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1B B £ his article will provide practicing engineers with a | ‘
1

B i ]
2 g i unified methodology for sizing relief devices — both ,
A umﬁed appr oach A . rupture disks (RDs) and pressure relief valves (PRVs) "5
9 I 2d — and associated relief’ piping for two-phase flow. I
given f or ﬂas ing an Sizing methods for gases and; for nonflashing liquids (liquid |
. ; below its atmospheric boiling point) have been standard for 1
non.ﬂas hlng tWO-p hase over three decades. Sizing methods for two-phase flow, in par-
. ; ticular flashing flow, have been lacking and are often misun- |
ﬂOW. D €Slg n Char 1 are derstood. The American Petroleum Institute (API) method for | |
flashing flow (1) is probably the most widely used in the
us ed fos 0lve comp lex chemical process industries (CPI), but it lacks both a sound |

theoretical basis and validated experimental data. Despite its |
origin dating back to the 1950s and its popularity over the l
years, this method is regarded as obsolete and can lead to un-
dersizing of relief devices (2).

The present approach is based on the classical homoge-
neous equilibrium model (HEM) that assumes equal veloci-
ties (or no slip) and thermal equilibrium'between both phas- [
es. HEM is favored by AIChE’s Design Institute for Emer- |
gency Relief Systems (DIERS) for emergency relief sizing ‘

equations, making the
method simple to use.

design (3,4). "

Furthermore, the flow capacity curve for saturated water
discharge in the current ASME pressure vessel code (5) is in d ‘
close agreement with the HEM prediction (2). For pressure re- ,
lief sizing, use of HEM yields a slightly conservative design. .

This article will:

» Present a unified treatment for sizing PRVs and RDs in I
two-phase service, covering flashing as well as nonflashing '
two-phase flow. _

» Emphasize the pencil-and-paper approach for a better un-
derstanding of the theory and method, although the underlying
equations and formulae can be easily programmed into hand-
held calculators or laptop computers.

» Provide applications and worked examples to illustrate the
sizing methodology.

* Reduce to the API gas-sizing and liquid-sizing methods in
the limits.

Note that the first sidebar contains terms used in this article;
the second details common units and conversions.

Joseph C. Leung,
Leung Inc.

28 * DECEMBER 1996 ® CHEMICAL ENGINEERING PROGRESS




Critical flow behavior

If a compressible fluid (gas, saturated liquid, or two-
phase) is allowed to expand across a nozzle, or the end of a
constant-diameter pipe, its-velocity and specific volume
will increase with continuing pressure drop. Figure 1 pro-
vides graphs for a nozzle.

For a given set of upstream conditions, the mass flux (flow
rate per unit area) G will increase until a limiting velocity is
reached in the throat (for a nozzle) or at the exit end (for a
pipe). It can be shown that the limiting velocity is the local ve-
locity of sound in the flowing fluid. The flow rate that corre-
sponds to the limiting velocity is known as the critical (or
choked) flow rate. The absolute pressure ratio of the pressure
in the throat at sonic velocity P, to the inlet pressure P, is
called the critical (choking) pressure ratio, P, is known as the
critical (or choking) flow pressure. Further reductioq in the

B Figure 1.
Operation of

a simple nozzle
at various
back pressures.

Subgritical
“Flow

back pressure below P, would have no effect on the flow rate.
(See Point 4 in Figure 1.y

API/ASME SINGLE-PHASE FLOW FORMULAE
PRV sizing for gas flow

The API formulae are given in U.S. engineering units
(Ib/h, in.%, psia; °R) as follows:

Critical flow condition:

W M 0.5
— =CKK,P, |— (1)
A a* bt o (TOZ)
Subcritical flow condition:
0.5
w M, P(P, - P,)
X—735F2Kd T (2)
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Terminology

Design institute for Emergency Relief System (DIERS): institute under
the auspices of AIChE, founded to investigate requirements for vent
lines in the case of two-phase venting.

Set Pressure: the inlet pressure at which the relief device is setto
open (burst).

Overpressure: a pressure increase over the set pressure of the relief
device, usually expressed as a percentage of gage set pressura.

Stagnation Pressurs: the pressure that would be observed if a flow-
ing fluid were brought to rest along an isentrapic path.

Back Pressure: the static pressure ex:stmg at the outlet of a pressure
relief device as a result of the pressure in the discharge system. Itis
the sum of the superimposed and built-up_ back pressures,

Built-Up*Back Pressure: pressure existing at the outlet of a pressure
relief device caused by flow through that particular device mto a dis- -
charge system.

Superimposed Back-Pressure: the static pressure exnstmg at the
outlet of a pressure relief device at the time the device is reqmred to
operate. It is the result of pressure in the dlscharge system from other
sources.

R i I R T P - S B Sy 0 5 S S S

Units and Conversions

One difficulty often encountered in relief sizing is units and
conversions. In this article, Sl units are recommended Here is a quick
conversion table:

Parameter U.S. Engineering Unit SI Unit
P 1 psi S 6,897 N/m2 or Pa
1% 113 — 2.8317 x 102 m3
m, 1lb = 0.4536 kg
C, 1 Btu/Ibe°F = 4,187 J/kgeK
p 1 Ih/fed 5 16,02 kg/m?
by, 1 Btu/ib = 2,326.1 J/kg
w 1 1b/s = 0.4536 ka/s
G 1 Ib/seft? = 4.878 kg/maes
A T ting = 11550m
v 1 ft¥/lb = 0.06243 m¥/kg
L 11ft = 0.305m
In addition the following constants are noted:
Gravitational acceleration g = 981m/s?
Gas constant R = 8314 Pa-m¥Kekg-mole

Also worth noting are:
1 N/m2 =1 kg/mes?
1 N-m

2
ponToP (h o )
The groupings GIVEP,  ang Jeo

in the  parameter are used frequently — note that they are
dimensionless. (This is left as an exercise for readers.)

—_ =
[ o]
[++]

|
, 30 ¢ DECEMBER 1996 ® CHEMICAL ENGINEERING PROGRESS

-

where:
0.5
e[ 1=(pup ) :
A= )H v ®
k=1J\F, 1-( PP,
and:
5 K+ DItk - 1) 0'?
C=520{k (——) : (4)
k+1
The critical flow pressure ratio is:
P n \KK=1)
il 5
P, (k+ 1) )
The corresponding formulae in SI units (kg/s, m?, N/m?,
K) are: ‘
Critical flow condition:
112} k+ k- D)7
w_ M, R\
K,P, k|——
AT (RTZ) (k+l) ©)

Subcritical flow condition;
1”7

A (2/() B (R
RT,Z| \\k-1 P,

These formulae are typically found in fluid mechanics
textbooks with a value of unity for K, K,eand Z Note,
however, that the compressibility Z is arbitrarily entered
into these API formulae since they are derived with the as-
sumption of Z = 1 (ideal gas).

