Source Models



Most accidents in chemical plants result in spills of toxic,
flammable, and explosive materials.

Typical incidents might include the rupture or break of a pipeline, a
hole in a tank or pipe, runaway reaction, or fire external to the
vessel.

Once the incident is known, source models are selected to
describe how materials are discharged from the process.

The source model provides a description of the rate of discharge,
the total quantity discharged (or total time of discharge), and the
state of the discharge (that is, solid, liquid, vapor, or a
combination).

A dispersion model is subsequently used to describe how the
material is transported downwind and dispersed to some
concentration levels.

For flammable releases fire and explosion models convert the
source model information on the release into energy hazard
potentials, such as thermal radiation and explosion overpressures.
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Introduction to Source Models

Source models are constructed from fundamental or
empirical equations representing the physicochemical
processes occurring during the release of materials.

For a reasonably complex plant many source models are
needed to describe the release.

Some development and modification of the original
models is normally required to fit the specific situation.

If uncertainty exists, the parameters should be selected
to maximize the release rate and guantity.

Release mechanisms are classified into wide and
limited aperture releases.

In the wide aperture case a large hole develops in the
process unit, releasing a substantial amount of material
In a short time.



An excellent example is the over pressuring and
explosion of a storage tank.

For the limited aperture case material is released at a
slow enough rate that upstream conditions are not
Immediately affected.

Assumption of constant upstream pressure is frequently
valid.

For these releases material is ejected from holes and
cracks in tanks and pipes, leaks in flanges, valves, and
pumps, and severed or ruptured pipes.

Relief systems, designed to prevent the over pressuring
of tanks and process vessels, are also potential sources
of released material.



Various types of limited aperture releases
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For gases or vapors stored in a tank, a leak results in a jet of gas or vapor.
For liquids a leak below the liquid level in the tank results in a
stream of escaping liquid.



Vapor and liquid are ejected from process units
In either single- or two phase states

« If the liquid is stored under pressure above its atmospheric boiling
point, a leak below the liquid level will result in a stream of liquid
flashing partially into vapor.

« Small liquid droplets or aerosols might also form from the flashing
stream, with the possibility of transport away from the leak by wind
currents.

« Aleak in the vapor space above the liquid can result in either a vapor
stream or a two-phase stream composed of vapor and liquid,

depending on the physical properties of the material.
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There are several basic source models that are used
repeatedly and will be developed in detail here. These
source models are

 Flow of liquid through a hole

 Flow of liquid through a hole in a tank
 Flow of liquids through pipes

* Flow of gases or vapor through holes
* Flow of gases or vapor through pipes
* Flashing liquids

* Liquid pool evaporation or boiling

Other source models, specific to certain materials, are
Introduced in subsequent chapters.



Flow of Liquid through a Hole

A mechanical energy balance describes the various energy
forms associated with flowing fluids:
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Where

The A function represents the final minus the initial state.
P is the pressure (force/area),

p is the fluid density (mass/volume),

u is the average instantaneous velocity of the fluid (length/time),
g. is the gravitational constant (length mass/force time?),
« is the unitless velocity profile correction factor with the following values:
a = 0.5 for laminar flow, o = 1.0 for plug flow, and o — 1.0 for turbulent flow,
g is the acceleration due to gravity (length/time?),

z is the height above datum (length),

F is the net frictional loss term (length force/mass), For incompressible liquids the density is
W, is the shaft work (force length), and constant, and
[ dP AP

P P

i is the mass flow rate (mass/time).




Liquid escaping through a hole in a
process unit

Liquid Pressurized within
Process Unit
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Consider a process unit
that develops a small hole,

The pressure of the liquid
contained within the
process unit is converted to
kinetic energy as the fluid
escapes through the leak.

Frictional forces between
the moving liquid and the
wall of the leak convert
some of the kinetic energy
of the liquid into thermal
energy, resulting in a
reduced velocity.



For this limited aperture release, assume a constant
gauge pressure P, within the process unit.

The external pressure is atmospheric; so AP = P,,.

The shaft work is zero, and the velocity of the fluid within
the process unit is assumed negligible.

The change in elevation of the fluid during the discharge
through the hole is also negligible; so Az = 0.

The frictional losses in the leak are approximated by a
constant discharge coefficient C,, defined as
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The modifications are substituted into the mechanical energy

balance to determine U the average discharge velocity from
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« The mass flow rate Q,, resulting from a hole of area A is given by
On = puA = AC,V2pg P,
« The total mass of liquid spilled depends on the total time that the
leak is active.

» The discharge coefficient C, is a complicated function of the
Reynolds number of the fluid escaping through the leak and the
diameter of the hole.

The following guidelines are suggested:

« For sharp-edged orifices and for Reynolds numbers greater than
30,000, C, approaches the value 0.61.

« For these conditions the exit velocity of the fluid is independent of
the size of the hole.

« For a well-rounded nozzle the discharge coefficient approaches 1.

« For short sections of pipe attached to a vessel (with a length-
diameter ratio not less than 3), the discharge coefficient is
approximately 0.81.

« When the discharge coefficient is unknown or uncertain, use a value
of 1.0 to maximize the computed flows.



Flow of Liquid through a Hole in a Tank

« A storage tank has a hole develops at a height h; below the fluid
level.

« The flow of liquid through this hole is represented by the mechanical
energy balance and the incompressible assumption.

« An orifice-type leak in a process vessel. The energy resulting from
the pressure of the fluid height above the leak is converted to kinetic
energy as the fluid exits through the hole. Some energy is lost
because of frictional fluid flow
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The gauge pressure on the tank is P, and the external
gauge pressure is atmospheric, or O.

The shaft work W is zero, and the velocity of the fluid in
the tank is zero.

A dimensionless discharge coefficient C, is defined as

AP [ AP
8Py, pog(-AP_y)
P &

The mechanical energy balance is solved for , the
average instantaneous discharge velocity from the leak:
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where h, is the liquid height above the leak. A new
discharge coefficient Co is defined as

u= clﬁ\,’z(

C, = CGVa



The resulting equation for the instantaneous velocity of fluid
exiting the leak is
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The instantaneous mass flow rate Q,, resulting from a hole of
area Ais given by —
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As the tank empties, the liquid height decreases and the velocity
and mass flow rate decrease

- Assume that the gauge pressure P, on the surface of the
liquid is constant.

« This would occur if the vessel was padded with an inert gas to
prevent explosion or was vented to the atmosphere.

 For atank of constant cross-sectional area At, the total mass
of liquid in the tank above the leak is

m = pAh,



The rate of change of mass within the tank is  dm
(lf

m:

By substituting and by assuming constant tank cross-
section and liquid density, we can obtain a differential
equation representing the change in the fluid height:
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Solving for h;, the liquid level height in the tank, yields

C,A [28.F gfCoA \*
hy = hY — A \/ ; g+2ghﬂ{+5( A r).

Substituted to obtain the mass discharge rate at any time t
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The first term on the right-hand side is the initial mass
discharge rate at h; = hy.

The time t, for the vessel to empty to the level of the leak is
found by solving for t after setting h, = 0 in the upper most

0, = pC.A «.‘J/ 2
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If the vessel is at atmospheric pressure, P, =0
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Flow of Liquids through Pipes

« A pipe transporting liquid and pressure gradient across
the pipe is the driving force for the movement of liquid.

 Frictional forces between the liguid and the wall of the
pipe convert kinetic energy into thermal energy.

