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Introduction

The lmge volume relensed through n stoam safety valve in a
fower plant. must be discharged (o the atmosphere without
ausing damage to equipment or injury to personnel, In a
iypical installation the steam flows from a valve discharge elbow,
hereafter referred to as the valve pipe, through s suitable length
o piping, rofarred to s n yent pipe, and is finally exhaustoed to
© the atmosphere. In the rommon vent svsiem dosign, shown in
¢ Fig. 1, in which the vent pipe inlet forma an “umbrella fitting''

ver the valve pipe outlet, the valve otitlet extends into the vent
E pipe with sufficient clearance so that thermal expansion or re-

F 5!
g
H
!

Proper dosign of the vent Pipe is necessary to assure that
gseam will not be reloased into the power plant interior. This can
@recur by blowback of steam at the clearance between valve pipe
gwtlet and vent pipe because of an undersized vent pipo for the

‘§ Thus, given steam conditions and vent pipe length, the design
" mblem consists of the determination of the minimum vent pipe
Fdameter to eliminate the possibility of blowback,

§ An additional requirement to assure the integrity of the vent
§ mtem is the determination of the reaction forces acting on the
% nlve pipe and the vent pipe for proper support of thase members,
filure of either component could release more steam into the
aroundings than from blowhack, The fores acting upon the
A nlve pipe is frequently determined from valve manufacturer’s
g4 but may also be caleulated from steam eonditions at that
' mnt. The forces acting on the vent pipe may be dotermined
Abm steam conditions a, the vent pipo inlet snd outlot,

# Two methods frequently employed in the design of safoty
- gnive vent systems are citod in {110 The first is based upon g
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wind tunnels. The resulling vent pi
based upon a more realistic analysis than has previously been performed,

Steam Flow Through Safety Valve Vent Pipes

The ﬂow of steam through a safety valve pent Pipe system has been analyzed to provide
a design basis for sizing the pipe to prevent blozvbaqk of steam. The analysis is based

upon the application of modern Sutd dynamics (o the Slow in ejectors and free<jet

pe design procedure 18, in the authory opinion,

procedure established almost, 35 yeoats ago by Benjamin (2]; the
second is A mors recont industry developed procedure,

The former method assumes a value for nozzle efficiency in the
conversion of available enthalpy drop into velocity to determine
the steam velocity at the valve pipe outlet, Assuming sonic flow
at the vont pipe outlet the static pressure at the vent pipe inlet
is caleulated considering friction losses in a long pipe. Blowback
ix assumed not to oceur if the volocity head of tha ateam jot
lenving the safety valve is equal to or greater than the caleulatod
static pressure inside the vent pipe inlet.

An examination of thess methods shows deficiencies in each.
The former method requires the assumption of a nozzle ef-
ficiency for expansion through the safety valve. No rational
basis exista for selection of the officiency value, other than the
observation that a value of 25 to 30 percent results in what ap-
pears to be an adequate vent pipe design. ]

The latter method calculates steam conditions at the vent
pipe inlet by working backwards from the vent pipe outlet sonic
conditions. The resulting calculated pressure and velocity st the
vent pipe inlet may not be the same as the pressure and velocity
caleulated working forward from the sonic conditions at the
safety valve pipe outlet. Thus the procedure doos not directly
tie together conditions at these two points.

It appears then that while sither method may result in a
satisfactory vent pipe sizing, the result is fortuitous, The
analysis described in the following sections, based upon the ap-
plication of modern fluid dynamies, provides a sounder basis for
vent pipe design. The description of the Row processes uses the
similarity betwoen the flow in the vent system with that in free-
jet wind tunnels and supetsonic ejoctors,

Flow Description

The combination of a valve pipe and vent pipe is vory com-
plex, from a fluid-dynamie viewpoint, due to the annular valve
orifice, whose axis is generally perpendicular to the flow, and the
number of bends in the piping required to conduct the steam to
atmosphere. For mathematiea] tractability, the model tn be
discussed convists of n one-dimensional valve orifice in the flow
direction and straight piping with inletz and outlets normal to
the pipe axis as shown in Fig. 1. In addition, it is assumed that
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Fig.1 Steam safety valve system

(a) Schematic g
(b) One-dimensional model
%
P
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transient effects die 1o valve opening and closing nre small and - intersoeting oblique shocks which doecronse inintensity due e £ 1

that the thernodynamie propertios of steant are approximately  their intornction with each other wnd with thoe pipe boundasr 4
those of & perfect gas with an sppropriste iseutropic exponent.  layer. I the valve pipe is jong enough the flow sventuaily e § p

The flow in the valve pipe is similar to that in free-jet wind  comes subsonic and behaves as a subsonic flow in a long pix ¥
tunnels 13-5]; in cylindrical tube rocket lsunchers [6); and in with friction [11, 12}, 5
gjectors operating nt zerc secondary flow (7. A major dif- The stagnant cornor region at the orifice is essentially jsolasl 1 g
ference between these primarily aerospace problems and the Its pressure is not aumnospheric and is determined by the balsex 3 o
present stationary power plant problem is that the initial veloci- between the flow leaving it by entralument in the supersis 3 g
ty in generndly supersonie in the forner ense and sonic in the Inttor, jot and that entering it through the subsonie boundury lava §