14

S . K(ZP
A

(4

PRV sizing for liquid flow
The API formula for liquid service can be written as:

P 0.5 4
0 =38K,K KA (—_Y—') (8)

where Q is in gal/min, A = in.2, P, = psia, and 7 is the spe-
cific gravity of the liquid. The equivalent formulae written
is SI units (m3/s, m2, N/m2, kg/m3) are:

2 (P() - PI}) -
- K(IKWKVA pf (9)

or, in terms of mass flow (kg/s):

W i 03
—-=KK‘,K.{2 P,—P ] (10)
A Aty pf( [ b)
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e, |

9

With the exception of the various flow coefficients, one
can readily.recognize that these are the two different forms
of the familiar Bernoulli equations.

Pressure drop in piping for gas flow
The API equation for gas flow in a constant-diameter

pipe makes use of the isothermal flow approximation due
to Lapple (6):

f— — l-{=|{-2In]— (1)
D M; 2\P, 2 Py P
where the exit Mach number is given in terms of U.S. engi-
neering units (Ib/h, psia, °R, in.):

172
M, =1.702 X 10’5(PV1‘;2)(—1%41) (12)
2 W

Equation 11 can be easily rewritten in terms of flow rate
and in SI units (N/m2, kg/m3, kg/m?2s):

L Pipy P, : P1
4f— Gzll—(P—l) —2In Pz (13)

where p, = P M, /(RT,) and G = W/A.

EFFECT OF TWO-PHASE FLOW
ON RELIEF CAPACITY

Simply stated, sizing pressure relief systems requires
achieving a balance between the volumetric generation rate
and the volumetric discharge rate through the relief device.
However, the determination of the volumetric generation
rate is beyond the scope of this article. API RP-520 dis-
cusses the required relief capacities for a number of com-
mon contingencies (/). Recent DIERS technology focuses

‘on the runaway reaction contingency and its associated

venting requirement (7).
In equation form, the volumetric balance can be written as;

K,AG

‘ p Qvnl

where @, , is on a volumétric basis.

For a given relief device and relieving pressure, the ef-
fect of two-phase flow is to increase the mass-flow rate and
decrease the volumetric flow rate relative to that for all
vapor/gas flow. Using ammonia properties at 1.5 MPa (218
psia), Figure 2 shows that both the choked flow mass flux
G and the fluid density p decrease with increasing void
fraction o, entering the relief device. In contrast, the volu-
metric flow term G/p (this is actually a volumetric flux
term) increases rapidly with increasing void fraction.

In this illustration, the volumetric flow per unit area is
about 10 times larger for all-vapor venting (0., = 1.0) than
for two-phase venting with o, = 0.3. This would translate

(14)

= Anhydrous Ammonia ‘_ !
2 600 | 15MPa (218 psia) {600 § |
2wl T Pr/py =50 400 2
4 — \ H
E 5
‘% 200 |- 1 200 =
5 1 £
o 1 ©
100 - g 100 4100 §
P LE B 4 %
G = £ 60 60 B
L j0 &
= 40 |- A0 e
a -
il tﬁ 5]

I Figure 2 Hlustration of variation of G o} and G/p
with o,

into a 10 times larger vent area for the two-phase venting
case vs. that for vapor venting.

HEM TWO-PHASE FLOW METHOD

DIERS technology demonstrates that the traditional HEM
flow is the most conservative model for estimating flow ca-
pacity from PRVs and RDs (7). In this HEM formulation,
the two-phase flow mixture is treated much like the classical
compressible gas, while undergoing an adiabatic expansion
with equal velocities and temperatures in both phases. For a
flashing system, this would imply thermodynamic vapor-lig-
uid equilibrium (VLE). For a nonflashing system (i.e., no
mass transfer takes place between the two phases), thermal
equilibrium means equal temperatures in both phases. The
other extreme for nonflashing flow is thermally insulated (or
frozen) flow (i.e., no heat transfer takes place between the
phases). Fortunately, for most practical cases the resulting
flow rates do not differ much (less than 10%) between these
two limiting assumptions for nonflashing flow.

In flow passages greater than 0.1 m in length (frequently
encountered in relief systems), the HEM model, in fact,
provides a best-estimate calculation for a flashing system.

Many two-phase flow models have appeared in the litera-
ture. Most of these incorporate thermodynamic nonequilib-
rinm or mechanical nonequilibrium (slip between phases);
however, invariably they are empirical in nature, and not
easily extrapolated to other conditions and different fluids,
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HEM for nozzies
For flow in a frictionless nozzle, the HEM flow rate re-

quires seeking a maximum in the mass flux G expression
as derived from the energy equation;

2, - 0]

1%

Maximize: G = (15)
where, for a flashing system:

h, = hy, + x,hy, (stagnation enthalpy)
hy+ xhg, (local enthalpy)

v = v+ xv, (local specific volume)
x, = inlet vapor mass fraction (quality)
x = local vapor mass fraction (quality).

(Note that consistent units are required; SI units are:
recommended.)

The local quality during expansion is evaluated along an
isentropic (constant entropy) line:

S,=8; Spt xS =S o

X
S fz ng

The above procedure, while not complicated, is tedious
and requires extensive thermodynamic properties. Critical
flow corresponds to the maximum of the above G expression
(see Figure 1). Note that the dashed curve to the left of the
maximum in Figure | represents a nonphysical region, since
further lowering the back pressure has no effect on the flow.

HEM for pipes

For pipe flow, HEM requires solving the equations of
conservation of mass, energy, and momentum. The mo-
mentum equation is in differential form which requires par-
titioning the pipe into segments and carrying out numerical
integration. For constant-diameter pipe, we have:

Mass:

G = constant a7 |
Energy:
. G2v2
hy=h+—— (18)
2
Momentum: -
5 4fv2dL .
vdP + G{vdv + +gcosBdL=0 (19)

Equation 19, the momentum equation, can be solved more
conveniently by rewriting it and solving it numerically ( 8):

VAP + G*vlv
2f

—50202 +gcos B

AL=- (20)
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where 7 is the average specific volume in the pressure in-
cfement AP, and Av is the incremental specific volume over.
AP, ' 3

Tn the numerical integration of Eq. 20 for a given pipe
length L, the following steps are suggested (8) (note that
detailed thermodynamic properties are required also):

Step Action

1. G is known or guessed.

2. Increments of pressure are taken from the initial to

the final pressure. &
3, y and Ay are obtained for each increment for a con-

stant-enthalpy process.