« This results in a decrease in the liquid pressure.




Flow of incompressible liquids through pipes is described
by the mechanical energy balance combined with the
Incompressible fluid assumption

SR B D

¥ log. 8 #l
The frictional loss term F represents the loss of
mechanical energy resulting from friction and includes
losses resulting from flow through lengths of pipe fittings
such as valves, elbows, orifices; and pipe entrances and

exits.

For each frictional device a loss term of the following
form Is used: 2
o)

-
"'I.E.Il:

K. Is the excess head loss due to the pipe or pipe fitting
(dimensionless) and u is the fluid velocity (length/time).



 For fluids flowing through pipes the excess head loss
term K; is given by A7l
Ki=—
d
f Is the Fanning friction factor (unit less),
L is the flow path length (length), and

d is the flow path diameter (length).

« The Fanning friction factor f is a function of the Reynolds
number Re and the roughness of the pipe .

* Plot of the Fanning friction factor versus Reynolds
number with the pipe roughness, €/d, as a parameter.



Roughness Factor € for Pipes

Typical ¢
Pipe material Condition mm inch
Drawn brass, copper, stainless New 0.002 0.00008
Commercial steel New 0.046 0.0018
Light rust 0.3 0.015
General rust 2.0 0.08
[ron Wrought, new 0.045 0.0018
Cast, new 0.30 0.025
Galvanized 0.15 0.006
Concrete Very smooth 0.04 0.0016
Wood floated, brushed 0.3 0.012
Rough, visible form marks 2.0 0.08
Glass or plastic Drawn tubing 0.002¢ 0.0008°
Rubber Smooth tubing 0.01 0.004
Wire reinforced 1.0 0.04
Fiberglass” 0.005 0.0002



Plot of Fanning friction factor f versus
Reynolds number

0.025 T T
— LRR B! T 1T 46 71 ! — Sl O
I Laminar Flow —-f= —— r
= Re |
0.02 - Complete Turbulence
77 TR 3 Rough Pipe :
7 | | 0y
\ l f !
T //\71;* —T 11T =11 1 T 1 71 0.04
0.015 - ~ v i 1
L EZA = 0.03
N AN T —-H 0.025
0 '{/\\ B : 0.02
- 0.01 1§77 \\ ‘\_ I t :

. 4 ' | ! 0.01 Wi
g 0.003 | llyﬁ T " ; 0.008 @
£ 0008 A ANOK T H—H 0006 £
S i Z Y, "N i =3
B 0007 5 e — 0.004 o
- | E I - ,i | - Vi ~ G D N ——— - — 0.003 E;
€  0.006 -HUncertzi = B
g Hemon 3 ~ . .t } 0002 %
LE | A \\\ [ 00015 o

0.005 HH—TT 1T T T RS S T F——F—H 0.001
| ! e % 0.0008
‘ o : —H 0.0006
0.004 HH—+ 11— =TT 0.0004
o [ I I B ErhT NN PN T EE T
O I = NS T e 4 0.0002
| \‘~ ! K\\ |
0.003 | , , ‘ =R 0.0001
2 . =4 5 X 1077
0.0025 + I S - ) 5
' i - - 1 a
j' ‘ Smoath Pi N .‘: —Hg:dg 5
[ | Il E==1} — ST = = B A 5x10 '
0.00e T 550 PRSI 1 <103
65 2 34 68 2 34 68 ?2 3468 2 3468 2 34 68
10° 10° 10° 10® 107 109
dup
=P



For laminar flow the Fanning friction factor is given by
|6
F= Re

For turbulent flow the data are represented by the
Colebrook equation:

1 i . 1.255
o O] e
Vf 374 ReV f

An alternative form is useful for determining the
Reynolds number from the friction factor f, is

L — Vf (]“ 025 _ Li)
Re  1.255 34




2-K Method

For pipe fittings, valves, and other flow obstructions the
traditional method has been to use an equivalent pipe
length L.

The problem with this method is that the specified length
IS coupled to the friction factor.

An improved approach is to use the 2-K method, which
uses the actual flow path length.

Equivalent lengths are not used — and provides a more
detailed approach for pipe fittings, inlets, and outlets.

The 2-K method defines the excess head loss in terms of
two constants, the Reynolds number and the pipe

internal diameter:
K= ﬁ 4+ K (1 + ! )
' Re .7.;. [ Dipehes




* K;is the excess head loss (dimensionless),
* K, and K_, are constants (dimensionless),
* Re is the Reynolds number (dimensionless),

* ID, .. is the internal diameter of the flow path (inches)
Fittings Description of fitting K K.
Elbows Standard (#/D = 1), threaded 800 0.40
90° Standard (#/D = 1), flanged/welded 800 0.25
Long radius (/D = 1.5), all types 800 0.20
Mitered (/D = 1.5): 1 weld (90°) 1000 115
2 welds (457) 800 0.35
3 welds (30°) 800 0.30
4 welds (22.5°) 800 0.27
S welds (18%) 800 0.25

Valves

Gate, ball or plug Full line size, g = 1.0 300 0.10
Reduced trim, g = 0.9 500 0.15
Reduced trim, 8 = 0.8 1000 0.25

Globe Standard 1500 4.00



Liquid discharge through holes

The 2-K method also represents liquid discharge through
holes.

From the 2-K method an expression for the discharge
coefficient for liquid discharge through a hole can be
determined. , i

C,=—

\;"1 + 'K,
Where 2 K; Is the sum of all excess head loss terms,
Including entrances, exits, pipe lengths, and fittings.

For a simple hole in a tank with no pipe connections or
fittings the friction is caused only by the entrance and
exit effects of the hole.

For Reynolds numbers greater than 10,000, K;= 0.5 for
the entrance and K; = 1.0 for the exit.

Thus 2 K. = 1.5, C, = 0.63, which nearly matches the
suggested value of 0.61.




The solution procedure to determine the mass flow rate of discharged material from
a piping system is as follows:

1. Given: the length, diameter, and type of pipe; pressures and elevation changes
across the piping system; work input or output to the fluid resulting from pumps,
turbines, etc.; number and type of fittings in the pipe; properties of the fluid,
including density and viscosity.

2. Specify the initial point (point 1) and the final point (point 2). This must be done
carefully because the individual terms in Equation are highly dependent on this
specification.

3. Determine the pressures and elevations at points 1 and 2. Determine the initial
fluid velocity at point .

4. Guess a value for the velocity at point 2. If fully developed turbulent flow is
expected, then this is not required.

5. Determine the friction factor for the pipe using Equations.



6.Determine the excess head loss terms for the pipe for the
fittings and for any entrance and exit effects Sum the
head loss terms, and compute the net frictional loss term
using. Use the velocity at point 2.

/. Compute values for all the terms in Equation, and
substitute into the equation. If the sum of all the terms in
Equation is zero, then the computation is completed. If
not, go back to step 4 and repeat the calculation.

8. Determine the mass flow rate using the equation If fully
developed turbulent flow is expected, the solution is
direct. Substitute the known terms into Equation 4-28,
leaving the velocity at point 2 as avariable. Solve for the
velocity directly.



Water contaminated with small amounts of hazardous waste is
gravity-drained out of a large storage tank through a straight, new
commercial steel pipe, 100 mm ID (internal diameter). The pipe is
100 m long with a gate valve near the tank. The entire pipe
assembly is mostly horizontal. If the liquid level in the tank is 5.8 m
above the pipe outlet, and the pipe is accidently severed 33 m from
the tank, compute the flow rate of material escaping from the pipe.