Referring to Fig. 2(a), the flow lenving the valve orifice can be wnder the adverse prossure grdient due to the oblique shock ;
characterized s an underexpanded jet [8-10] exbausting into a Flow in the vent pipe is similar o the flow in the valve ppe
Jurger diameter eylindrical pipe. The flow expands across a However in the vent pipe, depending on the design and opersiig
series of expansion waves to supersonic velocities until its statie conditions, there muy be either a secondary flow of air into
pressure equals the pressure surrounding the jet; the correspond-  vent pipe from the surrounding atmosphere, as in an ejector’ s ‘
ing flow direction defines the jet boundary. An oblique shock secondary flow; or blowback of steam from the vent pipe siv
wave is generated at the intersection of the jet boundary and the  tem into the powerplant. The objective of the vent pipe duig
pipe wall which is required to turn the flow paraliel to the wall.  is 10 determine the minimum vent pipe ares required to preiest
The subsequent flow in the valve pipe then cousists of a series of  blowback of steam. '

Nomenclature
A = flow area 5 = entropy
a = sonic velocity . 1 e .
D' = primary flow diameter at vent T' = temperature . - wcom_lary flow . .
pipe inlet ¢ = squareroot of ratio of sgcundmy * = quantity st sonic condition
f = Darey {riction factor L:yr;)‘jlzl:{l‘::ry stagnation Lo gypserjpt
Fos omass Dow function delined by W *strlilcmmle]\uml ol Dine 0 == stagnation condition
equation (10) o e pipe - I — initis seetion
¢ = function defined by equation (3) « = \er;t}i;p‘a aren ratio, Aa/d,’ = 2 = socton at which flow fills pipe
! = impulse or momentum function 8 = v i" ! atio. Au/A, = 5 = section at which shock sysies ki
defined by equation (1) - \'B;j,f;ipe atea ratio, As/A = produces subsonic flow
o 7 = s of et b ¢ et i ot B
. B} A = velocity ratio y . raa’y
m = mass flow . . complete in vent pipe
P = pressure 4 = ratio of secondary to primary 4 = pipe exit
. , ss Hows . ..
p o= mutio of seeondary to primary . fnass o a = atmospheric conditions :
stagnation pressures Suparscript ’ B sbagnanh eorner region i vew 25
R = gas constaut " = primary flow pipe
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Fig. 2 Underexpanded flows
(a) Valve pipe
{b) Vent pipa

e w 2(b) depicts the flow field when there is a small secondary
g v from the surrounding atmosphere into the veni pipe.
downstream of the oblique shock wave, the wimary and
E wondary flows mix in the constant dinmetor pipe until at some
“wetion the flows are completely mixed and the intersecting shocks
b bve roduced the initially supersonic flow {0 a subsonie flow,
 Depending on the vent pipe dongth, Qe flow ni the veng pipn
B ethet mny bo sonie with o alatie prressre grender than ningos.
ﬁrmr; supersonic if the vent pipe i« very short; or snbsonie in
P rtirh cnse the outlel pressure mus equal atmospherie,  The
§ Emiting condition for no blowback corresponds to zero secondary
AR fox and a pipe length for which the flow accelerntes to sonic
nditions at, the pipe outlet. At greater langths the shock 8y8-
wn moves upstream into the free jot region, the Pressurn rises
blowhnek oeanrs,

Farly analyres of the flow in sjectors froo-jot wind tun-
were based on a one-dimensional flow model 4, 7, 13},
e vgeful, this model is incapable of providing information
6 the three-dimensional flow in the underexpanded jet. region,
e details of the mixing of primiary and seeondnry flows, and on
b static pressure in the corner region of the valve pipe. The
reelopment of methods for the analysis of three-dimensional,
personic, compressible flows containing shock waves coupled
Fith increased digital computer eapacity and speed has resulted
# nore precise determinations of the flow characteristics for
¢ devices.  This approach has heen successfully applied to
Freiets [5, 10, ejectors [14-16] and ducts with abrupt thanges
B ooss-section [6). Progress has also heen made in determining
static pressure in the corner region at an abrupt change in
% arep {17, 18],

 Emphnsin in the eirnd sindies was on i underexpanded je
ton between the primary jet exit plane
the valve pipe exit in the present ease—and the vicinity of the
gierseetion of the jet bovndary and the pipe wall,

the valve orifice

Thiv sinh-
Pt How contamng shoek Shoek nnd sheoek wadl thferactions
o to bave heen ondy investigned sxperimentally |6, 17),

Mue 1o the possibility of Iwo-phnse flow and condensatinn
ocks whien the steam ix initially elose to saturation conditions,
e low in powerplant safety valve piping is far more complex
flow in the free-jets, ejectors and other fluid devices on
ek the preceding discussion wax based,  The diffieulty of
Hiang this problem, and the time and cost required to de-
wp suitable computer programs has lofi {he powerplant, de-
Bener with essentindly the Benjamin method 1) devvloaped over
iy venrs ago. Althongh <l one=dinensionnd, the anlysis
§results discussed i the following sections will extend the
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power plant designer’s knawledge of 1 hix eomplex flow problem
snd present the data in a simple, ensily nseable form,