4. AL for eachi AP taken is computed from Eq. 20.

5, Total length of pipe L is ZAL.

6. If AL is negative, then AP is too large.

7. A critical flow condition corresponds to AL = 0, and
the final pressure corresponds to choked pressure.

8. If SAL > L, then G was guessed too small, and Steps
1-7 are repeated with a larger G. If AL < L, then G was
guessed too large; Steps 1-7 are repeated with a smaller G.

9, A converged solution is obtained when AL =L to
within a given tolerance.

This method is presented to show how long and tedious
are typical calculations. In contrast, the method that will be
presented here is easy to use via equations -and charts.

TWO-PHASE FLOW VIA
INTEGRAL EQUATIONS

DIERS methodology (7) makes use of the integral form
of the variable-area momentum balance for the nozzle flow,
and the constant-area momentum balance for the pipe flow.
This greatly reduces the complexity of the calculations
when used in conjunction with an appropriate two-phase
expansion law, i.e., a P-v relationship.

Nozzle flow
Since the nozzle is adiabatic and frictionless, flow is
isentropic, and the Gibbs equation becomes:

TdS=0=dh-vdP (21)

Substituting for (k, — /) in the expression for G (Eq. 15)
yields the integral equation:

172

" f
2 ’ —vdP| v (22)

Sy

where the integration is done from the stagnation pressure

P, to the throat pressure P. .
For an ideal gas, the well-known isentropic expansion

law 1s:
Pvk=P, vk (23)

— .
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Substituting into Eq. 22 and carrying out the integration
yields the subcritical flow equation (similar to Eq. 7) for G.
The maximum for G can be found by setting dG/dP = 0
and solving for the critical pressure ratio:

P 5 k=1
77 @

o

For two-phase flashing flow, the P-v relation should be
given by a constant entropy flash calculation. However, in
practice, the result is almost indistinguishable when a con-
stant enthalpy (isenthalpic) flash calculation is used; the

“abisoluts
= thg}Ist»{;:rcc
Y{ﬂéc R
isp'&clﬁé volume frt

S e

" (e
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e = I
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e
1 el AT SR

vpL anrlc basis
| ipipe n'lbt
pxrigaﬁi’t

it

It

latter seems to be much more common with commercially
avajlable flash routines.
DIERS uses a general two-phase P-v relatlon given by:

LB Fo_1)en|Pe 12
V—o_ =a 7 \P 25)

The P-v data generated from flash calculations are used
to find the best fit for the two parameters a and b. Practical-
ly speaking, only two flash calculations at two lower pres-
sures are needed to solve for a and b. Typically b is much
smaller than a. When b = 0 and a = 1, one recovers the re-
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[Pt == CORER S =

lation Pv = Py, for the ideal gas with k = 1.001. (API rec-
ommends a value of 1.001 to avoid mathematical problems
when dividing by k—1.) When b = 0 and a = 0, the equation
yields v = v,, the incompressible liquid state.

Pipe flow

In fully turbulent flow where the friction factor can be con-
sidered relatively constant, the momentum equation for a con-
stant diameter pipe, Eq. 19, can be recast in an infegral form:

—vdP-G¥vd
4 vdv 26)

L
afk -
D D
lG2v2 + g_ cos 0
2 af

where the integration is from the front end of the pipe (P}, v))
to its exit (P, v,). For adiabatic pipe flow, the energy equa-
tion would provide the P-v relation at a given G value, ie.,
Eq. 18. As an example, for the case of an idef gas, Bq. 18
readily yields the following P-v relation inside of the pipe:

v :
(;1—) - 1] 27

where the reference is taken to be Paint 1 (the beginning of
the pipe). Although exact pipe flow solutions have been ob-
tained with an ideal gas based on this expansion law (9), it
has been a common practice to ignore the kinetic energy
term, thus reducing the formula to Pv = Pvy. Such an
isothermal flow approximation has been used frequently in
design calculations for gas pipe flow, with acceptable accu-
racy and ease of use. The same approximation has been
recommended by DIERS for a two-phase system, i.e., ig-
noring the kinetic energy term in the energy equation and
simply basing calculations on an isenthalpic flash.

_1\ G
Pv=Py, '1—(E—1)——l

2k | P

(O TWO-PHASE FLOW METHODOLOGY

The so-called & method, as developed by the author and
co-workers in a number of publications (10-15), simplified
the classical HEM two-phase flow methodolagy to a set of
analytical, but algebraic, equations. Some of these equa-
tions require iterative solutions. However, convenient de-

sign charts are presented to provide quick design calcula-

tions. Key features of this method are:

» This methodology is applicable to both flashing as
well as nonflashing two-phase flow systems; moreover, it
reduces exactly td the vapor/gas flow solution (k = 1.001)
and the liquid flow result at its limits.

« Both nozzle and pipe configurations can be handled in
a similar fashion.

» Most important of all, this method reduces to a number
of key dimensionless parameters, and emphasizes the impor-
tance of physical property groups solely at inlet conditions.

34 ¢ DECEMBER1996 ® CHEMICAL ENGINEERING PROGRESS

¢ The ® method is based on a general equation of state
(EOS) for describing a two-phase fluid expansion. It has
some theoretical bases; howevet, similar to the perfect gas
assumption, it is only an ideal (simplistic) approximation.
1ts merit les in the utility of ghe results generated.

An EOS for two-phase fluid expansion is written as:

1% P() 28

E=m ?—] +1 ( a)
, :

&=m(-—3—1)+1 (28b)

P P

This form is essentially a simplification of the DIERS two-
parameter EOS version of Eq. 25, i.e, ¢ = © and b = 0.
However, in this method ® considers physical propesty
groups as follows:

Flashing systen:

2
XoVgo C ToPo Vigo
(L Tonsiesar iy i (292)
Vo Vo hfgo
2
: Vfzo
0 =0, +(1-0,)ppCoT P | (29b)
£ h T

Nonflashing system:
=0, (30a)

and in a more recent development:

Yo

W=0,1-2

2
Pango C[)T()PO ( 1".;:1_;;1 ) (29 )
i, ©

Lfgo h fio

is shown to be applicable to a flashing flow system and:
0 =— (30b)

is suggested for nonflashing flow systems.