T 7 /— Gate Valve

5.8m ’ / -100mm ID Commercial
l ,J\. '/ Steel Pipe
D C

— N\
<« 33m 4>|

2




« The draining operation is shown. Assuming negligible
Kinetic energy changes, no pressure changes, and no
shaft work, the mechanical energy balance applied
between points 1 and 2 reduces to

¢
—Az + F=0.
g,

=1.0 x 103 kg/m s,
For water H SIS

p = 1000 kg/m?.

The K factors for the entrance and exit effects are
determined. The K factor for the gate valve is found in, and
the K factor for the pipe length is given by Equation For

the pipe entrance, @
K = ;'1.:' + (.50,

For the gate valve, -

K, = — + (.10
Re



For the pipe exit K, = 1.0.

For the pipe length

afl. 4f(33m)

K, =
" d  (0.10m)

= 1320f.

Summing the K factors gives 460

S K- + 1320f + 1.60.

- Re '
For Re < 10,000 the first term in the equation is small.
Thus - 1

Y K¢~ 1320f + 1.60,

The gravitational term in the mechanical energy equation
IS given by because there is no pressure change and no
pump or shaft work, the mechanical energy balance

F=F ﬁ;’l( j”—) = (660f + 0.80)7".

Jraa]
-‘_.L'll.



u; 8
-+ —=Az+ F =)

28. &
Solving for the exit velocity and substituting for the height change
gives

- g . ..
;s = E,I:L( Az 4 a’") = =2g.(=56.8 + F).
K¢

The Reynolds number is aiven bv
dip (0.1 m)(@)(1000 kg/m?)

p = = 10 X 10°&.

i 1.0 X 10 *kg/m s

For new commercial steel pipe, € = 0.0046 mm and because the
friction factor f and the frictional loss term F are functions of the

Reynolds number and velocity, the solution is found by trial and

error. The trial and error solution is shown in the following table:

e 0.046 mm

— = — = (}).ON)46.
¢l 100 mm



Guessed Calculated

(m/s) Re f F (m/s)
3.00 300.000 0.00451 34.09 6.75
3.50 350,000 0.00446 46.00 4.66
3.66 366,000 0.00444 50.18 3.66

Thus the velocity of the liquid discharging from the pipe is
3.66 m/s.

The table also shows that the friction factor f changes little
with the Reynolds number.

Thus we can approximate for fully developed turbulent flow
In rough pipes. Friction factor value of 0.0041. Then

F = (660f + 0.80)u3; = 3.51u-.
w3 = —2g,(—56.8 + 3.51u3)

= 113.6 — 7.02u5,

u, = 376 m/s.



This result is close to the more exact trial and error solution.
The cross-sectional area of the pipe is
zd?  (3.14){(0.1 m)?

A = = = (L.O078RS m*.
4 4

Q, = puA = (1000 kg/m’)(3.66 m/s){0.00785 m?) = 28.8 kg/s.

This represents a significant flow rate.

Assuming a 15-min emergency response period to stop the release, a
total of 26,000 kg of hazardous waste will be spilled.

In addition to the material released by the flow, the liquid contained
within the pipe between the valve and the rupture will also spill.

An alternative system must be designed to limit the release.

This could include a reduction in the emergency response period,
replacement of the pipe by one with a smaller diameter, or modification
of the piping system to include additional control valves to stop the flow.



Flow of Gases or Vapors through Holes

For flowing liquids the kinetic energy changes are frequently
negligible and the physical properties (particularly the density)
are constant.

For flowing gases and vapors these assumptions are valid
only for small pressure changes (P,/P, < 2) and low velocities
(<0.3 times the speed of sound in gas).

Energy contained within the gas or vapor as a result of its
pressure is converted into kinetic energy as the gas or vapor
escapes and expands through the hole.

The density, pressure, and temperature change as the gas or
vapor exits through the leak.

Gas and vapor discharges are classified into throttling and
free expansion releases.

For throttling releases the gas issues through a small crack
with large frictional losses;



little of the energy inherent to the gas pressure is converted
to kinetic energy.

For free expansion releases most of the pressure energy is
converted to kinetic energy; the assumption of isentropic
behavior is usually valid.

Source models for throttling releases require detailed
Information on the physical structure of the leak.

Free expansion release source models require only the
diameter of the leak.



A free expansion leak is shown in Figure. The mechanical
energy balance describes the flow of compressible gases
and vapors.

Assuming negligible potential energy changes and no
shaft work results in a reduced form of the mechanical

energy balance describing compressible flow through
holes:
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» Adischarge coefficient C, is defined in a similar fashion
to the coefficient defined In

" dP o [ dP
_J?—f- - cl( | . )
* The integration is carried to any arbitrary final point
(denoted without a subscript). The result is

. [ Fap Th
Cy ¢ = ).

lp P lag.

* For any ideal gas undergoing an isentropic expansion,

Py = — = constant,
o

where y is the ratio of the heat capacities, y = C/C,.
Defining a new discharge coefficient C, identical to that in and

iIntegrating results in an equation representing the velocity of the fluid at
any point during the isentropic expansion:



B .y B, P \(r— 28CRT, v [ P \(r- 1y
u- = 2peC: 1 - = fie= ;
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The second form incorporates the ideal gas law for the initial
density p,. R, is the ideal gas constant, and T, is the
temperature of the source. Using the continuity equation

{_jl'll o Flr'rfl

/ P Ly
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For many safety studies the maximum flow rate of vapor
through the hole is required.

This is determined by differentiating Equation(Q,,) with
respect to P/P,and setting the derivative equal to zero.
The result is solved for the pressure ratio resulting in the

maximum flow:
'Ir_ll:‘hnkl;{l ot ( 2 )'.'"-'I[T 1]
PI.I .}, + I 3




The choked pressure P .4 IS the maximum downstream pressure
resulting in maximum flow through the hole or pipe.

For downstream pressures less than P4 the following statements
are valid:

(1) The velocity of the fluid at the throat of the leak is the velocity
of sound at the prevailing conditions, and

(2) Velocity and mass flow rate cannot be increased further by
reducing the downstream pressure; they are independent of the
downstream conditions.

This type of flow is called choked, critical, or sonic flow.

For ideal gases the choked pressure is a function only of the heat
capacity ratio y.

Gas Y P hoked
Monotonic =1.67 0.487P,
Diatomic and air =1.40 0.528P,

Triatomic =132 0.542P,



* For an air leak to atmospheric conditions (P oxeq = 14.7 psSia),

» |f the upstream pressure is greater than 14.7/0.528 = 27.8 psia, or
13.1 psig, the flow will be choked and maximized through the leak.

."ITS’ M 2 fy+ 1)y~ 1)
{Qm}clmkud b CUA P-.n\‘]’ R{’}‘ (,}, 3 I) |

where
M is the molecular weight of the escaping vapor or gas,
T, is the temperature of the source, and
R, Is the ideal gas constant.

» [For sharp-edged orifices with Reynolds numbers greater than
30,000 (and not choked), a constant discharge coefficient C, of 0.61
IS indicated.

Example: A 0.1-in hole forms in a tank containing nitrogen at 200 psig
and 80°F. Determine the mass flow rate through this leak. (nitrogen y =

1.41 Pl % yiy=1) 1.41i0.41
) s = ( — ) - (i) = 0.527.
P, y + 1 2.41

P hokeq = 0.527(200 + 14.7) psia = 113.1 psia.



