-20, read the holdup fraction, Hy,
Hi, = 0.14

Ng = 0.0444

Note that this estimate is close to the Hy¢ predicted in Fig.
17-19 for elevation pressure drop determination. It also coin-
cides closely with the value of 0.16 from Fig. 17-18.

Calculate the pipeline segmerit liquid inventory from Eq
17-57

I, = (28.80) (0.14) (6.0)% (0.75) = 108.86 ft®

The pipeline segment contains 108.86 cubic feet of liquid at
any instant.

Liquid Slugging

Purpose of Separators — The slug flow regime is fre-
quently encountered for pipe sizes and flow rates used in proc-
ess and transmission piping. Liquid slugging introduces an
additional design and operational difficulty as liquid and va-
por must generally be separated at the downstream end of the
two-phase flowline. The downstream separator serves both as
a liquid-vapor disengaging device and as a surge vessel to ab-
sorb the fluctuating liquid flow rates caused by slugging. In
order to size the separator or slug catcher, the length of the
incoming slugs must be determined. Slug length calculation
methods are not well developed, and there is large uncertainty
in slug length determination.

Mechanisms of Slug Generation — Liquid slug
lengths are difficult to determine in part because there are at
least four identifiable mechanisms for liquid slug generation.
Slugs can form as the result of wave formation at the liquid-
gas interface in a stratified flow. When the liquid waves grow
large enough to bridge the entire pipe diameter, the stratified
flow pattern breaks down and a slug flow is formed.

Slugs can also form due to terrain effects. Liquid collects at
a sag in the pipeline and blocks the gas flow. The pressure in
this blocked gas rises until it blows the accumulated liquid in
the sag out as a slug. Changes in pipeline inlet flow rate can
also cause slugs. When the inlet flow rate increases, the liquid

inventory in the pipeline decreases, and the excess liquid
forms a slug or series of slugs. Finally, pigging can cause very
large liquid slugs as the entire liquid inventory of the line is
swept ahead of the pig. Of the four mechanisms described,
wave growth normally produces the shortest slugs, followed
in length by terrain generated slugs. Methods for calculating
wave induced slugs were described by Greskavich and
Shrier?2, and by Brill et al.?* A preliminary scheme for calcu-
lating terrain generated slugs was reported by Schmidt.?
Analytical methods for determining inlet flow rate generated
slugs were given by Cunliffe?®, and a method of analyzing pig-
ging dynamics was given by McDonald and Baker.?

Slug Catchers — Slug catchers are devices at the down-
stream end or other intermediate points of a pipeline to absorb
the fluctuating liquid inlet flow rates through liquid level fluc-
tuation. Slug catchers may be either a vessel or constructed of
pipe. All size specifications discussed in Section 7 to provide
residence time for vapor-liquid disengagement also apply to
vessels used as slug catchers. In addition, sufficient volume
must be provided for liquid level fluctuation. Particularly for
high pressure service, vessel separators may require very
thick walls.

In order to avoid thick wall vessels, slug catchers are fre-
quently made of pipe. Lengths of line pipe tens or hundreds of
feet long are used as long, slender horizontal separators. The
pipe is generally inclined from one to ten degrees and banks
of these slightly inclined pipes are frequently manifolded to-
gether. Pipe type slug catchers are frequently less expensive
than vessel type slug catchers of the same capacity due to thin-
ner wall requirements of smaller diameter pipe. The manifold
nature of multiple pipe slug catchers also makes possible the
later addition of additional capacity by laying more parallel
pipes. A schematic of a multiple pipe (harp) slug catcher ap-
pears in Fig. 17-21. Different pipe inclinations and different
manifolding arrangements are favored by different designers.

An example of a line drip catcher is shown in Fig. 17-22. A
drip vessel is connected to the incoming pipeline and often laid
beneath it. A blow line from the drip vessel is used to blow the
liquids out to a storage or surge vessel as they accumulate.

FIG. 17-21
Multiple Pipe Slug Catcher
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Pigging — Pipelines are pigged for several reasons. If
water is present in the line, it must be removed periodically
in order to minimize corrosion. This water accumulates in sags
in the pipeline, and these low spots are particularly suscepti-
ble to corrosion. Pipelines are also pigged to improve pressure
drop-flow rate performance. Water or hydrocarbon liquids that
settle in sags in the pipeline constitute partial blockages that

FIG. 17-22
Example Line Drip
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FIG. 17-23
Working Pressures Refinery Piping

To determine allowable internal working pressure for
straight sections of pipe in accordance with ANSI B31.3 -
1984, "Code for Pressure Piping, Petroleum Refinery Pip-
ing", use the following:

tn=t+c
3 Pd, __2tS'F
T 2SE + PY) or T4, - 2ty
where:
tn = minimum required thickness, satisfying
requirements for pressure, and mechanical,
corrosion, and erosion allowances, inches.
(The minimum thickness for the pipe se-
lected, considering manufacturer’s minus tol-
erance, shall not be less than t,).
t = pressure design thickness, in.
¢ = the sum of the mechanical allowances
(thread depth and groove depth), corrosion,
and erosion allowances, in.
P; = internal design pressure, psig.
d, = outside diameter of pipe, in.
S’ = allowable stresses, psi.
E’ = longitudinal weld joint factor:
Seamless = 1.000, ERW =0.85
Y’ = coefficient having values for ferritic steels
as follows: 0.4 up to and including 900°F
0.5 for 950°F
0.7 for 1,000°F and above

t

increase pressure drop. Pigging can remove these liquids and
improve pipeline efficiency. Pigging can also be used as a
means of limiting the required slug catcher size. By pigging at
frequent intervals, liquid inventory buildup in a pipeline can
be reduced, and the maximum slug size can be limited. The
required downstream slug catcher size must take into account

pigging frequency.