This method is well defined for a single-component
fluid, but is not as accurate for multicomponent systems,
particularly when a composition change during expansion is
significant. More will be discussed on this point in later on.

Physical meaning of ®

According to Eq. 29b, ® is made up of two distinct
terms: the first reflects the compressibility of the two-phase
mixture due to the existing vapor/gas volume, and the sec-
ond concerns the compressibility due to phase change upon
depressurization or flashing. The larger the value of w, the
more volume expansion or compressible behavior the mix-
ture exhibits.

Ot o e B = e




For flashing two-phase flow systems, the second term
dominates until ¢, approaches unity (all-vapor inlet). For
nonflashing two-phase flow systems (such as air-water or
nitrogen-oil), the second term vanishes (no phase change)
and ® simply becomes o,. This result allows the develop-
ing of general solutions for flashing flow to be extended
without modification to nonflashing flow (/4). Thus, de-
pending on the ® value, we can have the following flow
characterizations:

Flashing flow o>1

Gas/vapor flow w=1

Nonflashing flow O<w<l (w=0o,oro/k)
Liquid flow w=0 (a,=0)

o nozzie flow

A generalized expression for flow through a perfect noz-
zle is given by:

€)Y

o «w»(n-;»}'

P;' H ﬂ
(L] ?— 4

Choking or critical flow, as defined by the maximum value

FIashlng Flow

1
|
|
1
r-

1
1
1
1

i
|
|
L
!
|

W Figure 3. General-
ized chart for two-
phase flow through a
nozzle.

Iiilllll
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obodo oo a(

of G of the above equation, yields the following (transcen-
dental) equation for the critical pressure ratio P/P,;

P\? P\ P,
2+ (@ -20) (1 -=2] +2@%n =< +
P P P

o o o

P
2@2(1—§)=0

- When P,/P, is substituted for P/P, in Eq. 31, the critical
mass flux G, is obtained; but a much simpler formula for
G.is:

G. _PJF,

Note that Eq. 31 is a more general formula, also valid in
the subcritical flow condition. Thus, if P, > P,, flow is
choked and Egs. 32 and 33 apply. Otherwise, P, < P, and
flow is subcritical (or unchoked), and P is equated to P, in
Eq. 31 to obtain the unchoked mass flux G.

The above choked flow solutions are represented by Fig-
ure 3, covering the entire two-phase flow spectrum —
flashing flow lies to the right of @ = 1, and nonflashing
flow lies to the left of it. At @ = 1, the graph recovers the
classical gas nozzle-flow result (k = 1.001). It can also be
demonstrated by setting @ = | in Eq. 31;

G _P Y\’
=—| —-2Im—
VTP Pﬂ’( P") '

(32)

(33)

(34)
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M Figure 4. Effect of back pressure on flashing flow
through a nozzle.

which yields a maximum at:

L 0.606 35
el (35)

G 0606 . (36)
Y% I opga

These results agree with the API formula with £ = 1.001.
(The square root term involving k in Eq. 4 yields a value of
0.606 with k = 1.001.) At the other limit when @ =0, i.e, O, =
0 or when there is nonflashing liquid flow, Eq. 31 reduces to:
0.5

@37

Y P op fo E 4
which is the classical Bernoulli equation for incompress-
ible flow and is also the iinderlying formula for the the API
PRV sizing equation for liquid service,

Figures 4 and § illustrate the solutions to Eqgs. 31 and 32
for flashing and nonflashing flow, respectively, and, in partic-
ular, show the effect of back pressure. The locus of the chok-
ing conditions is illustrated in these figures as a dashed line.

o pipe flow equations

Pipe flow is significantly more complex than nozzle
flow. Here, the pressure drop is due to acceleration (some-
times known as momentum), friction in the pipe, and grav-
ity (elevation change). The last two components are not en-

36 e DECEMBER 1996 ® CHEMICAL ENGINEERING PROGRESS
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B Figure 5. Effect of back pressure on nonflashing Sflow
through a nozzle.

countered in nozzle flow. Here, our discussion will be lim-
ited to the turbulent regime where the Fanning friction fac-
tor f can be assumed to be constant or some suitable aver-
age value. For a two-phase flow application, a Fanning tur-
bulent friction factor of 0.005 is adequate for most cases.
The o method reveals three dimensionless parameters gov-

" erning such turbulent two-phase pipe flow:

o = the same definition as for nozzle flow

L i )

afk - (4 f—) +IK, (38)
D D straight pipe

, . pogL cos 6 - pagH (39)

[4r%) 7. [475) 7.

The fitting loss coefficients are to be included in the total
piping resistance factor 4fL/D as shown. Here a so-called
“flow inclination” number Fi is introduced for two-phase
flow with height H (or L cos 8) denoting the elevation rela-
(ive to the pipe inlet. Horizontal pipe Row yields Fi = 0 and
upflow gives a positive Fi number. So, in pipe discharge the
mass flux can be uniguely characterized by the following:

G
VPDPO

= function (@, 4L/D, Fi, P,/P,) (40)
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Solution:
A, = (178 kg/s)/(12,000 kg/m?2es) = 0.0148 m2 = 23 in.2
GIG, = A,,/Ap =231n.2/50 in.2 = 0.46

Based on @ = 3.4, Fi = 0, the G/G, chart (Figure 6)
yields 4fL/D = 12, which is the maximum allowable value.
Hence the maximum equivalent length is:

= 12D/4f = (12)(0.203 m)/[(4)(0.005)] = 122 m (400 ft)

PRV SIZING, INCLUDING
INLET AND OUTLET PIPING

Sizing PRV nozzles

" For a required relief vent rate W, (which is usually ob-
tained from a volumetric balance consideration) and PRV
inlet conditions, the minimum nozzle (or orifice) flow area
is calculated by:

Anin =2 )

where G, is®the discharge mass flux for a perfect nozzle
geometry. Since the valve should be fully open at 10%
overpressure, it is customary to evaluate G, at this value.
(In practice, the opening pressure of full-lift PRV in

n Figure 11. PRV schematic: use of subscripts.

gas/vapor service ranges from 1-5% above the set pres-
sure.) Furthermore, the capacity correction factor K, due
to back pressure is given for an overpressure of 10% and
higher. A coefficient of discharge of 0.975 can be used for
a gas service PRV when a particular valve does not have a
certified value. -

Example 3 : &

Using the same inlet conditions for ethylene as in Ex-
ample 1, determine the PRV orifice size needed for a re-
quired vent rate of 180 kg/s.