Choked flow of gas through a hole

The gas velocity is sonic at the throat.

The mass flow rate is independent of the
downstream pressure.
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An external pressure less than 113.1 psia will result in choked
flow through the leak.

Because the external pressure is atmospheric in this case,
choked flow is expected.

The area of the hole is wd®  (B14)(01 in)'(1 E/144in) .

A= =545 X 107° &,
4 4

The discharge coefficient C, is assumed to be 1.0.

P, = 200 + 14.7 = 214.7 psia,
2 Wiy—1) 9\ 241041 o
T, = 80 + 460 = 540°R, (T g ) = (m) = 0.829™ = 0.347.

[yg.M ( 2 ) Fy-1)
D )ehoked = CoAP oA | —
(L m)xhnhd of 0 \‘ [(!!T” ,y + l

= (1.0)(5.45 X 1077 t*)(214.7 Ib,/in*)(144 in*/ %)

[(1.4)(32.17 ft 1b,,/1b; 57)(28 Ib,, /Ib-mol)

Xl
N (1545 ft Ib;/Ib-mol°R )(540°R)

(0.347)

= 1.6851b,\V/5.24 x 107 1b2/1b} &



Flow of Gases or Vapors through Pipes

Vapor flow through pipes is modeled using two special
cases: adiabatic and isothermal behavior.

For both the isothermal and adiabatic cases it is convenient
to define a Mach (Ma) number

Mach (Ma) number as the ratio of the gas velocity to the
velocity of sound in the gas at the prevaliling conditions:

Ma = ﬂ,
il
where ‘a’ is the velocity of sound. The velocity of sound is

determined using the thermodynamic relationship

—

.II (r.“r_,)
i = 1\. .E'; ;'I',-;- 5,



for an ideal gas is equivalent to

a= VygR,TIM,

which demonstrates that for ideal gases the sonic velocity is a function of
temperature only. For air at 20°C the velocity of sound is 344 m/s (1129 ft/s).

Adiabatic Flows

P, < P
P2 > Penoked
Q=0
I 7 A
T, / 7,’_\\ o
T '\ T =
L, S 2 N % _
N = { ‘
Ma, U, <- Sonic Velocity
(( L = Ma2 -~ Ma1
Maz <1

For Surroundings, P = P, > Pgnoked



An adiabatic pipe containing a flowing vapor is shown in Figure.

For this particular case the outlet velocity is less than the sonic
velocity.

The flow Is driven by a pressure gradient across the pipe.
As the gas flows through the pipe, it expands because of a
decrease in pressure.

This expansion leads to an increase in velocity and an increase
In the Kinetic energy of the gas.

The kinetic energy is extracted from the thermal energy of the
gas; a decrease in temperature occurs.

However, frictional forces are present between the gas and the
pipe wall.

These frictional forces increase the temperature of the gas.

Depending on the magnitude of the kinetic and frictional energy
terms, either an increase or a decrease in the gas temperature is
pOSSIb|e



« The mechanical energy balance also applies to adiabatic
flows. For this case it is more conveniently written in the
form

oW,
L R .
P ag. g m
 The following assumptions are valid for this case:is valid for
ases. y
5 'él'{f: = ()
8e

* Assuming a straight pipe without any valves or fittings,
and can be combined and then differentiated to result in
2f il dL

g.d

dlF =

Because no mechanical linkages are present,

SWs = 0.



 An important part of the frictional loss term is the

assumption of a constant Fanning friction factor f across

the length of the pipe.

* This assumption is valid only at high Reynolds numbers.

* A total energy balance is useful for describing the
temperature changes within the flowing gas.

* For this open steady flow process the total energy balance

is given by

udu g . oW,
+ + —dz = dq — :
ag. g m

where h is the enthalpy of the gas and g is the heat.

The following assumptions are invoked:

dh = Cp dT for an ideal gas,

g/gc dz = 0 is valid for gases,

dg = 0 because the pipe is adiabatic,

dWs = 0 because no mechanical linkages are present.



« These assumptions are applied to Equations The
equations are combined, integrated (between the initial

point denoted by subscript “0” and any arbitrary final
« point), and manipulated to yield, after considerable effort,

T, Y, | 8 iRl L oo
Tl = Y, where Y, + > Ma;,
P, Ma, |,"')_',
P, Ma, \VY,
P , \l cd | '.‘r)!:
o Ma, \" Yl.
[y8M [ Y8M

(; = I)ﬁ — Mu,f’, \‘la ﬁ — .\"liljp.) \" I(’ l »
et ] gt 2

where G Is the mass flux with units of mass/(area-time)



i) <Ma§'Y,) ( 1 l ) (4/'1‘)
- In - - > - =+ yl—] =0
2 MajY, Ma; Mas d

Kinetic compressibility pipe
energy [riction

Relates the Mach numbers to the frictional losses in the pipe.

The various energy contributions are identified.

The compressibility term accounts for the change in velocity resulting
from the expansion of the gas.

Equations are converted to a more convenient and useful form by

replacing
the Mach numbers with temperatures and pressures,
+1_ PT, 1/ PiT3 - PiT3\/( \ 4fL
Y Vi L ( Lk l)( l - I )+/ ol
¥ P,T, 2y I,-T, PiT, PsT; . d
[2g.M v I, =T,
G = ‘ -
N R, y—=1(T/P,)}~ (ToP,)

For most problems the pipe length (L), inside diameter (d), upstream
temperature (T1) and pressure (P1), and downstream pressure (P2) are
known. 169
To compute the mass flux G,



The procedure is as follows:
1. Determine pipe roughness € from Table Compute €/d.

2. Determine the Fanning friction factor f from Equation This assumes fully
developed turbulent flow at high Reynolds numbers. This assumption can be
checked later but is normally valid.

3. Determine T, from Equation
4. Compute the total mass flux G from Equation

For long pipes or for large pressure differences across the pipe the velocity of
the gas can approach the sonic velocity.

When the sonic velocity is reached, the gas flow is called choked. The gas
reaches the sonic velocity at the end of the pipe.

If the upstream pressure is increased or if the downstream pressure is
decreased, the gas velocity at the end of the pipe remains constant at the
sonic velocity.

If the downstream pressure is decreased below the choked pressure P yeqs
the flow through the pipe remains choked and constant, independent of the
downstream pressure.

The pressure at the end of the pipe will remain at P .4 €ven if this pressure
IS greater than the ambient pressure. The gas exiting the pipe makes an
abrupt change from P .4 0 the ambient pressure. For choked flow
Equations are simplified by setting Ma, = 1.0.



The results are
Adiabatic choked flow of gas through a pipe. The maximum velocity is
reached at the end of the pipe.

For Surroundings, P < Pgoked
Py = Pehoked

P, Q=0

o “ ,j] mmmmmmmmmmmmm f’;' E} %

o Mg ghh "_,:L u, = Sonic Velocity
Ma, = 1

Sonic Velocity Reached at Exit of Pipe

Tchukcd - 2Y| {4-{‘3}
'[‘l R 1’
,,chnlcd o M'd "’| 2 Yl {4-ﬁ4 :'
P, '‘Ny+ T
Pehoked = Ma "Y + 1 {4-5‘1'}
= a
3 Nan"
~ e "Y‘NA'I n“ y"” lw B
(’chukcd = p" - Ma!Pl \I R T[ a S \l R T\lmkul {4 H)}
p)
y+1 [ 2V, ]_( ! _1) (4fL>=(). (4-67)
7 2 y
2 (y + 1)Maj Maj d




Choked flow occurs if the downstream pressure is less than P .q4-
This is checked using Equation 4-64.