Flow Analysis

Fig. 1(b) is the general model used 1o analyze flow in the valye
pipe and vent pipe. The flow characteristics are as described in
the preceding section. Although mixing and flow deceleration
nccur simultaneously, this analysis assumes that tha primary
and wecondnry flows first mix to viehl s aniform stpoersonte fow,
Thix ix followed by deeoleration through the ublique shock Nys-
tem which is replaced in the analytieal model by a normal
shock-~the pseudo-shock created by Crocen (19). While thess
phenomena may setually require many pipe diameters (19, 20),
if not the ertire pipe, for completion it is assumed that they are
rompleted within a small fraction of the pipe length.

Considering the vent pipe first, the impulse funetion, I = P4
-+ 74, can be expressed as (21)

I= ((v + 1)/2v)ma*(\ + 1/\) (1)

In deriving equation (1), conservation of mass and energy and
the equation of state for a perfect gas were used. The velocity
ratio A is the ratio of the fluid velocity to the critical sonic veloci-
ty attained by isentropic expansion from the loeal stagnation
state. Alternatively, Mach number M can be used; howaver the
equivalent expression is more complex. In addition, the range
of Mis narrow ie, 0 < A < ((y + 1)/(y ~ 1) compared to
the range of Mie, 0 < M € o,

Applying equation (1) between the inlet section 1 and section
3 whore the primary and secondary flows aro complotely mixed
el in the mamentim consorvation equntion,

(ﬁll + m”)aa‘G; - mlauGl: + 7?’1”0‘”(;1” {2>
in which the primary flow is denoted by a single prime and the
secondary flow by a double prime and

G o= A4 1/ (3)

Fauation (2) assumes continuity of static pressure ncross the
boundnry batween primary and secondary flows, although the
average pressures may differ widely; the isentropic exponent is
the same for the primary and secondary flow; and wall friction
for the secondary flow is negligible.

The mixed flow stagnation temperature can be expressed in
terms of the primary and secondary stagnation temperatures,
using conservation of energy, as,

(' A M) T = m'Ty + " Ty (4)

Letting u = m'"/m' and # = T,"/T%', and combining equations
results in,

(1 4+ w1+ w6 = G+ WG (3)

Knowing the steam temperature upstream of the safety valve
To' and the ambient. temperature 79" defines 1. In the case of
the valve pipe, Ny = 1 corresponding to sonic conditions at the
valve orifice; in the case of the vent pipe, A, > 1 and is deter-
mined by the valve pipe analysis. \; can then be determined
from equation (53 s a function of N, < 1 for spocified valuoes
of 0 200 However, oquation (3) hins two solntions for A; the
sipersonie solution which corresponds to ronditions npstream of
the normal shock and the subsonic rolution which corresponds to
conditions downstream of the normal shack. These are given by,

N o= (Gh/2) — (G200 — 137 (6)

At {Ga/2) F (G20 — (un (7)
it follows from equations (6) and (7) that the product of the
suband sopersenie vahies of N, equaix 1.

The ratio-of the pipe area to the primary flow area at section
I'is determined from conservation of mass in the form

“nar 1 901
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D= (2707 + LMBA(Po/ag) N1 — ({y = 1)/(y + 1)AMD

(8)
where,
' G = (YRToM (9)
Letting
Fo= AL - (Y = DA/ (y A ey (10)
and p = Po"'/Pd, and applying equu.tion (8) to both primary

and secondary flows leads 1o the following equation frem which
the vent pipe ares rativ a = A3/A'y can be determined,

u o= (o — 1)pF"/tFYy

The value of fL/D; corresponding to the limiting condition
of sonic flow at the vent pipe exit and A; esleulated using equa-
tion (6) is determined from the friction equation for flow in long

pipes (21).
fL/D; == ”'}' -+ 1)/2'}’)(1” >\3’ -+ 1/?\;2 - 1)

Although equations (8), (6) snd (10)- (12) are sufficient to
determine the vent pipe ares for given values of L, A and
there are physical limits which must be considered in their sp-
plication.

The first limit ccrresponds to sonic velocity at section 2 in the
secondary flow. This will be referred to as the 'secondary flow
sonic limit'. The supersonic primary flow area 13 a maximum at
section 2 whereas the subsonit secondary flow area is a minimum.
The flow conditions st section 2 are more difficult to determine
than those st svction 1 since neither the primary nor secondary
velocities or flow aress are known. However, assuming no
mixing of primary snd secondary flows and therefore isentropic
flow between sections 1 and 2, conservation of mnass yields for
the primary and secondary flows,

(11}

(12)

AW/AY = F'W/FY (13)
AV /AYy = F R (14)

As the vent pipe ares i8 constant,
A+ A = A A = A (15)

Using equations (13) and (14) to eliminate 42’ and 4," in equa-
tion (15) leads to,