In Example I, we obtained G, = 12,000 kg/m2es at an
inlet pressure of 2.037 MPa (295 psm) and a quality (vapor
mass fraction) of 0.0091. Since this is evaluated at 10%
overpressure, the PRV set pressure would be 1.86 MPa
(255 psig).

Note that the flow through the valve is choked since the
critical flow pressure ratio for @ = 3.4 is 0.75, yielding a
choking pressure of 1.53 MPa (221 psia). Setting K, = 1
for the time being, Eq: 51 yields A,,;, = (180)/(0.975 x
12,000) = 0.0154 m? (23.9 in.2). The next available orifice
is a T with an area of 26:0 in.2 (0.0168 m2). It is important
to recognize that, for subsequent sizing of inlet and outlet
piping, as well as for downstream equipment, the actual
discharge rate based on the PRV orifice area should be
used. Hence:

Woa= 5AnGo (52)

= (0.975)/(0.9) x (0.0:168)(12,000) =218 kg/s

Note that F = 0.9. This is a derating factor and is recom-

" mended if the API nominal orifice areas are used. On the
cother hand, if actual orifice areas are used, F can be set

equal to 1.0.

Sizing inlet piping

A PRV should be installed with as short as possible inlet
piping to.minimize the inlet pressure drop. See Figure 11
for a typical PRV installation and notation. API recom-
mends to limit the inlet nonrecoverable losses to 3% or less
of the (gage) set pressure (1). The inlet pressure loss can be
estimated by:

B!
_1 w
Apin 2Km (Am) Vin (53)
where K, is the combined entrance, rupture disk, and

straight pipe resistances, A,, is the inlet pipe flow area, and
Vir is the average two- phase specific volume in the inlet
pipe section.

A conservative estiffate would be to evaluate v, at the
PRV inlet pressure, but this involves a tedious calculation. A
fitst approximation is to assume v,, = v,, i.e., at the entrance
to the inlet piping. (For flashing flow with ® > 10, this ap-
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proximation is, however, not so accurate.) This is essentially
the same apptroach used by Cox and Weirick (18) for the gas
flow case. The inlet pressure I@gs can be normalized by the
stagnation inlet pressure at 10% overpressure:

AP, K (K.,G’ )2 (% )2 (54)

P, 2\ F
To relate this ratio to the 3% rule, which by convention
is based on gage set pressure, we write the following rela-
tionships:

AP, =0.03 (P, - P}) (55)
P,=1.1(P,-P)+P, (56)

By adhering to the API 3% rule, Eq. 54 can be rear-
rahged to yield the allowable K, as: ‘

o F V| ol B
) [ aon(1-2)

Klihu = A 2 P P, (57)
&9 VL § eid Pl
Ay p| P

_Thus, for a given P,/P,, ®, and valve size, the maximum
inlet piping resistance K, can be calculated in a straight-
forward manner for the same size inlet piping as the valve
inlet connection. For a different pipe size, the piping resis-
tance can be corrected by multiplying by the diameter ratio
to the fourth power. :

A design chart is produced in Figure 12 (19). Relief
valve sizes appear in the figure. Here, the maximum allow-
able K, is given as a function of the @ parameter, the orifice
to inlet-pipe diameter ratio, and the ambient pressure ratio
P,JP,. A few observations can be made from Figure 12:

« For (equilibrium) flashing discharge (® > 1), the al-
lowable K, value is significantly higher than for the vapor
flow case (@ ~ 1).

« For nonflashing (nonequilibrium) discharge (@ < 1),
the allowable K, is further reduced relative to the vapor
case. :

» For vapor discharge (@ ~ 1), the present curve yields
results consistent with Cox and Weirick’s findings (19).

» For large valves such as types P, R, and T, the allow-
able K, is quite restrictive. (In fact, it is common practice

to employ a one size larger inlet pipe than the PRV body
inlet flange because of this limitation.)

Example 4
Continuing with the ethylene example, estimate the pres-
sure loss for an 8-in. inlet pipe (4;, = 50 in.2 = 0.0323 m?):
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Ko 218 V. ..
= 0.00251 = 57,170K,, .
2 10.0323

P

and for AP,; < 0.03 (P, - P,y =52,800, P, = 7.65 psi, and
the maximum allowable K, is:

K, = 52,800/57,170 = 0.92

Deducting for an entrance loss coefficient of 0.5 (square
cut entrance):

4RL, /D) =09 05 =04

L, = [(0.4)(8/12 f))/[(4)(0.005)] = 13 ft (4 m)

Using the design chart of Figure 12, based on @ = 3.5
and P/P, = 0, K,, = 0.9. However, it should be noted that
the allowable K, is about 0.5 for vapor discharge (@ ~ 1),
implying that for a square cut inlet, the next pipe size (10
in.) has to be employed. For flashing flow systems (@ > 1),
4 conservative design approach is to base size on vapor
discharge. While for nonflashing systems (® < 1), a con-
servative approach is to base design on nonflashing liquid
discharge.

Sizing outlet piping

The limitation here is the length of the outlet pipe run,
given the maximum allowable back pressure for the partic-
ular valve. The latter is specified by the valve manufacturer
and is typically 10% of the set pressure for conventional
(unbalanced) valves. Higher builtup back pressure would
affect the valve lift, causing rapid deterioration of relief ca-
pacity. The longest equivalent pipe length that can pass the
actual flow at a given pipe diameter is derived from the
momentum equation:

P n -
sk =2 upnz V- o x
D (wiaf | 1= (1-0)
(1-om, + 0 (1 -om, + o (1,
hoD b e R e R Y
(1-om, +w (1 —-om, +weMN2

(Recall that p, = 1/v,, and A, = outlet pipe flow area.) Note
that this equation is applicable to horizontal pipe flow.
However, the equation should be adequate for flashing flow
even with an elevation rise in the tailpipe. This is because
the fluid density is significantly reduced in the outlet pipe,
resulting in negligible hydrostatic head. For nonflashing
flow, the elevation rise in the outlet pipe can be detrimental
and should be avoided.

e .
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Referring to Figure 11,1, = P /P, and n, = P,/P, denote
the pressure ratios at the front end and at the exit end of the
pipe, respectively. In estimating the allowable 4fL/D from
Eq. 58, P, would assume the maximum allowable builtup
back pressure value while P, is assigned the higher of either
the back pressure P, or the critical exit choking pressure:

W PG(D 1/2
P2=_‘( ) (59)

A5\ P

Note that this equation is another form of Eq. 43.