* For most problems involving choked adiabatic flows the pipe length
(L), inside diameter (d), and upstream pressure (P1) and
temperature (T1) are known. To compute the mass flux G, the
procedure is as follows:

1. Determine the Fanning friction factor f using Equation 4-34. This
assumes fully developed turbulent flow at high Reynolds numbers.
This assumption can be checked later but is normally valid.

2. Determine Ma, from Equation 4-67.
3. Determine the mass flux G, .4 from Equation 4-66.

4. Determine P, .4 from Equation 4-64 to confirm operation at
choked conditions.

Equations 4-63 through 4-67 for adiabatic pipe flow can be
modified to use the 2-K method discussed previously by
substituting 2 K; for 4fL/d.

The procedure can be simplified by defining a gas expansion factor Yg.

For ideal gas flow the mass flow for both sonic and nonsonic
conditions is represented by the Darcy formula



Darcy formula

. S (28.p1(P1 — P,)

A L\ E K,

where
G is the mass flux (mass/area-time), is the mass flow rate of gas
(mass/time),

A is the area of the discharge (length?),
Y, is a gas expansion factor (unit less),
g, is the gravitational constant (force/mass-acceleration),
p, is the upstream gas density (mass/volume),
P1 is the upstream gas pressure (force/area),
P2 is the downstream gas pressure (force/area), and
2 K; are the excess head loss terms, including pipe entrances and
exits, pipe lengths, and fittings (unit less).

The excess head loss terms Z K; are found using the 2-K
method presented earlier
For most accidental discharges of gases the flow is fully developed
turbulent flow.
This means that for pipes the friction factor is independent of the
Reynolds number and that for fittings K; = K., and the solution is
direct.



The procedure to determine the gas expansion factor is as follows.
First, the upstream Mach number Ma, is determined using Equation

4-67.
j}_a r 41..’
1 1‘ ( ! = - I) + *r(f—) = (). (4-67)
(v + 1)Ma; Ma; , d |

2 K: must be substituted for 4fL/d to include the effects of pipes and

fittings.

The solution is obtained by trial and error, by guessing values of the

upstream Mach number and determining whether the guessed value
meets the equation objectives.

This can be easily done using a spreadsheet.

The next step in the procedure is to determine the sonic pressure ratio.
This is found from Equation 4-64

! 5
In

b | 4

» Ay
',Lla--l»..xl | 2} 1

= Ma, +/
P, "y

(4-64)

Sk



Pressure Drop Ratio (P, — P,)/P,

If the actual ratio is greater than the ratio from Equation 4-64, then
the flow is sonic or choked and the pressure drop predicted by
Equation 4-64 is used to continue the calculation.

If less than the ratio from Equation 4-64, then the flow is not sonic
and the actual pressure drop ratio is used.

Finally, the expansion factor Y, is calculated from Equation 4-69.

."'»r:::fc;( P, )
Y. = Ma/ .
e Il\ll f} P'l 5 1”3
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The calculation to determine the expansion factor can be completed
once y and the frictional loss terms 2 K; are specified.

This computation can be done once and for all with the results
shown in Figures

As shown in Figure, the pressure ratio (P, — P,)/P, is a weak
function of the heat capacity ratio y.

The expansion factor Y, has little dependence on y, with the value of
Y, varying by less than 1% from the value at y =1.4 over the range
fromy=12toy=1.67.

The functional results of Figures can be fitted using an equation of
the form In Y, = A(In K)® + B(In K)? + C(In K;) + D, where A, B, C,
and D are constants.

The results are shown in Table and are valid for the K ranges
Indicated, within 1%.

Function value’ A B (5 D Range of validity, K
Expansion lactor Y, 0.00129  -0.0216 0.116  —0.528 0.2-1000

Sonic pressure drop ratioy = 1.2 0.943 0.00727 1.12 = 0.01—1000
Sonic pressure drop ratio y = 1.4 0.965 0.00461  0.944 = (.2—1000

Sonic pressure drop ratioy = 1,67 (.98Y 0.00178  0.767 0.01-=1000




The gas expansion factor Y, in Equation 4-68 depends only on
the heat capacity ratio of the gas y and the frictional elements
in the flow path % K-

o (28.0/(Py — P,)
A .E\III.' Z K, '
An equation for the gas expansion factor for choked flow is

obtained by equating Equation 4-68 to Equation 4-59 and
solving for Yg.

[yeM eM
(G = pﬁ — h-'{EII-'U1 \Il.;?;:’_ = .‘\f[lijluz \II -‘Eﬁ;’*- |:4-:J'-J}
[l pd ]

The result is

, (YK P,
}:: = h‘iih\ll' 5 (P] — P, )

o



Isothermal Flows

P, < Py
T = Constant _
P, /’ \ 7 \ P? > Pehoked
Uy —':—’ | | —> ,< Sonic Velocity
‘-‘ / \ '
Ma‘ \ / : / 69 01
le L » N

Maz -~ Ma1
Ma‘o <1

For Surroundings, P = P5 > Paoked

Isothermal flow of gas in a pipe with friction is shown in Figure.
For this case the gas velocity is assumed to be well below the
sonic velocity of the gas.

A pressure gradient across the pipe provides the driving force
for the gas transport.

As the gas expands through the pressure gradient, the velocity
must increase to maintain the same mass flow rate.

The pressure at the end of the pipe is equal to the pressure of
the surroundings. The temperature is constant across the
entire pipe length.



Isothermal flow is represented by the mechanical energy balance in the

form shown in Equation.

The following assumptions are valid for this case: $az~0

B¢

valid for gases, and, by combining Equations 4-29 and 4-30 and

differentiating 2iidl

g.d

dF =

constant f, 6Ws =0

because no mechanical linkages are present. A total energy balance is not
required because the temperature is constant.

By applying the assumptions to Equation and manipulating them
considerably, we obtain 7, -7,

P May
l“] h"l'd_.-‘

[ N ]'\n-‘lil;1

[y8M
G = pu = Ma, P, \ W

where G is the mass flux with units of mass/(area-time), and



Ma, | 4rL
it 1L LY 48,

21n G < .
Ma, vy\Ma; Ma; d
Kinetic compressibility pipe
cnergy friction

A more convenient form of Equation is in terms of pressure
Instead of Mach numbers.

’”l 'E‘*"” ‘p‘ Pfll ﬂ = ()
PN BRET g F

21In

A typical problem is to determine the mass flux G given the pipe
length (L), inside diameter (d), and upstream and downstream
pressures (P, and P,). The procedure is as follows:

1. Determine the Fanning friction factor f using Equation. % =4 log (
This assumes fully developed turbulent flow at high Reynolds
numbers. This assumption can be checked later but is usually valid.

2. Compute the mass flux G from P &M Af1. ;
A e ( )y =
P, GRT' d




Levenspiel showed that the maximum velocity possible during the
Isothermal flow of gas in a pipe Is not the sonic velocity, as in the
adiabatic case. In terms of the Mach number the maximum velocity is

1
Ma g ed = —=-
Achoked \.f

~ |

This result is shown by starting with the mechanical energy balance
and rearranging it into the following form:
P 2fG* 1 | _ I_f‘f.;f( 1 )
dL  gpd|1— (uplg.P)] 8gpd\1 — yMa?