(¢ — 1) = (1 —~ (F\/F")/((F"/FRY) — 1)
Substituting equation (11) for (@ — 1) and simplifying yields,
(1/F\' — 1/F) + (1/F" =~ 1/F Y ut/p) = 0 7)

Applying equation (1) between sections 1 and 2 and neglecting
wall friction for the secondary flow results in,

(G = Gy') + (G — G )pt = 0

Finally, using equation (18) to eliminate the product u in
squation (17) gives,

Gy — G/ R — LRy

(16)

(18)

= p(Gy" — G'"')/(I/F\" — 1/F")
(19)

This equation can be numerically solved for A'y in terms of A%
for & given combination of p, Ay and N5 The vent pipe area
ratio is then obtained from equation (16) and the secondary 1
primary flow ratio 4 obtained from equation (11) given (.

A sstisfactory, simpler solution assumes incompressible
secondary flow at section 1. FEguation (19) then reduces to &
quadratic equation for X', Yig. 3 shows the results using this
gpproach for p = 0.05, From the curves for Ay = 1, 0.5 and
0.1 the sonic limit is seen to be a lower lunit on the vent pipe
avea ratio o fur s given value of secondary to primary flow ratio
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Fig. 3 Secondary fiow sonic limit
y w13, t = 2/3, p = 0,08
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u: ut larger values of @, A'; < 1. As N\ increases to 1.5 in Fie
3, u smaller area ratio and therefore a smaller increase in primany!
flow velocity is required to accelerate the secondary flow .
sonie conditione at section 2. i

Once a has been calculated from equations (3), (6) sa:
(10)-(12) for specified values of L, ' and u, Fig. 3 can be nad
m estimate A", the secondary flow velocity ratio at section .

For the range of « and g considered horein, Ay << | b
therefore the 'secondary flow sonic linit' s not reached. Fgl
is inapplicabie to the steam blowbsck limit, u = 0. H

The most interesting limit originates from the thermodynamé:
requirement that the entropy cannot decrease in the direction £
flow. This t.hermodynmmc limit, initially studied by Hmnsm%
74), ean be expressed in torms of the difference betwesn 0 3
mixture entropy upstream of the normal shock at sm’l,mn!
and the sum of the entropies of the primary and secondsy
flows at section 1. For an ideal gas, the entropy is expresssl s

A8/ =

(v/(y = INIn Ty — In Py (™

Thus,
Oh' 4 " WAS/RY > ' (AS/R)Y + m"(AS/R)Y Y
or, after substituting equation (20) and simplifying,
— (1 + wIn ((Pa'/P'0)(Tw/ ")) - In (p=3717-1) 218
]
Substituting equation (8) into mas¢ conservation between e
tions 1 and 3, i.e, s = (1 + pimy', results in
Po'/Po' = (1 4 )(Fy/F )T/ To' P41 /@) e
From equation (4), the total temperature rutio is,
To/To = (1 + w1+ u) ¢
Thus each solution of equation (5) must satisly the inequaiy
expressed by equation (22). For each value of f/L/D; this thermw
dynamic limit imposes an upper limit on the allowable presss
ratio p for a physically realizable low. In the sctual flow whe
primary and secondary flow mixing and shock interactions ons
simultaneously and not i series as assumed in this model, ty
linit may not exist at all. This possibility depends on a mored
tailed analysis for evaluation.

Other limits include o vent pipe outlel pressure groater Wl
atinospheric pressure, which is cousistent with the sssumpad
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fg. 4  Corner pressure, velocity and stagnation pressure ratio as
wnctions of valve pipe area ratio
Moo= 1

A wnie velocity at this section. Finally, there are limits to the
oty ratio A downstream of the normal shock., The maxi-
wam value of Xy corresponds 1o no primary ow seeoloration

wween sm’iimm Pand 20 A< M = Tand M A i follows

st A < 1/ this iy approximate sinee, ax squation {H) shows,
ahasan effect. The minimum value of Ay is determined by the
mximum value of A = ((y -+ 130y~ 1)U upstream of the

wmal shock which rmrv\p(mdﬁ to an infinite Mach number.
T d = 1/N and N 2 ((y — 13/(y + 112 These limits
preduce limits to fL/D4 in necordancs with eguntion (12), In
wriiendnr, nominimum Ny = 03612 for y = 13 pesults inoa
nximum f1./Dy = 4.006. This }imit is, however,.boyond the
sage of interest in Figs. 5-7 where the abscissa is f1L/D,' =
371/ Dy). -

ero Secondary Flow

The cise of zero secondary flow corresponds both to the limit-
ease for no blowback, given the vent pipe length and pres-
ratio p, and to the flow in the valve pipe, Setting g = 0in
rquations in ihe preceding seetion gives the equations ap-
ieable to this ease,

Thus the momentim and thermoedyinmic Himit squntions e
e (o, nflor dropping the wapwaneripls

Gy = O 4 (o — Dp/k, (25)

aly'/Fy >, (26)

h
H

fi the vent pipe case given Ay and /1), which determines )\

wn equation (123, equation (25) uniguely determines (o - Dp.
do‘a >0 Ay < 1N e, the f!zm aceelerates between sections
;md 3. Hoewever, it should he noted that sinee £1,/D; for the
?mhlnm, depends on Dy and therefors e, the solution isciterative,
T thermodynmie mit, must be checked for