Operational hazards are associated with pigging. The very
large slugs swept ahead of the pig may overwhelm inade-
quately sized downstream facilities. Pigs may also occasion-
ally be destroyed in the pipeline and the resulting debris may
damage downstream fittings or equipment. Even worse, the
pig may become stuck in the line and require an expensive
shutdown for location and removal.

FIG. 17-24
Working Pressures Transmission Lines

To determine allowable internal working pressures for pip-
ing outside of refineries and other processing facilities in
accordance with ANSI B31.8-1982, "Code of Pressure Pip-
ing, Gas Transmission and Distribution Piping,” use the
following:

25"t
P, = = (F) (B") (T")

P; = Design pressure, psig
S” = Specified minimum yield strength, psi
d, = Nominal outside diameter, in.
t = Nominal wall thickness, in.
F” = Construction type design factor, Table 841.1A

(see note)
Type F
A 72
B .60
C .50
D .40

Complete details are covered in Par. 841.15
E” = Longitudinal joint factor, Table 841.1B
Normally a factor of 1.0 is used for seamless
and welded pipe except for the following:
Fusion Welded A 134 and A 139 0.80
Spiral Welded A 211 0.80
Furnace Butt Welded ASTM-A53, API-5L,.  0.60

T” = Temperature derating factor, Table 841.1C

Temp, °F Factor T
250 or less 1.000
300 0.967
350 0.933
400 0.900
450 0.867

For intermediate temperatures, interpolate for
derating factor.

Note: Factor reflecting location of line, proximity to roads,
public or private land, etc.
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PIPE AND FLANGE DATA

The Petroleum Refinery Piping Code (ANSI B31.3) is used
to determine the allowable pressure limits for piping inside
refineries and other processing facilities. Refer to Fig. 17-23
for the calculation method.

The table of allowable stresses, Fig. 17-25, is extracted from
ANSI B31.3. The designer is strongly urged to consult the lat-
est ANSI B31.3 publication for full description of the code. A
tabular compilation of maximum allowable working pressures
calculated according to ANSI B31.3 appears in Fig. 17-26.

For piping outside of refineries and other processing facili-
ties, a sepdrate code applies for determining allowable pres-
sure limits, ANSI B31.8. Refer to Fig. 17-24 for the calculation
method.

The designer is encouraged to refer to the latest ANSI B31.8
standard for comprehensive code description. A tabular com-
pilation of maximum allowable working pressures computed
according toc ANSI B31.8 appears in Fig. 17-27.

Fig. 17-28 provides pressure ratings for steel flanges and
flanged fittings.
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FIG. 17-25
Allowable Stresses in Tension for Materials (1)

(Excerpted from ANSI B31.3a-1985,
Appendix A, Tables A-1, A-1B)