The quantity —(dP/dL) — « when. Ma—1/Vy

Thus for choked flow in an isothermal pipe, as shown in Figure the
following equations apply:

For Surroundings, P < Fuoked
T = Constant

Py / _______________ Al Ps = Fenoked
L ( /_‘?& 7“/ :\ﬁ\"l_ =T
7 _bf 'x'\J | w=aly
Ma; \/Z _______________ e / Ma, = 1/y

Velocity of a'y Reached at Exit of Pipe



f\'h‘-'k\'kl = ! 'I,

Pfh 1k od r—

— = Ma, VY.
P, | VY

. s

Pohohed _ Ma, Vv,
~

Eﬂh-tl\.ud == I

Th Ma, V'

, o [veM oM
Gepoked = put = pyty = Ma, P, \_-'I RT = Penotea ‘\J RT"

where G,.q IS the mass flux with units of mass/(area-time), and

. ] 4fL
In 1)— == =]
yMaj yMaj d

For most typical problems the pipe length (L), inside diameter (d), upstream
pressure (P1), and temperature (T) are known.

The mass flux G is determined using the following procedure:

1. Determine the Fanning friction factor using Equation as above.

2. Determine Ma, from Equation. i " o -
In( }’Muf) - (yM;lf 7 ) E T -

3. Determine the mass flux G from Equation.

: - _ lygM gM
Genoked = pU = pytty = Ma, P, \-‘I BT = Penoked '\ RT




The direct method using Equations can also
be applied to isothermal flows.

) II"'] Ilr \‘. - -., %
m [2g.p1( P; P;) ITHK{( = )
LS ¥ f y_‘ — Ni} | &
= A }!: { . . !l\'l 2 P] o PE

vy o2k

The procedure is identical to the procedure for adiabatic flows.

Table provides the equations for the expansion factor and the pressure drop
ratio.

Correlations for the Expansion Factor Y, and the Sonic Pressure Drop
Ratio (P1 - P2)/P1 as a Function of the Pipe Loss 2K for Isothermal
Flow Conditions
equations used to it the functions are of the fnr_m In Y, = A(In KY' + B(In K)* + C(In K) + D for the expansion
factor and (P, — Po)/P) ' = A + B(ln K)* + C/ K" for lhu::.pr::s:iuru drop ratio.

Function value’ A B (9 D Range of validity, K
Expansion factor Y, (0.00130 (.0216 0.111 (.502 (.2—1000
Sonic pressure drop ratio, all y 0.911 0.0118 1.38 - 0.01—1000




Figures are plots of these functions.
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The results are independent of the heat capacity ratio.

Keith and Crowl found that for both the adiabatic and isothermal cases

the expansion factor Y, exhibited a maximum value.

« For isothermal flows this maximum was the same for all values of the
heat capacity ratio y and occurred at a velocity head loss of 56.3 with
a maximum expansion factor of 0.7248.

« For adiabatic flows the maximum value of the expansion factor is a
function of the heat capacity ratio y.

* Fory = 1.4 the expansion factor has a maximum value of 0.7182 at a
velocity head loss of 90.0.



For both the adiabatic and isothermal flow cases the expansion
factor approaches an asymptote as the velocity head loss becomes
large—the asymptote is the same for both cases.

This asymptote is for both the adiabatic and isothermal flow cases.

Comparison of detailed calculations with the asymptotic solution
show that for velocity head loss values of 100 and 500 the difference
between the detailed and asymptotic solution is 2.2% and 0.2%,
respectively.

The asymptotic solution can be inserted into Equation to result in the
following simplified equation for the mass flow:

For gas releases through pipes the issue of whether the release
occurs adiabatically or isothermally is important.

For both cases the velocity of the gas increases because of the
expansion of the gas as the pressure decreases.



For adiabatic flows the temperature of the gas may increase
or decrease, depending on the relative magnitude of the
frictional and kinetic energy terms.

For choked flows the adiabatic choking pressure is less than
the isothermal choking pressure.

For real pipe flows from a source at a fixed pressure and

temperature, the actual flow rate is less than the adiabatic
prediction and greater than the isothermal prediction.



Example

The vapor space above liguid ethylene oxide (EO) in storage tanks
must be purged of oxygen and then padded with 81 psig nitrogen to
prevent explosion. The nitrogen in a particular facility is supplied from a
200 psig source. It is regulated to 81 psig and supplied to the storage
vessel through 33 ft of new commercial steel pipe with an internal
diameter of 1.049 in.

In the event of a failure of the nitrogen regulator, the vessel will be
exposed to the full 200-psig pressure from the nitrogen source. This will
exceed the pressure rating of the storage vessel. To prevent rupture of
the storage vessel, it must be equipped with a relief device to vent this
nitrogen. Determine the required minimum mass flow rate of nitrogen
through the relief device to prevent the pressure from rising within the
tank in the event of a regulator failure.

Determine the mass flow rate assuming
(a) an orifice with a throat diameter equal to the pipe diameter,
(b) an adiabatic pipe, and ( ¢) an isothermal pipe.

Decide which result most closely corresponds to the real situation.
Which mass flow rate should be used?



e Solution
a. The maximum flow rate through the orifice occurs under choked conditions.
The area of the pipeii L, (3.14)(1.049 in)(1 f13144 in?)
- T4 4

= 6.00 < 10 [
The absolute pressure of the nitrogen source is
Po =200 + 14.7 = 214.7 psia = 3.09 x 104 |bf/ft2.
The choked pressure from Equation is, for a diatomic gas,
Pchoked = (0.528)(214.7 psia) = 113.4 psia
=1.63 x 104 |bf/ft2.

* Choked flow can be expected because the system is venting to atmospheric
conditions. Equation provides the maximum mass flow rate. For nitrogen,y=1.4

and
3 .'IT.EL-:W( 2 )".L— 1y —1)
‘r : " | |
tQ”.]R.h"L:‘I"I ("A P-.r \‘Il R:_'Tml T + ] [

The molecular weight of nitrogen is 28 lbm/Ib-mol. Without any additional

* information, assume a unit discharge coefficient Co = 1.0. Thus



g (y+1r—1} 2 2404
( - ) = (—) = (1.335.
Yy + 1 24

Q 1.0)(6.00 % 10 7 113)(3.09 x 10* Ib/f? ((L4)(32.17 R Iba/1b;5°)(28 Ib/Tb-mol) 0.335
m = o RV S T)A.09 X . °) X 1' - e 123D
S 3 (/i) X \ (1545 ft 1b,/Ib-mol°R )(54(0°R) ( )

= (1851b) V'5.06 x 10 *1b2/Ib?s?

o

Q, = 4.16 b, /s.

b. Assume adiabatic choked flow conditions. For commercial steel pipe, from Table 4-
1, € =0.046 mm. The diameter of the pipe in millimeters is (1.049 in) (25.4 mm/in) =
26.6 mm.