#hsolution of equation (25),

1 In the valve pipe case, the area ratio 3 is generally known or
ma be deduced from the valve manufacturer’s literature. The
known aquantities in equation (23) are the static pressure in
e rorner, which determines poand the veloetty al seclion 3 in
# valve pipe. Fither experimental data or a multidimensional
mlysis is required (o determine the corner pressure, Py oin Fig.
#). As the valve pipe is much shorter than “the vent pipe, the
a;lomh changes primaily due (o

equation (20)

the obligue shoek systom,

vemal mf Elaisde Eomipemmniom-

10 T
_ A7
// /
|l /
. Po"/Po’=0),025
é‘t ’ |
:'<x:‘ [ s -4
]
& /7 THERMODYRARIC LINIT
S? q e
Y d
l A A A 1 i i
] 7 4 )
£y

Fig. 5 Effect of pressurs ratio on the limiting area ratio
Tml3, s =m0, -]

The minimum valve pipe outlet velocity is the sonic velocity.
The maximum velocity is the supersonic velocity at section 2
which corresponds to the supersonic solution of equation (25)
in the form

Gy 2 4 (2/(y + NB = 1)Pa/P) = Gy (27)
10 T ¥ i 13 i
8 -
& ]
:z\f‘\
oy f
g
= -4
w
a.
g
2
1
fLouy
Fig. 6§ Effect of initial velocity on area ratio
v =13, 8 =0
e Ay 1, P[Py = 0,05
e A m L7, PPy = 002857
amm~ AN
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Fig. 7 Ettect of secondary tlow on area ratie
v = 1.3, POUPY = B8N el

In equation (273 A = 1, P/l = (Pg/Pe)(l (y ~ DAY/
(v 4+ 1378 and 3 s the ratio of valve pipe outlet ares to
valve orifice nrea, 4;/44

From equation (8}, the ratio of the stagnation pressure at the
valve pipe outlot to the stagnation pressure st the valve orifice is,

Poif Py = (LI F (28)

1f sonic conditions exist at both sectjons, the stugnation pressure
ratio is sirmply the inverse of the wres ratio.

Resulis

Figs. 4-6 illustrate the offect of the major parameters on the
minimum vent pipe ares ratio o for no stesni blowback. The
initial velucity and stagnation pressuroe at section 1 of the vent
pipe in Fig. | depend on the staghation pressuie at the valve
orifice and the geometry of the valve pipe. This is shown in
Fig. 4. The variation of the ratio of corner pressure to static
pressure in the flow Fu/P; is based ou the analysis by Korst,
Chow, and Zumwalt. (18); the dotted line is an extrapolation
of their data. The maximum velowty Ay = A, corresponding
to impingement of the How on the valve pipe wall near the pipe
outlet, was calculated from equation (27) and plotted in Fig. 4.
[t approaches & constant at large ratios of valve pipe outlet to
valve orifice area; for the nssumed corner pressure data the maxi-
mum value of A, is about 1.7. The minimum velocity corresponds
1o sonic conditions at the outlet, >4 = 1. The stagnation pressure
ratio Pu/Py shown in Fig. 4 was calculated from equation (28).
As Poi/Poy < 1, the entropy increasos in the flow direction,

For this one-dimensional analysis the valve pipe outlet veloci-
ty, equal to the vent pipe inlet velocity, can only be determined
within limits, e.g., for the ussumed corner pressure data, 1 < Ay
< L7, The pressure ratio p is the ratio of the secondary flow
stagnation pressure Po'' to the primary flow stagnation pressure
3 st the vent pipe inlet; thus

po= ‘”a”/f”w = (P”e/["m')(Pnu"vp'n) had {P”OI/PN)(PM/PN) (29)
To s good approximation Py is the steam pressure upstream of
the valve orifice and FPi" is aunospheric pressure.

Fig. 513 an example of the principal design data, calculated
from equations (25) and (26) whith correspond to the Hmiting
case of zero secondary flow and the pipe length that produces
sonic flow at the vent pipe outlet. The dala is for superheated
steany wnd sonic flow at the vent pipe inlet, For each valus of
the product of friction and the retio of vent pipe length w the
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dismoter of the primary flow at the vent pipe inlet there oxists
& maximum pressure ratio p corresponding to the thermodynamic
limit determined {rom equation (26) using the equal sign. For
each pressure ratio ut or below this maximum pressure rativ,
there is n minimum srea ratio below which steam blowback
occurs, As an exsmple, for & valve pipe ares ratio g of 10, souie
flow al the valve pipe outlel and s stagnstion pressure Py of
3000 psin (207 X 107P4) at the valve orificy, p = 10{15/3000}
= 0.0, Thus, assumiag f4/00 = 4, Fig. 5 sbows that the mini-
mum area ratio is about 7.45.