BASIC ALLOWABLE STRESSES IN TENSION, psi (1)
Metal Temperature, °F (7)
Fact S{?el:igl'fh St‘rr::}lgith (6) in.
actor .
Material Specification | Grade | Class (E) |min. psi | min. psi Notes TIZI;;;. Telln‘}:(oi to| 200 300 400 500 600 650 700 750 800 850 900 950 1000 | 1050 | 1100
CARBON STEEL
Seamless Pipe
ASTM A53 A Type S 48000 30000 | 57,59 20 16000 |16000 | 16000 | 16000 | 16000 | 14800 | 14500 | 14400 | 10700 | 93001| 7900 | 6500 | 4500 | 2500 | 1600 | 1000
ASTM A53 B Type S 60000 | 35000 | 57,59 —20 20000 {20000 | 20000 |20000 | 18900 | 17300 | 17000 | 16500 {13000 {10800)| 8700 | 6500 | 4500 \ 2500 | 1600 | 1000
ASTM A106 A 48000 30000 | 57 —20 16000 |16000 | 16000 | 16000 | 16000 | 14800 | 14500 | 14400 | 10700 | 93001| 7900 | 6500 | 4500 | 2500 | 1600 | 1000
ASTM A106 B 60000 35000 | 57 20 20000 [20000 | 20000 {20000 | 18900 | 17300 | 17000 | 16500 | 13000 |108001| 8700 | 6500 | 4500 | 2500 | 1600 | 1000
ASTM A106 C 70000 40000 | 57 20 23300 23300 | 23300 (22900 | 21600 | 19700 | 19400 | 19200 | 14800 |12000|
ASTM A120 8 —20 1112000 | 11400 I
ASTM A333 1 55000 30000 | 57,59 -50 18300 [18300 | 17700 {17200 | 16200 | 14800 | 14500 | 14400 {12000 {102001] 8300 | 6500 | 4500 | 2500 | 1600 | 1000
ASTM A334 1 55000 30000 | 57,59 -50 18300 {18300 | 17700 [17200 | 16200 | 14800 | 14500 | 14400 |12000 10200/ 8300 | 6500 | 4500 | 2500 | 1600 | 1000
ASTM A333 6 60000 35000 | 57 ~50 20000 [20000 | 20000 |20000 | 18900 | 17300 | 17000 | 16500 | 13000 |10800]| 8700 | 6500 | 4500 | 2500 | 1600 | 1000
ASTM A334 6 60000 35000 | 57 -50 20000 [20000 | 20000 {20000 | 18900 | 17300 | 17000 | 16500 | 13000 1108001 8700 | 6500 | 4500 | 2500 | 1600 | 1000
API 5L A 48000 30000 | 57,59 —20 16000 | 16000 | 16000 (16000 | 16000 | 14800 | 14500 | 14400 {10700 | 9300{| 7900 | 6500 | 4500 | 2500 | 1600 | 1000
API 5L B 60000 35000 | 57,59 —20 20000 [20000 | 20000 200001} 18900 | 17300 | 17000 | 16500 {13000 108001 8700 | 6500 | 4500 | 2500 | 1600 | 1000
API 51X X42 60000 42000 | 51,55 -20 20000 {20000 | 20000 |200001}
API 51X X46 63000 46000 | 51,55 -20 21000 {21000 | 21000 |210001]
API 51X X52 66000 52000 | 51,55 -20 22000 (22000 | 22000 {220001]
API 5LX X52 72000 52000 | 51,55 -20 24000 |24000 | 24000 | 240001l
Electric Resistance Welded Pipe
ASTM A53 A Type E| 0.85 48000 30000 | 57,59 -20 13600 |13600 | 13600 13600 | 13600 | 12600 | 12300 | 12250 | 9100 | 79001| 6700 | 5500 | 3800 | 2150 | 1350 850
ASTM A53 B Type E| 0.85 60000 35000 | 57,59 —20 17000 [17000 | 17000 {17000 | 16100 { 14700 | 14500 | 14000 {11000 | 92001| 7350 | 5500 | 3800 | 2150 | 1350 850
ASTM A120 0.85 8 —20 10200 | 9800
LOW AND INTERMEDIATE ALLOY STEEL & STAINLESS STEEL (4.40) - Seamless Pipe
3 1/2Ni ASTM A333 3 65000 35000 -150 21700 [19600 | 19600 |18700 | 17800 | 16800 | 16300 | 15500 {13900 | 11400 | 9000 | 6500 | 4500 | 2500 | 1600 | 1000
3 1/2 Ni ASTM A334 3 65000 35000 -150 21700 [19600 | 19600 [18700 | 17800 | 16800 | 16300 | 15500 | 13900 |11400 | 9000 | 6500 | 4500 | 2500 | 1600 | 1000
Ni-Cr-Cu-Al ASTM A333 4 60000 35000 ~-150 20000 [19100 | 18200 |17300 | 16400 | 15500 | 15000
2 1/4 Ni ASTM A333 7 65000 35000 -100 21700 19600 | 19600 (18700 | 17600 | 16800 | 16300 | 15500 (13900 | 11400 | 9000 | 6500 | 4500 | 2500 | 1600 | 1000
2 1/4 Ni ASTM A334 7 65000 35000 ~100 21700 |19600 | 19600 {18700 | 17600 | 16800 | 16300 | 15500 |13900 {11400 | 9000 | 6500 | 4500 | 2500 | 1600 | 1000
9Ni ASTM A333 8 100000 75000 | 47 -320 31700 (31700
9Ni ASTM A334 8 100000 75000 —320 31700 [31700
18Cr-8Ni Pipe ASTM A376 | TP304 75000 | 30000 | 20,26,28,31,36| —425 20000 [20000 | 20000 {18700 | 17500 | 16400 | 16200 | 16000 {15600 | 15200 14900 |14600 |14400 |13800 112200 | 9700
18Cr-8Ni Pipe ASTM A376 | TP304H 75000 | 30000 [ 26, 31,36 —3325 20000 (20000 | 20000 {18700 | 17500 | 16400 | 16200 | 16000 |15600 {15200 ;14900 [14600 [14400 [13800 ({12200 | 9700

NOTE: These notes are requirements of the Code. Those marked with an asterisk (*) restate requirements found in the text of the Code. The other Notes are limitations or special requirements applicable to particular materials.
Full interpretation of these notes will require reference to ANSI/ASME B31.3a — 1984 Edition.

(1y* The stress values in Table A-1 and the design stress values in Table
A-2 are basic allowable stresses in tension in accordance with
302.3.1(a). For pressure design, the stress values from Table A-1 are
multiplied by the appropriate quality factor E (Ec from Table A-14, or
Fj from Table A-1B). Stress values in shear and bearing are stated in
302.3.1(b); those in compression in 302.3.1(c).

(8)* This casting quality factor can be enhanced by supplementary examina-
tion in accordance with 302.3.3(c) and Table 302.3.3C. The higher fac-
tor from Table 302.3.3C may be substituted for this factor in pressure
design equations.

(4)* In shaded areas, stress values printed in italics exceed two-thirds of the
expected yield strength at temperature. All other stress values in
shaded areas are equal to 90% of expected yield strength at tempera-
ture. See 302.3.2(d)(4) and 302.3.2(d) [Note (3)].

(6)* The minimum temperature shown is that design minimum temperature
for which the material is normally suitable without impact testing other
than that required by the material specification. However, the use of a
material at a design minimum temperature below -20°F [-29°C] is es-
tablished by rules elsewhere in this Code, including any necessary im-
pact test requirements.

(7¥* A single bar (|) in these Stress Tables indicates there are conditions
other than stress which affect usage above or below the temperature, as
described in other referenced notes. A double bar (ll) after a tabled

stress indicates that use of the material is prohibited above that tem-
perature. A double bar (1) before the stress value for "Min. Temp. to
100°F" indicates that the use of the material is prohibited below the
listed minimum temperature. At temperatures where there are no
stress values, the material may be used in accordance with 323.2 unless
prohibited by a double bar ().