Typical
Pipe material Condition mm inch
Drawn brass, copper, stainless New 0.002 (0.00008
Commercial steel New 0.046 0.0018
Light rust 0.3 0.015

General rust 2.0 0.08



e 0.046 mm
— = — = ().O0173.
Thus d 26.6mm

= 410g(3.7/0.00173) = 13.32,
V= 00751,

f = 000564,

For nitrogen, y = 1.4. The upstream Mach number is determined from

+ 1 2Y ] 4f1.
E In| ' }—( ,—I)+y(j—>:[].
2 (v + 1)Ma; Ma; d

with Y; given by Equation. Substituting the numbers provided gives

STt B i
— = —, where Y, = as,
P e St 2 :




4

. 2 4+ (14 - 1)Ma? 4)(0.00564)(33 fi
"4“1.1[ ( )d]_(l _1)“4[(()( ) }]=0

2 (1.4 + 1)Ma’ Ma’ 1.049 in)(1 (/12 in)
2 + 0.4Ma’ 1
1.2In( ,')—-(—~—|)+11.92=u.
2.4Ma- Ma-

This equation is solved by trial and error or a solver program or spreadsheet
for the value of Ma. The results are tabulated as follows:
Value of left-hand

Guessed Ma side of equation
0.20 —-8.43
0.25 0.043
This last guessed Mach number gives a result close to zero.
-1 . y .
Then from ¥,=1+~ —Ma? =1+ 14? L 025y = 1012,
Gl 2y,  2(1.012)
k'h\-“l.d o 1 - - “.843.
/3 y+1 14+1

T aokea = (0.843)(80 + 460)°R = 455°R,

Pchnkcd ! 2),l
= Ma, | = (0.25)V0.843 = (.230,
Pl d\ Y -+ 1 ( )

Paored = (0.230)(214.7 psia) = 49.4 psia = 7.11 X 10° Ib/ft%.



* The pipe outlet pressure must be less than 49.4 psia to
ensure choked flow.

« The mass flux is computed using

p—
. I1I ’}‘gl:ll‘f’f
{thukud o Pl..‘.hnku;d '\,' R I.
g+ choked

. . [(1.4)(32.17 £t Ib,, /1b,s7)(28 1b,,,/Ib-mol)
= (7.11 X 10° Ib/ft")4 - :
"N (1545 ft Ib/Ib-mol°R ) (455°R )

= 7.11 X 100 Ib/fEV1.79 X 10 * 1b2/Ibis? = 301 Ib,, /ft’s,

Qm = GA = (301 b, /{t’s)(6.00 X 10 * {t?)

= 1.81 Ib,,/s.

The simplified procedure with a direct solution
can also be used.

The excess head loss resulting from the pipe length is given by Equation.

4fL (4)(0.00564)(10.1 m)

| = —
' d  (1.049in)(0.0254 m/in)

8.56,



For this solution only the pipe friction will be considered and the exit
effects will be ignored.

The first consideration is whether the flow is sonic.

The sonic pressure ratio is given in Figure (or the equations Iin
Table). Fory = 1.4 and K; = 8.56

i

By —1

= (.770 = P, = 49.4 psia

o
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o
o

It follows that the flow is sonic because the
downstream pressure is less than 49.4
psia
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The gas density under the upstream conditions is

PM (214.7 psia)(28 Ib,,/1b-mol )
~ RJT  (10.731 psia [¢/1b-mol°R)(540°R)

P = 1.037 Ib/ft’.

By substituting this value into Equation and using the choking
pressure determined for P, we obtain

I") . )
—.S-J.rr {P P"}
m=YA .'II AR —_

Vo &

‘I; “ lhm Ihm lh[‘ in:
[(2)| 3217— |{ 1.037— )(214.7 — 494)| — || 144—
' Ib, s~ . ft in° i

= (0.69)(6.00 X 10 3 )N |
(0.69)( AY 8.56

= 1.781b,,/s.

This result is essentially identical to the previous result,
although with a lot less effort.



For the isothermal case the upstream Mach number is given by
Equation. m( 1 ) - ( 1 |) Lo

yMa; yMaj d

Substituting the numbers provided, we obtain

In( 1 )—( ! ,—I)+H,52=ll.
1.4Ma“ l.4Ma"

The solution is found by trial and error:
Value of left-hand

Guessed Ma side of equation
0.25 0.526
0.24 —-0.362
0.245 0.097
0.244 0.005 «— Final result

The choked pressure is

Poorea = PiMa; Viy = (214.7 Ib/in)(0.244) V1.4 = 62.0 psia = 8.93 x 10° Ib;/fi’.

LS

The mass flow rate is computed using



—_—

: : gM . o (3217 ft1b,/1b; s7)(28 1b,,/Ib-mol )
(lchukcd = Ichnkud\l’ﬁ — H.()J X I” Ibl/“’ X \|' - €

= 8.93 X 10° Ib/f*V1.08 X 10 *1b2/Ib} s* = 293 Ib,, /I’ s,

O = GaporedA = (293 Ib,, /11 $)(6.00 X 10 * f1?)

= 1.76 b, /s.

Using the simplified, direct solution, from Table

(1545 ft Ib,/Ib-mol°R)(540°R)

Function value' A B C D Range of validity, K
Expansion lactor Y, 0.00130 —0.0216 0.111  —0.502 0.2—1000
Sonic pressure drop ratio, all y 0.911 0.0118 1.38 — 0.01—=1000

P| - P:

5 = 0.70= P, = 64.4 psia.
I

And it follows that the flow is sonic. Yg =0.70.

Substituting into Equation, remembering to use the choking

pressure above, gives = 1.74 Ibm/sec.
This is close to the more detailed method.
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The results are summarized in the following table: Pchﬂ_ked Qn
Case (psia) (Ib,,/s)
Orifice 113.4 4.16
Adiabatic pipe 494 1.81
Isothermal pipe 62.0 1.76

* Astandard procedure for these types of problems is to represent the discharge
through the pipe as an orifice.

* The results show that this approach results in a large result for this case.
* The orifice method always produces a larger value than the adiabatic pipe method,
ensuring a conservative safety design.

* The orifice calculation, howeuver, is easier to apply, requiring only the pipe diameter
and the upstream supply pressure and temperature.

* Also note that the computed choked pressures differ for each case, with a substantial
» difference between the orifice and the adiabatic/isothermal cases.

* A choking design based on an orifice calculation might not be choked in reality
because of high downstream pressures.

* Finally, note that the adiabatic and isothermal pipe methods produce results that are
reasonably close.

* For most real situations the heat transfer characteristics cannot be easily determined.
Thus the adiabatic pipe method is the method of choice; it will always produce the
larger number for a conservative safety design.



Flashing Liquids

Liquids stored under pressure above their normal boiling
point temperature present substantial problems because of
flashing.

If the tank, pipe, or other containment device develops a
leak, the liquid will partially flash into vapor, sometimes
explosively.

Flashing occurs so rapidly that the process is assumed to be
adiabatic.

The excess energy contained in the superheated liquid
vaporizes the liquid and lowers the temperature to the new
boiling point.

If m is the mass of original liquid, C; the heat capacity of
the liquid (energy/mass deg), T, the temperature of the
liquid before depressurization, and T, the depressurized
boiling point of the liquid,

then the excess energy contained in the superheated liquid

is given by Q = mC,(T, — T).



* This energy vaporizes the liquid. If AH, is the heat of
vaporization of the liquid, the mass of liquid vaporized m,

IS given by 0 mC ATy — T)
m, = = '

AH, AH,

The fraction of the liquid vaporized is

m, L"i‘l(?‘n e TI&J

Iv= m AH,

The change in liquid mass m resulting from a change in temperature T
IS given by mC,
dm = A a1

Integrate between the initial temperature T, (with liquid mass m) and
the final boiling point temperature T, (with liquid mass m —m,):

l-m- s dm s T Cp T In (f” o "”u) _ (_P“r“ . ‘(h)
m | aH,’ AH,

m
J, m )



where € and AH, are the mean heat capacity and the mean latent heat of vaporization,
respectively, over the temperature range T, to T;,. Solving for the fraction of the liquid

vaporized, f, = m,/m, we obtain

For flashing liquids composed of many miscible substances,
the flash calculation is complicated considerably, because the
more volatile components flash preferentially.