The vent pipe area ratio corresponding Lo the maximum valus
of A, at the vent pipe inlet can be determined from data such
as shown in Fig. 6. Here, the effect of inlet velocity, at 8 given
pressure ratio, on the minimum vent pipe area ratio is shows.
The thennodynamic limit imposes sn upper bound on the initisl
veloeity Tor a specified value of fL/D". The maximum allowible
valno of Ay as n funviion of A results in the lowoer limit on fL;
13 shown in Py 6, §

From Pig. 4, Ay o= L7 and Do/l = U175 for (3 = 10; thas
for Pg == 3000 psin (207 X 107 Pa), p o= (15/3000)/0175 |
- 0.02857. TFrom the dotted line for X'y = 1.7 and p = 0.02857
in Fig. 5, the minimum srea ratio for fL/D', = 4is 4.9, Assuming
M, = 1 and s specified Pa, provides a conservative ares ratio
for the vent pipe sinee, for lnrger values of X' and correspondingly
lower values of p, the minimum vent pipo nros ratio is loss,

Fig. 7 shows the effect of vent pipe ares ratio and length oo
the secondary mass flow for p = 0.05 and Ay = 1. In the reges
to the right of the g = 0 curve, steam blowback oceurs. In the
region to the left of the u = U curve, & secondary flow of air
induced Trom the power plant into the vent pipe. Thus, lura
constant value of L/, incrowsing the vent pipe area ratio iv
creases the secondary mass flow g, Similarly, for u constant &
decreasing /L/L' increases g, Assuming s valus of g > 0 for the
vent pipe design provides u design margin for the vent pipe are {
ratio calculnted ns described horein.

TS

Cedl

Saturated Steam

The equations fur determining the minimum vent pipe we
ratio are based on the assumption that steam behinves as a perfed
gas. In the calculations, sn iseniropic exponent y of 1.3 in e

b udiles.

superheatod case and 1.1 in the saturated case was assumed »
Although the area ratio is relatively insensitive to v, the therme
dynamic limit strongly depends on 7. i,
The flow analysis for saturated steam is more complex thae &
for superheated stesm due to nonequilibrium effects arising fros § ;
the existence of two phases—vapor and liquid droplews. 14 )
{

generally assumed that the liquid and vapor temnperatures ssd
velovities are the same; therefore nou-equilibrium effocts we
confined to the changing vapor and liquid masses as stesrn we
denses or the liguid droplets vaporize with the correspondiag
conversion of latent and sensible heats. In the case of nossie
flows, for which -most analytical and experimental informatios »
available (22-24), nonequilibrium results in supersaturation of B
the vapor, followed by rapid condensation and latent beat = '3
lease at s discontinuity referred to as the condensation shom
(23). ;

The one-dimensional flow equations including a phase chaoge
require, in addition to the perfect gas equation, snd mas
momentum and energy conservalion equations, an egusiod
from which the liquid mass can be determined as a functioo o i
the flow parameters, In the nonequilibrium condensing s
case, this 1y an equation for the rate of formation of Lound drg 3
lets. 1f the phases are assumed to be in thermodynamic squus i
rium, the equation is the Clausius-Clapeyron equation relsus §
saturation pressure and temperature (23}

In addition to an incresse in the number of equstiony &
solved, the speed of sound, and therefore Mach nunibe @
pend on nonequilibrium effects.  If the flow 13w equilins
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an equilibrium sound speed enn he defined based on a homo-
groeous mixture of vapor and lignid, At the other sxtrome, the
liguid droplets behave ns inert particles and the vapor properties
alene determine the speed of sound.

As a first step toward evaluating two-phase flow in the vent
pipe a few equilibrium flow vent pipe caleulations were made for
sturated steam using the ASME steam tables (25). This was
sceomplished by expressing the mass, momentum and energy
enpservation equations in their most basic form and using the
seam tables 1o determine the relationship between enthalpy,
entropy, density, temperature and pressure. A limited number
+ hand caleulations was made for saturated steam at one valve
orifice stagnation pressure; the results indicated that the mini-
mum veni pipe area ratio was smaller in the real gas case than
in the ideal gas case. lHowever, more extensive computerized
eslenlations are required to verify that the ideal gas approach
vields conservative nren ratios over the range of saturated steam
conditions of interest in power plants.

S——

Structural Loads

I sumctural loads are applied to the valve and vent pipes and
wipports ax a result of the ehange in magnitude and direction of
the impulse function, equation (1), Thus e¢onsidering the valve

i pipe the load or thrust W parallel to its axis is sinply

W= 1, — P4, (30)

where the subscripts refer tn the valve pipe in Fig. 1. The
aroduct Po'' Ay i the force at the lower end of the valve pipe in
the ustinl ease where there is an elbow immediately downstream
[ the valve orifice. In the vent pipe ense, due to the posibility
dhendsin the pipe, the vidues of 1ot the indel and outiet muast
we solved into their components slong enordinnte axes. The
differences, e.g., Toy — Iz, along the z-axix, nre the corresponding
mads on the support.  In addition to these forces, moments are
sl produced. As the value of A, and, therefore, Ji depends on
the pipe length, the limiting value of A" that maximizes [, should
e nsed in designing the support,

% Example
1 < an applieation of the precading, consider n superheater
ity valve for the following ronditions:

.. 2800 pain (1930 X 107 Pa abs)
T 100°F (537.8°(H)
Toatd 350,000 th /hr (1,588 X 108 kg /)
IVqlve Nize 6" xch 40
j 1RES 6,065 in. {1540 cm}

Advalve = (A0 venl 289 in.? (186.4 cm?)