(8% There are restrictions on the use of this material in the text of the
Code.

(20) For pipe sizes NPS 8 and larger and for wall thicknesses of Schedule
140 or heavier, the minimum specified tensile strength is 70.0 ksi [483
MPa).

(26) These unstabilized grades of stainless steel have increasing tendency to
intergranular carbide precipitation as the carbon content increases
above 0.03%.

(28) For temperatures above 1000°F [538°C], these stress values apply only
when the carbon content is 0.04% or higher.

(30) For temperatures above 1000°F {538°C], these stress values may be
used only if the material has been heat treated at a temperature of
2000°F {1090°C] minimum.

(31) For temperatures above 1000°F [538°C], these stress values may be
used only if the material has been heat treated by heating to a mini-
mum temperature of 1900°F [1040°C] and quenching in water or rap-
idly cooling by other means.

(36) The specification permits this material to be furnished without solution
heat treatment or with other than a solution heat treatment. When the
material has not been solution heat treated the minimum temperature
shall be -20°F [-29°C] unless the material is impact tested per 323.3.

(40) The stress values for austenitic stainless steels in these Tables may not
be applicable if the material has been given a final heat treatment
other than that required by the material specification and any overrid-
ing requirements of this Code called for by Notes (30) or (31).

(47) If no welding is employed in fabrication of piping from these materials,
the stress values may be increased to 33.3 ksi [230 MPa].

(51) Special P-Numbers SP-1, SP-2, and SP-3 of carbon steels are not in-
cluded in P-No. 1 because of possible high carbon, high manganese com-
bination which would require special consideration in qualification.
Qualification of any high carbon, high manganese grade may be ex-
tended to other grades in its group.

(55) Pipe produced to this specification is not intended for high temperature
service. The stress values apply to either non-expanded or cold ex-
panded material in the as-rolled, normalized, or normalized and tem-
pered condition.

(57)* Conversion of carbides to graphite may occur after prolonged exposure
to temperatures over 800°F [425°C] (see Appendix F).

(59)* For temperatures above 900°F [480°C], consider the advantages of
killed steel {see Appendix F].
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FIG. 17-26

Design Properties and Allowable Working Pressures for Piping
ASTM A106, grade B seamless pipe—Petroleum Refinery Piping Code
for Pressure Piping ANSI B31.3-1984—Corrosion allowance = 0.05

N:Jm Weight of Wall iD Flow Allowable working pressures for temperatures (in °F) not to exceed.
pipe Sch, pipe OD thk. (@) &° area _20 to
Sl‘ze No. 1bJft. . in. in. sq £t 100 200 300 400 500 600 700
12 540 851 .840 109 622 .0931 .00211 2258 2258 2258 2258 2134 1953 1863
3/4 540 1.131 1.060 113 824 3799 00371 1933 1933 1933 1933 1827 1672 1595
X80 1474 154 742 2249 .00300 3451 3451 3451 3451 3261 2085 2847
1 540 1.679 1.315 133 1.049 1.2700 00600 2103 2103 2103 2103 1988 1819 1735
X80 2.172 179 957 8027 .00499 3468 3468 3468 3468 3277 3000 2861
160 2.844 250 815 3596 00362 5720 5720 5720 5720 5405 4948 4719
XX 3.659 358 599 0771 .00196 9534 9534 9534 9534 9010 8247 7866
1-1/2 540 2.718 1.900 145 1.610 10.820 .01414 1672 1672 1672 1672 1580 1446 1379
X80 3.632 .200 1.500 7.5694 01225 2777 2777 2777 2777 2625 2402 2291
160 4.866 281 1.338 4.288 00976 4494 4494 4494 4494 4247 3887 3707
XX 6.409 400 1.100 1.611 00660 7228 7228 7228 7228 6831 6253 5963
2 540 3.653 2.375 154 2.067 37.72 02330 1469 1469 1469 1469 1388 1270 1212
X80 5.022 218 1.939 2741 02050 2488 2488 2488 2488 2351 2162 2053
160 7.445 343 1.687 13.74 01556 4600 4600 4600 4600 4347 3979 3795
XX 9.030 436 1.503 7.67 01232 6284 6284 6284 6284 5939 5436 5185
3 540 7.58 3.500 216 3.068 271.80 05130 1640 1640 1640 1640 1550 1419 1353
X80 10.25 .300 2.900 205.10 04587 25652 2552 2552 2552 2412 2207 2105
160 14.33 438 2.624 124.40 .03755 4122 4122 4122 4122 3895 3566 3401
XX 18.58 600 2.300 64.36 .02885 6089 6089 6089 6089 5754 5267 5024
4 540 10.79 4.500 237 4.026 1058.0 08840 1439 1439 1439 1439 1360 1244 1187
X80 14.99 337 3.826 819.8 07986 2276 2275 2276 2275 2150 1968 1877
160 22.51 531 3.438 480.3 06447 3978 3978 3978 3978 3760 3441 3282
XX 27.54 674 3.152 311.1 05419 5307 5307 5307 5307 5015 4590 4378
[ S40. 18.98 6.625 .280 6.065 8206. .2006 1206 1206 1205 1205 1139 1042 994
X80 28.58 432 5.761 6346. 1810 2062 2062 2062 2062 1948 1783 1701
160 45.30 718 5.187 3762. 1469 3753 3753 3753 3753 3546 3246 3097
XX 53.17 864 4.897 2816. 1308 4659 4659 4659 4659 4403 4030 3844
8 540 28.56 8.625 322 7.981 32380. 3474 1098 1098 1098 1098 1037 950 906
X80 43.4 500 7.625 25775. 3171 1864 1864 1864 1864 1761 1612 1537
XX 724 875 6.875 15360, 2578 3554 3554 3554 3564 3359 3074 2932
160 74.7 906 6.813 14679, 2532 3699 3699 3699 3699 3496 3200 3052
10 540 40.5 10.750 365 10.020 101000. 5475 1022 1022 1022 1022 966 884 843
X60 54.7 500 9.750 88110. 5185 1484 1484 1484 1484 1403 1284 1224
160 115.7 1.125 8.500 44371. .3941 3736 3736 3736 3736 3531 3232 3082
12 S 49.6 12.750 375 12.000 248800 7864 888 888 888 888 839 768 732
X 65.4 500 11.750 223970 7528 1245 1245 1245 1245 1177 1077 1027
160 160.3 1.312 10.126 106461 5592 3699 3699 3699 3699 3496 3200 3052
14 10 36.7 14.000 250 13.500 448400 .9940 486 486 486 486 460 421 401
$830 54.6 375 18.250 408394 9575 807 807 807 807 763 698 666
X 72.1 500 13.000 371280 9211 1132 © 1132 1132 1132 1069 979 934
16 10 42.1 16.000 250 15.500 894660 1.310 425 425 425 425 402 368 351
530 62.6 375 15.250 824801 1.268 706 705 705 705 666 609 581
540 82.8 .500 15.000 759375 1.227 987 987 987 987 933 854 815
18 10 474 18.000 250 17.500 1641309 1.670 377 377 377 377 357 326 311
S 70.6 375 17.250 1527400 1.622 625 625 625 625 591 541 516
93.5 .500 17.000 1419900 1.575 876 876 876 876 828 757 722
20 10 52.7 20.000 250 19.500 2819500 2.074 339 339 339 339 321 293 280
S20 78.6 375 19.250 2643352 2.021 562 562 562 562 531 486 464
X30 104.1 .500 19.000 2476099 1.969 787 787 787 787 743 680 649
24 10 63.4 24.000 250 23.500 7167030 3.012 282 282 282 282 267 244 233
520 94.6 375 23.250 6793832 2.948 468 467 467 467 442 404 386
X 125.5 500 23.000 6436300 2.883 660 654 654 654 618 565 539