PRV permissible back pressure

For conventjonal-type PRVs (in which the bonnet is
vented to the discharge side of the valve), the sum of builtup
and superimposed back pressures is typically restricted to
10% of the set pressure when operating at an overpressure
of 10%. At this overpressure, higher back pressures may re-
duce the valve capacity and induce the valve to chatter. The
performance against back pressure can be improved by op-
erating at a higher overpressure; the valve manufacturer
should be consulted.

Balanced-type PRVs are designed so that the opening
and closing forces due to back pressure acting on the seat-
ed disc are balanced. These valvgs behave better against
builtup back pressure. At 10% overpressure, the sum of

A

. //'/

77
/

V4 ///

builtup and superimposed back pressures should not ex-
ceed 30-50%; again the valve manufacturer should be con-
sulted. Likewise, the valve performance against back pres-
sure can be improved by operating at a high overpressure,
but, at present, available data are limited to a maximum
value of 20% overpressure.

Example 5

The following ethylene discharge example will help to
elucidate the above procedure. Choose a 10-in. (0.25-m)
dia. outlet piping and an allowable 40% builtup back pres-
sure ratio:

A, =79 in.2 =0.051 m?

P, = 399 kg/m?

From Eq. 59:

12
_ 218 [(2.037x10%(3.4)
70,051 399

=5.63 X 10° N/m? = 81.7 psia

Since P, > P,, flow is choked at the pipe exit:
M, = P, /P, = 81.7 psia/295 psia = 0.277 ».
P=0.40 (280 psig) + 14.7 = 126.7 psia
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Hence:

n, = P,/P,=126.7/295 = 0.430

Supstituting 1, M, and © into Eq. 58 yields:
4(LID) = 0.73

L =[0.73(0.25 m)]/[4(0.005)} =9.3 m = 30 ft

which is the maximum allowable outlet pipe run. For a
given outlet pipe, Eq. 58 can be used to calculate P, and,
hence, the pressure drop in the piping. Unfortunately, the
pencil-and-paper method would involve a few iterations.
Note that the above example illustrates a constant-diame-
ter (or one-segment) tailpipe only. If the vent line contains
enlargements or sometimes contractions, Eq. 58 would have
to be employed for each pipe segment by calculating back-

wards from the pipe outlet. The end of each pipe segment.

must also be checked for choked flow or a sonic condition,

FURTHER CONSIDERATIONS
Near and above critical-point fluids

The o parameter as defined by Eq. 29 (flashing flow) is
applicable when the thermodynamic reduced temperature
is less than 0.9 or reduced pressure is less than 0.5, Above
this temperature and pressure; the o correlation would tend
to underestimate the mass flux and, hence, overpredict the
required vent area.

Ref. 10 extends the correlations to near the thermody-
namic critical point. An alternative approach would be to
carry out an isenthalpic flash calculation to 70% of the inlet
pressure (0.7 P,) and determine the @ parameter via: .

v, ]
v, .
® = (60)
P{?
—-1
Py

where v, is the specific volume at P, (= 0.7 P,). Then, for
the nozzle case, Figure 3 can be used to determine both the
choking mass flux, as well as the choked flow pressure. This
method can also be used for supercritical fluids as well,
again via an isenthalpic flash calculation. Ref. 20 provides
some useful charts for a supercritical fluid (or nonideal gas)
which may be accurate enough for design purposes.

Multicomponent systems

So far, the @ method has been developed primarily for
ane-component flashing fluids and two-component non-
flashing systems. Limited success has been reported for
multicomponent mixtures exhibiting minor vapor-phase
composition change during depressurization and flashing
(2,21). Pseudo one-component physical. properties can be
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estimated based on liquid-phase composition, except for
the heat of vapbrization and vapor specific volume, which
both should be based oii vapor-phase composition. *

In a recent study (22), a total of 15 mixtures of industri-
al interest were evaluated at conditions varying from satu-
rated liquid to two-phase, to almost all-vapor. Overall, the
 correlation appears adequate for reasonably narrow-boil-
ing mixtures’ (those with a difference in nominal atmo-
spheric-pressure boiling points between the lightest and
heaviest components of less than'80°C), But for wide-boil-
ing-range mixtures and for nonideal VLE systems, such as
those systems containing hydrogen in particular, the o cor-
relation underpredicts the flow significantly. In fact, for
most of the hydrogen-containing mixtures, the mass flux
can be closely predicted based on the purely nonflashing
flow correlation (® = Q).

However, even for the most nonideal systems examined,
the simple expansion law, Eq. 28, can describe reasonably
well the fluid behavior upon, depressurization. Hence, it
was suggested to evaluate the ® parameter based on the ac-
tual flash behavior to 90% of the inlet pressure (0.9 P,), via
Eq. 60 for nozzle flow (PRV) application.

Complex relief piping

It is quite common for relief devices to discharge to a
main vent header and so the calculation of pressure drop in
the relief piping can get tedious when multiple reliefs
occur simultaneously. Essentially, one has to break down
the relief configuration into constant-diameter segments
and assign the corresponding flow rates and stream compo-
sitions. Typically, one would start at the exit of the vent
header. By carrying out two flash calculations involving all
the streams to two pressures — one to ambient (back) pres-
sure and the other to a higher than ambient (back) pressure
— a representative @ value can be obtained:

Vi1 (61)

Here one can use Eq. 59 to calculate the exit choking
pressure if, indeed, it is choked when P, = P, and p, = p,,
(or v, = v,,). Having established the vent header exit pres-
sure, one can then employ Eq. 58 to calculate the pressure
at the beginning of the pipe segment. Note that:

WIA

G =— 62
JFp: &

is defined based on the total flow in the segment and the
pipe flow area. ,

This method should be adequate for a low-pressure drop
situation (about 10% of set pressure), in particular, when
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the relief devices are PRVs. For rupture disk installations
(without a PRV as a flow-controlling device), the above
method generally yields satisfactory results. However, for
some high-pressure situations -and especially for complex
mixtures such as hybrid systems (i.e., containing both
flashing components and noncondensible gases), the two-
parameter expans1on law of Eq. 25 may be necessary.

By carrying out two flash calculations at, say, 0.9 P, and
0.5 P,, the a and b parameters of Eq. 25 can be found easily.
The treatment of nozzle flow and pipe flow follows closely
the development presented here, although the actual numer-
ical calculation is most expediently performed by computer.
Rather than seeking the analytical closed-form solution for
the integral momentum equation based on Eq. 26, the inte-
gration can be efficiently carried out numerically.