Flashing liquids escaping through holes and pipes require
special consideration because two-phase flow conditions may
be present.

Several special cases need consideration.

If the fluid path length of the release is short (through a hole in
a thin-walled container), non equilibrium conditions exist, and
the liguid does not have time to flash within the hole; the fluid
flashes external to the hole.

The equations describing incompressible fluid flow through
holes apply .



If the fluid path length through the release is greater than 10 cm
(through a pipe or thick walled container), equilibrium flashing
conditions are achieved and the flow is choked.

A good approximation is to assume a choked pressure equal to the
saturation vapor pressure of the flashing liquid.

The result will be valid only for liquids stored at a pressure higher
than the saturation vapor pressure.

With this assumption the mass flow rate is given by

C»)H'I > /Jj'(‘“\'ﬁzfqigi.'(f} e I’]'.h:lljllh

For liquids stored at their saturation vapor pressure, P = P_,,, above
Equation is no longer valid.

A much more detailed approach is required.

Consider a fluid that is initially quiescent and is accelerated through
the leak.

Assume that kinetic energy is dominant and that potential energy
effects are negligible.



Then, from a mechanical energy balance Equation and realizing that
the specific volume (with units of volume/mass) v = 1/p, we can write

-}

—| vdP =%

g ns; G,
- P o W 2
- Combining the equation J| vdF 22, 2.

aoc

\jﬁ _2g. J vdP

V

G =

Equation contains a maximum, at which choked flow occurs. Under
choked flow conditions, dG/dP = 0.
Differentiating Equation and setting the result equal to zero gives

1G dvidP) | [ ;
: : )\,-’~2gt. vdP — ——=

\\(Il'-l 25—& J lr’ﬂ; P

dP V2

GldvidP) g,
0= - ~
v v
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The two-phase specific volume is given by

G

g = 1ll11_')i{"{ + I"I["‘

Vig 1S the difference in specific volume between vapor and liquid,
vg is the liquid specific volume, and
fy is the mass fraction of vapor.

Differentiating Equation with respect to pressure gives

dv df,
i
AP "dp
But, from Equation,
C
= g,
AH,

from the Clausius-Clapyron equation, at saturation
dP  AH,
dT  Tvy




e Substituting last two Equations into above
Equation yields ﬂ

dv Vig

AP~ AH?

§ oif

The mass flow rate is determined by combining Equation

O |'II f: 0 AHA | g
G = = ] — = i m _" v '
=4 ~N “(aviap) vig ¥ TC

F"."




Liquid Pool Evaporation or Boiling
* The total mass flow rate from the evaporating pool is given by

Q,, 1s the mass vaporization rate (mass/time),
M is the molecular weight of the pure material,
¥ l"H"I 1c ] - i . . A " !..'-.'I k| .'I-- i}
) MKAP K is the mass transfer coefficient (length/time),
= m RT A is the area of exposure,
Ll ¥ . : .
Psdt js the saturation vapor pressure of the liquid,
Ry is the ideal gas constant, and

Ty is the temperature of the liquid.

For liquids boiling from a pool the boiling rate is limited by the heat
transfer from the surroundings to the liquid in the pool.

Heat is transferred

(1) from the ground by conduction,

(2) from the air by conduction and convection, and

(3) by radiation from the sun and/or adjacent sources such as a fire.

The initial stage of boiling is usually controlled by the heat transfer from
the ground.

This is especially true for a spill of liquid with a normal boiling point
below ambient temperature or ground temperature.



« The heat transfer from the ground is modeled with a simple one-
dimensional heat conduction equation, given by
qg is the heat flux from the ground (energy/area-time),
k is the thermal conductivity of the soil (energy/length-time-degree),

T —17)

LA / Tg is the temperature of the soil (degree),

g =

12 . .
{’-T-.’t'ﬁuf ) T is the temperature of the liquid pool (degree),
a is the thermal diffusivity of the soil (area/time), and

t is the time after spill (time).

The rate of boiling is determined by assuming that all the heat is
used to boil the liquid. Thus

Q, is the mass boiling rate (mass/time),

g.A (g s the heat transter for the pool from the ground,

(_}m -

- energy/area-time),
N7 (energy )

A is the area of the pool (area), and

AH, is the heat of vaporization of the liquid in the pool (energy/mass).

At later times, solar heat fluxes and convective heat transfer from the

atmosphere become important.
This model also neglects possible water freezing effects in the ground, which

can significantly alter the heat transfer behavior.



Realistic and Worst-Case Releases

* The realistic releases represent the incident outcomes with a high
probability of occurring.

* Thus, rather than assuming that an entire storage vessel fails
catastrophically, it is more realistic to assume that a high probability
exists that the release will occur from the disconnection of the
largest pipe connected to the tank.

Guidelines for Selection of Process Incidents

Incident characteristic Guideline

Realistic release incidents”
Process pipes Rupture of the largest diameter process pipe as [ollows:
For diameters smaller than 2 in, assume a full bore rupturc.
For diameters 2-4 in, assume rupture e¢qual to that of a 2-inch-
diameter pipe.
For diameters greater than 4 in, assume rupture arca equal to
20% of the pipe cross-sectional area.

Hoses Assume full bore rupture.



Hoscs Assume full bore rupture.

Pressure relief devices relieving Use calculated total release rate at set pressure. Refer to pres-

directly to the atmosphere sure relief calculation. All material released is assumed to be
airborne.

Vesscls Assume a rupture basced on the largest diameter process pipe

attached to the vessel. Use the pipe criteria.

Other Incidents can be established based on the plant’s experience, or
the incidents can be developed from the outcome of a review or
derived from hazard analysis studies.

Worst-case incidents”
Quantity Assume release of the largest quantity of substance handled
on-sitc in a single process vessel at any time, To estimate the
release rate, assume the entire quantity is released within 10 min.

Wind speed / stability Assume F stability, 1.5 m/s wind speed, unless meteorological
data indicate otherwise,

Ambicnt temperature / humidity Assume the highest daily maximum temperature and average
humidity.

Hceight of release Assume that the release occurs at ground level.



Topography Assume urban or rural topography, as appropriate.
Temperature of release substance Consider liquids to be released at the highest daily maximum
temperature, based on data for the previous three years, or at
process temperature, whichever is higher. Assume that gases
liquefied by refrigeration at atmospheric pressure are released
at their boiling points.
The worst-case releases are those that assume almost catastrophic
failure of the process,
resulting in near instantaneous release of the entire process inventory
or release over a short period of time.
The selection of the release case depends on the requirements of the
conseqguence study.
If an internal company study is being completed to determine the actual
consequences of plant releases, then the realistic cases would be
selected.
However, if a study is being completed to meet the requirements of the
EPA Risk Management Plan, then the worst case releases must be
used.



Conservative Analysis

« All models, including consegquence models, have
uncertainties.

« These uncertainties arise because of

(1) an incomplete understanding of the geometry of the
release (that is, the hole size),

(2) unknown or poorly characterized physical properties,
(3) a poor understanding of the chemical or release
process, and

(4) unknown or poorly understood mixture behavior, to
name a few.
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