Note: The above allowable working pressures are calculated from Fig. 17-23 using a reduction in tm to 87.5% of the wall thickness shown above to recognize mill
wall tolerance of 12.5%.
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FIG. 17-27

Gas Transmission and Distribution Piping
Code for Pressure Piping ANSI B31.8-1982
Carbon Steel and High Yield Strength Pipe
(Values apply to A106, API 5L and API 5LX pipe having the same specified minimum yield strength as shown)

Allowable Working Pressures up to 250°F, in psig
Nom Wall Construction Type Design Factors
Pipe | OD. | 1) Type A, F = 0.72% Type B, F = 0.60 Type C, F = 0.50 Type D, F = 0.40
Size GRB GR.B GR.B CRB
35,000|42,000| 46,000| 52,000| 60,000|35,000| 42,000 46,000 52,000 60,000| 35,000 | 42,000 46,000| 52,000} 60,000 35,000 | 42,000|46,000 52,000 60,000
o | STD) | 154 | 3268 - 2723 2270 1816
2.375 | 218 | 4626 3855 3213 2570
125 | 1800 1500 1250 1000
156 | 2246 1872 1560 1248
3.500 | .188 | 2707 2256 1880 1504
3 | (STD) | 216 | 8110 2592 2160 1728
250 | 3600 3000 2500 2000
281 | 4046 3372 2810 2248
300 | 4320 3600 3000 2400
125 | 1400 1680 1840 1167 1400] 1533 973| 1167| 1278 778/  933| 1022
156 | 1747 2097, 2296 1456 1747| 1913 1214 1456 1595 971| 1165 1276
188 | 2105 2526 2767 1754] 2105 2306 1462] 1755 1922 1170] 1404 1537
4500 | 219 | 2453 2943 3223 2044 2453] 2686 1704 2044 2239 1363 1635 1791
4 | (sTD) | 237 | 2654| 3185 3488 2212| 2654| 2907 1844| 2212 2423 1475, 1770| 1938
250 | 2800 3360 3680 2333 2800 3067 1945| 2333 2556 1566| 1869 2044
281 | 3147 3776] 4136 2623 3147| 3447 2186| 2622 2873 1748| 2098| 2298
312 | 3494| 4193 4593 2912 3494] 3827 2427, 2912] 3190 1941 2330 2552
337 | 3774 4530 4961 3145\ 3775| 4134 2621  3146] 3445 2097 2516 2756
156 | 1187 1424| 1560 1763 989 1187| 1300 1469 824/ 989| 1083| 1224 659| 791 866 980
188 | 1429| 1716| 1880] 2124 1192 1430 1567 1770 993 1192\ 1306| 1475 794| 954] 1044 1180
219 | 1666 2000| 2190] 2475 1388 1666] 1825 2063 1157| 1389] 1521, 1719 926| 1111 1216 1375
s 6.625 | 250 | 1902 2282 2500[ 2826 1585 1902 2083| 2355 1821 1585 1736/ 1963 1057, 1268] 1389| 1570
(STD) | 280 | 2130 2556| 2799 3164 1775| 2130 2333 2637 1479 1775| 1944; 2198 1183 1420 1555 1758
312 | 2373 2848/ 3120] 3527 1978/ 2374 2600 2933 1649 1978| 2167 2449 1319| 1582 1733 1959
375 | 92853 3424 3750] 4237 2377, 2853] 3125 3531 1981 2378 2604 2043 1585 1902] 2083| 2354
132 | 3287 3943| 4319| 4883 2739) 3286] 3599| 4069 2283] 2738 3000/ 3391 1826 2191] 2400| 2713
156 912| 1094] 1198 1354 760| 912| 998 1128 633| 760 832 940 506| 608 666 752
188 | 1098 1318 1444] 1632 915/ 1098| 1203] 1360 763| 915\ 1003| 1133 610 732 802 907
203 | 1186 1424 1559| 1762 989| 1186\ 1299 1469 824/ 989 1083 1224 659| 791 866 979
219 | 1280 1535\ 1681 1901 1067| 1280 1401 1584 889 1067| 1168 1320 711 853 934 1056
250 | 1461 1753] 1920, 2170 1217| 1461 1600| 1809 1014 1217| 1333 1507 812| 974, 1067 1206