Subcooled liquid inlet

Flashing discharge of an inlet containing subcooled lig-
uid requires special treatment, and the resulting flow rate
can be substantjally higher than the saturated liquid inlet
case at the same inlet pressure. In this treatment, the first
term in the @ parameter vanishes and a “saturated” ® pa-
rameter can be defined as:

2
0, =pgC,T,P (lf{))
. go

(63)

where P, is the saturation vapor pressure corresponding to
inlet temperature 7,. The two-phase expansion law now
takes the form:

v P,
—=0|—=~1|+1

v, P
The generalized solutions for nozzle discharge (23) and
pipe discharge (24) are divided into low and high subcool-

(64)

'ing regions, delineated by a “transition” saturation pressure

ratio (P,/P,):
20

5

Ny = 65
1+4 f—l% + 20, (63)
If the inlet subcooling is high such that n, <m,, (or P, <
My P,), then the above methodology simply yields a critical
mass flux given by:
0.5

2pfo(Po _P.v) (66)

1+4f%

Note that this expression differs from the classical in-
compressible pipe flow formula in that the pressure drop is
not the total available (P, — P,); but rather is due to choking
condition at the exit (P, — P,). Figure 13 is a design chart

for the nozzle flow. Consult Refs. 23 and 24 for develop-
ment of additional equations.

Hybrid mixed flows

A flashing discharge in the presence of a noncondensi-
ble gas can be considered to be a hybrid two-phase flow
system. In this system, the ® method describes an expan-
sion law separately in terms of the condensible vapor (de-
noted by subscript v here) and noncondensible gas partial
pressure (denoted by subscript g):

P
—=0)(-—‘3—])+1 (67)
Vo 0

PO
1:040 L2 (68)
v, P,

Here, w is defined in terms of the vapor (flashing) com-
ponent, similar to the subcooled inlet case:

2
w=a,+(1-,)p,C,T,P, ( hfg") (692)
fgo

or

: H|gh low |
- Subcoolmg ﬁ” Subcooling |

W Figure 13. Nozzle critical flow of inlet subcooled liquid.
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w=0,+1-0,)o0 : (69b)

Figure 14 illustrates the graphical solution of hybrid
flow through nozzles at a fixed @, = 10, but with varying
degrees of void fraction and inlet-gas mole-fraction P,/P,.
At a given o, this chart illustrates the effect of the gas par-
tial pressure in flow augmentation, which is particularly
drastic at a low void fraction. In the limit when o, = 0, the
liquid inlet case, the result reduces to the inlet subcooled
liquid solution. Interested readers are referred to Refs. 15
and 16 for detailed solutions of both the nozzle discharge
case and the pipe discharge case. :

An alternative method may be to use the one-parameter
expansion law (requiring one flash calculation) or the two-
parameter expansion law (requiring two flash calculations).

Nonequilibrium effect in short nozzles
In considering relieving loads to downstream disposal
equipment and source terms in atmospheric dispersion, it

may be prudent to assess the effect of thermal nonequilibri--

um and the consequences of a much higher discharge flow.
Typically a nonequilibrium flow condition (superheated
liquid) exists for a flashing system if the nozzle/duct length
is less than 0.1 m (4 in.). For a bounding estimate, we can
use the assumption of nonflashing flow and estimate the
mass-flow rate based at ® = o, simply from Figure 3.

For those PRV nozzles with a nearly constant diameter
section, one can use the empirical correlation developed by
Fauske (25) where:

(70)

where G, denotes the equilibrium mass flux, while a
nonequilibrium parameter is given in terms of the constant-
diameter section length L:

(71

Here, L, the equilibrium flow length is taken to be 0.1 m
and Gy is the nonflashing (nonequilibrium) mass flux.
Equation 70 provides, for the time being, a practical ap-
proach for estimating the mass flux in nozzles with a con-
stant-diameter section varying from 0-0.1 m.

Update on o parameter

The original @ development for flashing flow is based
on Eq. 29a. A total of 11 widely different fluids were suc-
cessfully correlated in terms of the critical mass flux and
the critical flow pressure ratio (see Figure 15). However,
these data for G and P /P,, which are based on HEM calcu-
lations, show an increasing deviation from the theoretical
curves, Eqgs. 31 and 32, as o goes below 2, i.e., at the high
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B Figure 14, Typical chart for flashing flow with a
noncondensible gas through a nozzle,

quality end. This deviation is due to the difference between
the assumed isenthalpic and the actual isentropic expansion
processes.

The maximum deviation at © = 1 (near all-vapor flow)
is about 10%. Recent analysis of the sonic two-phase flow
velocity (26) suggests a slightly modified form of the w ex-
pression as given in Eq. 29¢. ,

The extra term is (1 - 2 P Vg, /hy,) which is always less
than unity. ]

For all-vapor flow, o takes on a value slightly less than
1.0. The success of such an ® can be demonstrated in Fig-
ure 16 where published theoretical HEM choked flow data
for steam-water systems are in close agreement with the ©
solutions. Very little deviation is noted us the inlet quality
x, approaches unity (all steam). This, therefore, represents
an improvement over the earlier empirical curve fit in the
region when w < 3 (10).
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B Figure 19. Tailpipe-exit Ty to PRV-riozzle Ty, v5. nozzle to

tatlpipe flow area.

e Sl R I
a2y )
000_ )

o e S e e - e

B e i IS

I T, D) e TN TR

1 [ ' 1 1

P
! 1 1

I
< @
= =5

B Figure 18. Chart for pipe choked flow discharge

thrust forces.

e o —
e —_— e - LRI i o | - = o> L, & mm«\-_.a..‘h..h:nah_ m-mw m.omn-w.mm .wmsvwmum;m



RELIEF SYSTEMS

Literature Cited

.