Since the ABME valve ratiag is 90 percent of capacity, the
design flow will be increased fo full eapacity. For caleulation
purposes, the vent pipe will be assumed to be 50 ft long. Design
data are: :

v (superheated steam)
m = 1.11 (rated m)
L

@y (equation (9))

1.3 .
107.9 1b/sec (48.94 kg/s)
50 ft (15.24 m)

2290 ft/s (698 m/s)

The calculation will be performed for assumed vent pipe
sizes of 12, 14, and 18 in. standard weight.

All vent pipe sizes satisfy the thermodynamic limit since, in
all three cases, aF,'/F' > 1. Comparing the calculated values
of a versus A;/A; for the assumed pipe size, the 14 in, vent
pipe is tha smallest vent pipe with adequate flow area to pre-
clude blowback. Therefore, the 14 in. pipe would be selected.

Conclusions

The proposed vent pipe analysis provides a simple, convenient,
design method that is consistent with modern fluid dynamics.
However, a one-dimensional analysis of the vent pipe system
has certain limitations. A multidimensional analysis, in con-
junction with experimental data to correlate the results, could
provide the basis for establishing design margins. These would
then be applied to the one-dimensional analysis results in the
design of a safety valve piping system, Until such data becomes
available careful judgment must be exercised in applving the
one-dimensinnal procedures.

After completing this paper, the writers hecame aware of a
similar analysis by Lino (26) for low in aosafely valve systom. A
brief review indieates that Lian combines real and perfect gas
relationships in the saturated steam ense, nses one-dirnenional
equations based on Mach number rather than velocity ratio, and
expreases the blowback eriterion in terms of the momenta at vent
pipe sections 1 and 2 in Fig. 1.
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DISCUSSION
G. §. Liao:

Although the authors deseribed the conplexity of phenomena
existng tn the safety valve vent systen, nost of those conditions
were indeterminable by the suthors’ ow-dimensional method

ngineenng Groap Supersisor,
Mem, ARME.

Bechitel Yowe Corp., Los Angoles, Colif,
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The authors stated that the velocity at the valve pipe outist
could be either sonie or supersonic, and demonstrated the effact
of velocity ratio on the vent pipe area ratio in Fig. 6. However,
they failed to determine what velocity ratio should be used by
power plant engineers in their design. The possible velocity ratie |
is rather widely spread, and with s fixed friction parameter
(fL/Dy"), errors on area. ratio can be as high as 75 percent. It
appears that the result of the authors’ method is as fortuitow
a8 the result of the Benjamin method, which requires an assump-
tion for nozzle efliciency iustend. As indicated in the Authors
Closure of the writer’s paper [26], the writer recognizes the limitse
tion of the oue-dimensional nnalysis, and has recommonded &
conservative approach, which assumes sonic velocity to be the
maximum veloeity attainable at the valve pipe outlet. The
writer cousiders that the flow passage up to the valve orifice u
similar Lo a convergent nozzle. However, beyond the valve seat,
the flow changes direction, passes rough contours of the valve
and Hnally s conveyeil through oo sharp 00-dog olbow to reash
Sinee tho flow st uadergo n 90-4deg.

the valve pipe outlel.
changoe in direction twice with o constant aron duct at the tad
end, the writer questions whetlier this can bo troated similar w |
the divergent section of u supersonic nogzle.
In their jutroduction, the authors pointed out the deficiency §
of two existing methods. For the Benjamin method, lack o
rational selection of nozzle efficiency was mentioned. For th -
industry developed procedure, the backward caleulation was
mentioned us n deficiency. However, the writer's opinion reistive
to the deficiency of two existing methods is somewhat diiferens
The major deficiency of the Beonjamin method is the vent pipe
sizing criterion. It compares the velocity pressure of stese §
leaving the valve pipe with the static pressure at the vent pip
inlet. However, sceording to fhuid mechanies, four busic physica
laws must b satisfied, Lo, consorvation of muss, conaneyativ of
momentum, the first law of thermodynamics, and the seonnd
law of thermodynamics. Since the law of conservation of mss
and the first law of thermodyuumics have bren consideced b
the Benjamin method, the desigu eriteria are to satisfy the seooss
law of thermodynamics nod the conservation of momentum, The |

R P,

former requires an increse iy entropy or wdeerease in o
pressire, T *
Benjumin eriterion might violate the second faw of tlane
dynandes, und therefore, a veni size selected could be too sl
The recent industry developed procedure has sccommodate:d e
second law of thermodynamics. However, the writer coud
that the conservation of momentum should also be satisfsd
From writer’s observatior, it is often that the momes
eriterion defermines the mininmm vent size rather thas
vitropy or total pressure erterion.