8 8.625 | 277 | 1618 1942| 2128 2405 1349| 1618 1773| 2004 1124] 1349| 1478 1670 859| 1079 1182 1336
312 | 1823 2189 2396 2709 1520 1823 1997| 2258 1266 1520, 1664, 1881 1018] 1216| 1331 1505
(STD) | 322 | 1882 2258| 2473] 2796 1568 1882 2061| 2329 1307, 1568| 1717 1941 1045/ 1254] 1374| 15563
344 | 2011| 2412] 2642 2988 1676 2011 2202 2490 1396| 1676 1835 2075 1117) 1340| 1468/ 1660
375 | 2191 2628/ 2880] 3256 1826 2191] 2399| 2713 1521 1826] 1999| 2261 1217| 1460| 1599 1808
438 | 2560 3071 3364 3803 2133| 2560{ 2804| 3170 1778] 2133( 2336 2641 1422 1706| 1869 2113
500 | 2922| 3506 3840 4341 2435 2922| 3200 3617 2029| 2435 2667 3014 1623] 1948] 2133| 2412
.188 881| 1068 1158/ 1310 733] 881| 965 1091 612| 735 804| 909 490| 588 644] 728
203 959 1143 1251 1415 794) 952 1043] 1179 661] 794] 869 983 529| 635 695 786
219 | 1026] 1231] 1348 1525 855 1026| 1124 1271 713 855, 936 1059 570|  684] 749 847
250 | 1172 1407| 1540| 1741 977| 1172\ 1284] 1451 814| 977 1070 1209 651 781 856 967
10 | 10750 | 279 | 1309 1570| 1719) 1944 1091 1309] 1433] 1620 909 1091| 1194| 1350 727| 872 955 1080
307 | 1440 1728] 1892 2138 1200 1440 1577, 1782 1000| 1200{ 1314] 1486 800 960 1051 1189
344 | 1613] 1935 2120, 2396 1344 1613 1767| 1997 1120| 1344| 1473] 1664 896, 1075 1178/ 1331
(STD) | .365 | 1711 2054 2249| 2542 1426| 1711 1874 2119 1188| 1426 1562 1766 951 1141] 1249 1412
438 | 2054 2464 2700| 3051 1712] 2054] 2250 26543 1426 1712| 1875 2119 1141] 1369 1500, 1695
500 | 2344| 2813] 3081 3483 1953 2344] 2567| 2902 1628| 1953] 2140| 2419 1302 1563| 1712 1935
.188 743 892 977| 1104 619| 743] 814 920 516 619 678 767 418| 495 543|613
203 803| 963 1055 1193 669 803| 879 995 558| 669 733 829 446] 535| 586] 663
219 866| 1039| 1138 1287 722|  866| 948 1073 601] 722 790 894 481 B77| 632 715
250 988! 1186 1299 1468 824| 988] 1082 1224 686/ 824/ 902 1020 549| 659 722| 816
281 | 1111] 1332 1460| 1651 926| 1111| 1217| 1376 771 926| 1014| 1146 617, 740, 811 917
19 | 12750 | 312 | 1233| 1480 1620 1832 1028 1233| 1350 1527 856| 1028| 1125 1273 685 822 900 1018
330 | 1805 1566 1715 1939 1088 1305 1430, 1616 906| 1088| 1191 1346 725 870 953 1077
344 | 1359) 1631 1786 2020 1133| 1359 1488 1683 944 1133| 1240 1403 755| 906| 992 1122
(STD) | .375 | 1482 1779| 1948] 2202 1235 1482| 1624| 1835 1029| 1235 1353 1529 824; 988 1082 1224
406 | 1608 1926/ 2110| 2385 1338/ 1606| 1758 1988 1115| 1338 1465 1656 892, 1070| 1172 1325
438 | 1732) 2077] 2275 2572 1443) 1732 1896| 2144 1208 1443] 1580 1786 962| 1154| 1264| 1429
500 | 1976 2372 2598 2936 1647] 1976| 2165| 2447 1373 1647| 1804{ 2039 1098 1318| 1443| 1631

# Type A construction also applicable to "Liquid Petroleum Transportation Piping Code," ANSI B31.4-1979
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FIG. 17-27 (Cont’d.)
Gas Transmission and Distribution Piping