. Leang, J. C., and H. G. Fisher, “Two—

1. ‘American Petroleum' Institute, “Sizing, 524 (1987); also errata 34(6), p. 1030 21
Selection, and Installation of Pressure-Re- (1988). Phase Flow Venting of Reactor Vessels,”
lieving Devices in Refineries,” Parts T and 12. Leung, J. C., and M. Epstein, “A Gener- Loss Prev. Proc. Industries, 2(2), p. 78
11, 6ih ed. API RP-520, APL, Washington, alized Correlation for Two-Phase Non- (1989),

(Mar. 1993). [flashing Homogeneous Choked Flow,” 22. Nazario, . N,, und J. C. Leung, “Sizing Pres-

2. Leung, J. C., and F. N. Nazario, “Two- ASME Trans. J. of Hear Transfer, 112(2), sure Relief Valves in Flashing and Two-Phase
Phase Flashing Flow Methods and Com- p. 528 (May 1990). Service: An Alternalive Procedute,” J. Loss
patisons,” J. Loss Prevention Proc. Indus- 13. Leung, J. C., and M. Epstein, “The Dis- Prev. Proc. Industries, 3(5), p. 263 (1992).
tries, 3(2), p. 253 (1990). charge of Two-Phase Flashing Flow from 23. Leung, J. C., and M. A. Grolmes, “A

3, Huff, J. K., “Multiphase Flashing Flow in an Inclined Duct,? ASME Trans. J. of Heat Generalized  Correlation  for  Flashing
Pressure Relief  Systems,” Plant/Opera- Transfer, 112(2))'p. 524 (May 1990). Choked Flow of Injtially Subcooled Lig-
tions Prog., 4, p. 191 (1985). 14. Leung, J. C., “Similarity Between Flash- uid,AIChE J., 34(4), pp. 688-691 (1988).

4. Tisher, H. G., “An Overview ol Emergen- ing and Non-Flasliing Two-Phase Flows." 24. Leung, J. C., and W. . Ciolek, “Flash-
¢y Relief’ System Design Practice,” AIChE [J., 36(5), p- 797 (1990). ing Flow Discharge of Initially Subcooled
Plant/Operations Prog.; 10(1), p. 1 (1991). 15. Leung, J. C., and M. Epstcin, “Flashing Liguidiin Pipes,” ASME Trans. J. of Fluids

5. American Society of Mechanical Engi- Two-Phase Flow Including the Effects of Fng., 116(3), p. 643 (Sept. 1994).
neers, “ASME Boiler and Pressure Vessel Noncondensible Gases,” ASME Trans. J. 25. Fauske, H. K., “Flashing Flows or: Some
Code,” Appendix 11: Capacity Conver- of Heat Transfer 113(1),! p. 269 (Feb. Practical Guidelines for Emergency Re-
sions, for Safety Valves, ASME, New 199 1), ' leases,” Plant/Operations Prog., 4(3), p:
York, p. 610, (1986). 16. Leung, J. C., “The Omecga Method for 132 (1985).

6. Lapple, C. E., “Isothermal und Adiabatic Discharge Rate: Evaluation,” paper pre- 26. Leung, J. C., “On the Application of the
Flow of Compressible Fluids,” Trans. of sented at 1995 International Symposiant Method of Landaun and Lifshilz to Sonic
the AIChE, 39(4), p. 385 (1943). on Runaway Reactions and Pressure Re- Velocitics in Homogeneous Two-Phase

7. Tisher, H. G., et al, “Emergency Relict lief Design, Boston, sponsored by AIChE Mixtures,” ASME Trans. J. 8f Fluids Eng.,
System Design Using DIERS Technology: DIERS and the Center for Chemical Pro- L18(1), p. 186 (1996).

DIERS Project Manual,” DIERS, AIChE, cess Safety (CCPS), IChemE, and others 27. Moody, F. J., “Introduction (o Unsluady
New York (1992). (Aug. 2-4, 1995). Thermofiuid Mechaiics,” Chap. 2, John

8. R. H. Perry, ef al.; eds., “Perry’s Chemi- 17. Shapiro, A.; “Compressible Fluid Flow,” Wiley, & Sons, New York, pp, 72-75 (1990).
cal Engineers’ Handbook," 6th ed., Mc- Vol.i1I, Ch. 6, Ronald P,ress‘ New York 28. Landau, L. D., and E. M. Lifshitz, “Fluid
Graw-Hill, New York, p. 5-44, (1984). (1953). L Mechanics,” Vol. 6 of “Course on Theorel-

9. Churchill, S. W., “The Practical Use of 18. Cox, O., Ir., andI M. 3 % WLlllLl(, “Sizing ical Physics,” tranis, {rom the Russian by I.
Theory in Fluid Flow, Book I, Inertial Safety Valve Inlet Lines,” Chem. Eng. 3. Sykes and W. H. Reid, Pergamon Press,
Flows.” Etaner Press, Thornton, PA (1980). Prog., 76(11), p. 31 (Nov. 1980). New York, pp. 248-249 (1959).

110, Leung, J. C., “A Generalized Correlation 19, Leung,'J. C., and H. G. Fisher, “A 29, Wallis, G. B., “One-Dimensional Two-

i for Onc-Comp'onent'Homogcncous Equi- Method tor 'Sizing Safety Valve Inlet Phase Flow,” Chap. 2, p. 25, and Chap. 6,
librium Flashing Choked Flow," AIChE J., Lines;” papet accepted for publication in p. 144; McGraw-Hill, New York (1969).

| 32(10), p. 1743 (1986). Process Plant Shfery(l?)%). 30. Leung, J. C., “Reaction Forces During

'11. Leung, J. C., and M. A. Grolines, “The 20. Leung, J. C., and M, Epstein, “A Geuer- TwotPhase Discharges,” ASME Trans. J.

Discharge of Two-Phase Flashing Flow in

alized Critical Flow Model for Nonideal
Gases,” AICHE /., 34(9), p. 1568 (1988).

of Fluids Eng., 114(4), p.689 (1992).

a Horizontal Duct,” AICRE 1., 33(3), p.

Note that the thrust from a PRV nozzle can be easily
found from the nozzle chart of Figure 17. The results are
presented in Figure 19 for a back pressure to set pressure
ratio P,/P of 0 (consult (7) For charts at 0.1, 0.2, and 0.5
ratios). This chart should provide a conservative design.
Since the nozzle and the tailpipe carry the same mass
flow, i.e.. W =A,G, =A,G, the thrust ratio is shown as a
function of uther A JA, (nozzle area (o tailpipe area) oy
G/G, (tailpipe mass Hux to nozzle mass flux). Note that
the thrux! at the tailpipe exit is higher than for the nozzle
case for the flashing flow (® > 1) even though the mass
flow is the same. The increase is due o a higher exit ve-
locity as a result of flashing. However, the maximum aug-
mentation in thrust is only a factor of two. For vapor or
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gas discharge, the thrust ratio is identically unity. For
nonflashing discharge, the thrust ratio is less than unity,
implying that the thrust at the tailpipe exit is less than the
nozzle discharge. : | CEP
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