Fhe dnuder vequires wodecrense i nomentuin

The authors indicated that flow ealeulations should be furwss
and the backward method currently used would not diroeus ue
together conditions at the vent pipe indet. However, in whiwe
opinion, it s not likely that problems ean be solved from de
upstreurmn downward,  For example, if sonie condition exisis s
the veut pipe outlet discharging to the atmosphere, an sbnys
change in static pressure, or a discontinuily in pressure gradiont ¥
15 permissible.  If subsonic conditiva exists, pressure gradiat
must be continuous to the stmospherie pressure. In any cas,
the condition at the vent pipe inlet can not be determined wi
vut knowing the condition at the vent pipe outlet. Therefxe,
the culenlutions are nlways backward.

The authors are to be congratulated cspecially regarding e
detuil deseriptions of the phenomoena oceurring in the safwy
valve vent system.  With their analysis of valve pipe dscharg : 4
velocity versus vent pipe size, the importance of ssuning £
adequate valve pipe discharge velocity is demonstrated. [ ¥
paper seeins (o confirm that the sonie velocity at the valve pips
outlet assumed in the industey developed procedure as wail % §

by the writer 1 o conservative wpproach for sizing the vent P
with confidence, ]
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Fioally, consider the dircction in which the cnleulations nre
e The anthors main concern, like the writer's, is that the

i : - cq gk . 27 Meintjes, K., and Skews, B. W. <4 computer Programme
cul 'RIC ; s tied everywhere, 1f the mathe s e ) Doy Al b ' v oA Ly Bt
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mtical model reflects this requuirement, then the choice of direcs : :
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The obijective of the noathors
s qaslitative discussion of the flow in g steam safety valve vent
wvem based on the investigntions of zimilar devices in other

Vi ard Lwo, 10 examine 1o w
o be used to analvze this complex flow prohlem. Although the
L w esilt for practical design PUTPOSes temains the one-dimen-
“Fwoonl spproach used by both Mr. Lino and the authors, knowl
§ dre £ s devintions from reality adda eonfid

e wsive pipe outlet produens ronservative value of the vent
g e area ratio and that an inerease jn ares ratio asbove the

eimum due, for example, (o available pipe sizes results in an
§ 2 of airinto the vent pipe aids in the evaluation nf » given

Tre muthora considersd the flow downstream of the valve
mhee and downstream of the valve pipe outlet te be similar to
te Fow in an abrup change in eross-seetion area. Ax deseribed
§ 0 ehe paper, transition from (he smaller 1o the larger srea is by
This is not the same as the flow in the
Frergoni seetion of a supersonie nozzle ax Mr. Lino states,
et transient, flow in g 90-degree elbow
B been investigated both analytieally and experimentally

Turther, supersonie, all

using the one-dimensionnal analyris, the required
L ndve pipe outlet veloeity enn only be determined as being within
#e limits of the sonie veloeity and about 1.7 times the sonie

Authors are in agreement with Mr. Liao's discussion of the

] ¢ dlitiency of Benjamin’s method and the need 1n satisfy nll
&ad dynamic and thermodynamic laws st each section of the  the ealculated data,

van ix based on exlentation convenienes, However, sineo down-
streams condilions eannot direetly influeten the upsironm flow July 1974,

4 Numbers in brackets designate Additionil References at end of Closure, Books, New York, 1967, pp. 187-205.

in & supersonic flow, the forward dirnction apponrs logical—at
lenst. batween the valve pipe outlot and the intorasction of the
free jot and the vent pipe wall,

That the ealculation ecan proceed in & forward direction will
now be demonstrated. Assuming sonir veloeity, the stagnation
to atmospheric pressure ratio at the valve pipe outlet is cal-
culated with the aid of equation (29). For g specified vent to
valve pipe area ratio and the limiting condition for no steam
- blowback, the velocity upatream and downatream of the normal
enee toits applien  gheek is determined from equations (25), (73, and (6). 1§ the
HESUIMPHON of sonice veloeity at thermodynamic limit is excended, the area ratio must be reduced
until equation (26) is satisfied,

Assuming sonie velocity at the vent pipe outlot, the cor-
responding stagnation pressurs is determined from the valve
pipe outlet conditinns using equation 128). The outlet static
pressure is then caleulnted using the isontropie relation betwenn
static and stagnation pressures. If it s greator than atmospherie
pressure, the outlet velocity is indeed sonic, However, if {t ia
less, the outlet statie pressure must be atmospheric. The cor-
responding subsonic velocity is caleulated from the conservation
of mass, equation (8).

The maximum vent pipe length is the difference between
equation (12) evaluated downatream of the normal shock and
at the vont pipe outlet. If the ealculated length is less than the
length, the vent pipe area must be increased and the
ealeulation repeated. If jt ia greater, flow conditions within the
vent pipe will adjust accordingly and further ealeulations, ia,,
reducing the vent pipe aren, are unpecessary.,

Authors thank Mr. Liao for his discussion. It is unfortunate
that published test data do not exist against which to compara

PAper s two-fold; one, (o prerent

hat extent mmodern fluid dynamics
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