Allowable Working Pressures up to 250°F, in psig

Nom Wall Construction Type Design Factors
Pipe | OD. | o Type A, F = 0.72* Type B, F = 0.60 Type C, F = 0.50 Type D, F = 040
Size GRB GR.B GR.B GR.B
35,000 42,000 | 46,000 52,000 | 60,000 35,000 | 42,000 46,000{52,000| 60,000 35,000 42,000 46,000 | 52,000|60,000| 35,000 42,000| 46,000 52,000 | 60,000
219 689) 828/ 905 1024| 1183| 575| 689 755 854| 986| 479 75| 629) 711| 822 383 460 503 569] 657
250 786| 945| 1035| 1170 1350 656 788| 863 975 1125| 547 656 719 813 938] 438, 525| 575 650 750
281 886| 1063| 1164/ 1316 1518 738 886 970| 1097| 1265| 615 738| 808| 914| 1054] 492| 591 647| 731} 843
312 982 1179| 1291 1460| 1685 818 982 1076| 1217| 1404] 682 819 896 1014] 1170, 546| 655 717| 811 936
16 | 16.000 | .344 | 1084| 1300| 1424] 1609 1858 903| 1084| 1187| 1341] 1548, 753| 903 989 1118 1200| 602 722 791| 894 1032
(STD) | .375 | 1181 1418| 1553] 1755 2025| 984/ 1181] 1294] 1463 1688) 820 984| 1078 1219 1407| 656 788 863| 975 1125
438 | 13790 1655 1813| 2049 2365 1149| 1379 1511 1707, 1971 958 1149) 1259 1423| 1643| 7e6| 919 1007| 1138] 1314
500 | 1575 1890/ 2070 2340| 2700\ 1313| 1575 1725\ 1950 2250 1094| 1313| 1438| 1625 1875 875 1050, 1150 1300/ 1500
.625 | 1969) 2363 2588| 2925 3375| 1641 1969 2157) 2438 2812| 1368 1641 1796| 2031 2344 1094 1313] 1438] 1625| 1875
250 630] 756| 828| 936| 1080 525| 630 690 780 900| 438, 525 575 650| 750, 350| 420{ 460| 520 600
281 709 851|931 1053] 1214 591 709| 776 878\ 1012| 492| 91| 647, 731] 843 2394| 473| 518 585 674
312 786| 943| 1033| 1168| 1348 656/ 786| 861 973] 1123| 547 656 719] 813] 936| 438| 525 575 650 749
344 867| 1040| 1139{ 1289| 1486/ 723| 868 050, 1074| 1238) 603| 723 791 895 1032| 482| 578 633 716| 826
90 | (BID) | 375 945/ 1134| 1242| 1404| 1620 788! 945 1035 1170| 1350{ 656 788 863| 975 1125 525 630| 690 780 900
20.000 | 406 | 1023; 1228 1345 1520 1754/ 853| 1023| 1121 1267, 1462 710 853| 934 1056| 1218 568 682 747 844| 974
438 | 1103 1324 1450 1639 1892 919 1108| 1208/ 1366| 1577| 766| 919] 1007| 1138| 1314 613] 735 805| 910/ 1051
500 | 1260 1512| 1656 1872 2160| 1050 1260 1380| 1560| 1800 875/ 1050/ 1150| 1300| 1500/ 700| 840 920/ 1040| 1200
625 | 1575| 1890 2070 2340 2700 1313| 1575 1725 1950| 2250 1094] 1313 1438 1625\ 1875 875 1050| 1150 1300\ 1500
750 | 1890) 2268| 2484| 2808] 3240 1575\ 1890 2070 2340\ 2700| 1313} 1575 1725] 1950] 2250, 1050 1260| 1380| 1560 1800
281 590 709| 77e| 877 1012] 492 591, e47| 731| 843| 410 492 539 609| 703] 328 394| 431 487 562
312 655 786| 861 973 1123] 547| 656 719 812| 936 456 547 599 677| 780| 365 438 479] 542 624
344 722| 866| 949] 1073 1238 602] 722 791 894 1032 502 602 659 745| 860] 401 481 527 596 688
(STD) | .375 788| 945\ 1035 1170 1350, 656| 788| 862 975 1125 547 656 719| 813| 938 438 525| 575 650 750
24 | 24000 | .406 853| 1024{ 1121 1267| 1462 711| 853 935 1056| 1218 592 711] 779| 880| 1015 474| 569 623 704] 812
438 919 1103| 1208 1366 1577| 766| 919, 1006 1138| 1314, 638 766 839 948/ 1095 510 613] 671 758 876
500 | 1050| 1260{ 1380 1560/ 1800 875\ 1050 1150| 1300| 1500| 729| 875 958| 1083 1250, 83| 700| 767 867, 1000
625 | 1312 1575 1725 1950, 2250\ 1094| 1313 1437| 1625 1875 911 1094| 1198| 1354 1563| 720| 875 958 1083| 1250
750 | 1575, 1890{ 2070| 23400 2700| 1313| 1575 1725| 1950| 2250 1094] 1313| 1438 1625 1875 875 1050/ 1150| 1300| 1500
.281 545| 6s4) 717| 810 934| 454| 545 597 675| 778] 379| 454| 498 563| 649) 303 363] 398 450{ 519
312 604| 727 796 900| 1037| 508] 604 663 750; 864| 421| 505 553| 625 720| 337| 404 442] 500| 576
26.000 | .344 667| 800 876 990| 1143| 556/ 666/ 730 825 953] 463| 555 606 688 794| 370 444] 487 550 635
(STD) | .375 726| 872 955 1080 1246 606 727| 796 900, 1039 505 606 663 750/ 866| 404| 485 531 600| 692
26 406 787| 945 1035 1170\ 1349 e56| 787| 863 975 1124| 547 es6| 719 813] 937 487| 525 575| 650, 750
438 848 1018] 1115 1260 1456| 707| 848 929 1050| 1213| 589 707| 774] 875| 1011 471 565 619 700/ 809
500 969 1163] 1274| 1440| 1662| 808| 969| 1062| 1200| 1385 673| 808| 885 1000, 1154| 538 646| 708 800| 923
625 | 1211 1454] 1592 1800/ 2077| 1010 1212| 1327| 1500 1781 841 1010| 1106] 1250 1442| 673| 808 885 1000| 1154
750 | 1454] 1745 1911| 2160 2492| 1212| 1454 1592) 1800{ 2077 1010| 1212| 1327| 1500| 1731 808| 969| 1062] 1200| 1385
312 525 630 690 780 899 438) 525 575| 650, 749| 365 438 479] 42| 624| 292] 350| 383 433 499
344 578/ 693 759 858] 991 482 577| 632] 715 826| 401 481 527 596| 688 321 385 422 477 550
(STD) | 375 630, 756 828 936 1080] 525 630 690 780/ 900| 437 525 575| 650 750 350| 420{ 460 5200 600
30 | 30.000 | .406 682| 819| 897 1014| 1169) 568 682] 747| 845 974] 474 569] 623 704| 812] 379 455 498 563 650
438 735| 882| 966 1092 1261| 612| 735 805/ 910{ 1051 510 612| 671| 758) 876 408 490\ 537, 607 701
500 840 1008| 1104] 1248| 1440) 700 840| 920/ 1040 1200| 583\ 700] 767| 867| 1000/ 467 560| 613] 693 800
625 | 1050 1260| 1380; 1560| 1800, 875 1050\ 1150 1300 1500\ 729 875 958 1083 1250, 583 700| 767| 867 1000
750 | 1260| 1512] 1e56| 1872 2160| 1050| 1260| 1380 1560| 1800| 875 1050| 1150] 1800 1500] 700, 840| 920| 1040| 1200

* Type A construction also applicable to "Liquid Petroleum Transportation Piping Code," ANSI B31.4-1979

Notes:

1. All dimensions are in inches
2. See Fig 17-24
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FIG. 17-28

Pressure-Temperature Ratings for Pipe Flanges and Flanged Fittings from ANSI B16.5-1981

CLASS 150 300 400 600 900 | 1500 | 2500 | See Notes
A105 (1)(3), A216-WCB (1), A515-70 (1) (a) (h)
Material Group 1.1 (Carbon Steel) A516-70 (1) (@) (®
A350-LF2,A537-C1.1 161
°F Pressures are in pounds per square inch, gauge (psig)
—20 to 100 285 740 990 1480 2220 3705 6170
200 260 675 900 1350 2025 3375 5625
300 230 655 875 1315 1970 3280 5470
400 200 635 845 1270 1900 3170 5280
500 170 600 800 1200 1795 2995 4990
600 140 550 730 1095 1640 2735 4560
650 125 535 715 1075 1610 2685 4475
700 110 535 710 1065 1600 2665 4440
750 95 505 670 1010 1510 2520 4200
800 80 410 550 825 1235 2060 3430
850 65 270 355 535 805 1340 2230
900 50 170 230 345 515 860 1430
950 35 105 140 205 310 515 860
1000 20 50 70 105 1556 260 430
A182-F304 (5), A182-F304H —
Material Group 2.1 (Type 304) A240-304 (5)(6), A351-CF8 (5) —
A351-CF3 ®
—20 to 100 275 720 960 1440 2160 3600 6000
200 235 600 800 1200 1800 3000 5000
300 205 530 705 1055 1585 2640 4400
400 180 470 630 940 1410 2350 3920
500 170 435 585 875 1310 2185 3640
600 140 415 5565 830 1245 2075 3460
700 110 405 540 805 1210 2015 3360
800 80 395 525 790 1180 1970 3280
850 65 390 520 780 1165 1945 3240
900 50 385 510 770 1150 1920 3200
950 35 375 500 750 1125 1870 3120
1000 20 325 430 645 965 1610 2685
1050 310 410 620 925 1545 2570
1100 260 345 515 770 1285 2145
1150 195 260 390 585 980 1630
1200 155 205 310 465 770 1285
1250 110 145 220 330 550 915
1300 85 110 165 245 410 685
1350 60 85 125 185 310 515
1400 50 65 90 145 240 400
1450 35 45 70 105 170 285
1500 25 30 50 70 120 200
Notes: (a) permissible but not recommended for prolonged use above 800°F
(d) not to be used over 650°F
(f) not to be used over 800°F
(g) not to be used over 850°F
(h) not to be used over 1000°F
Additional Notes: (1) Upon prolonged exposure to temperatures above about 800°F (425°C), the carbide phase of carbon steel may

(3)
(5)
(6

be converted to graphite

Only killed steel shall be used above 850°F (455°C)

At temperatures over 1000°F (540°C), use only when the carbon content is 0.04 percent or higher
For temperatures above 1000°F (540°C), use only if the material is heat treated by heating it to a temp-
erature of at least 1900°F (1040°C) and quenching in water or rapidly cooling by other means
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