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1. In t roduc t ion

A recent report* by the Committee on Hazardous Materials of the National

Academy of Sciences raises serious questions as to the adequacy of pressure

relief capacities of safety valves currently in use on railroad tank cars
and marine vessels. The central question is: "Will a safety valve. which

is designed to relieve pressure by exhausting vapor at a specified volume

flow rate to the atmosphere. also have the same specified volume flow rate if

the fluid flowing through the valve is in its liquid phase or is a two-phase

mixture of liquid and vapor?" The brief NAS study* negates this question by

comparing the flow velocities of the liquid phase with that of the vapor phase,
namely

I

(1)

and

(2)(for vapor)
[

2g (P _ P) v ] 1/2
V - cOg
g - 1 - l( V / C )2

4 g a
32.2 (lbm)(ft)/(lbf)(sec2)where gc =

Po = Inlet pressure, psfa
P = Exit pressure, psfa

Co = Sonic speed at inlet conditions. ft/sec
Vf,V

9
= Velocity of the liquid and vapor, respectively

vf,vg = Specific volume of the liquid and the vapor. respectively.

Evaluations using saturated propane at 138°F given by the NAS study determine
liquid volume flow rates to be about 3 times less than required (when equatio
(1) and (2) are used). and almost 5 times less than required when liquid prop
flushes lnto vapor during the flow process.

ft closer examination of equation (2) shows that it is only valid if
V . < CO' i.e. at Mach number Mmuch less than one. (It is customary tog
make this assumption in low speed fluid dynamics when M< 0.3; the error then
introduced is less than 2% while for higher Mach numbers the error increases
exponentially.) Flow of a gas or of a high quality vapor from a reservoir at
pressure Po to the atmosphere through a nozzle or valve will choke the nozzle

ns
ane

* "Pressure-Relieving Systems for Marine Cargo Bulk Liquid Containers." Committee
on Hazardous Materials. National Academy of Sciences. Washington. D.C .• 1973.
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k

(
k-l) W1 + -2- (3)

*
/ k~lC = Co

and the maximum mass flow rate

(i}max
=

Po kg
c (_2) ~~1

IfQ R k+l

{4}

(5)

if the pressure ratio PO/P equals or exceeds the critical value
atm

where k = ~cc and C and C are the specific heats llt a constant pressure and
v p v

constant volume, respectively. For dry propane vapor k = 1.33 so that the

critical pressure ratio becomes 1.8506, i.e., choked flow will exist as 10119

as the pressure of the propane vapor is larger than n.2 psia. Excluding

arctic low ambient temperatures, the vapor pressure of propane in railroad

tank cars will always exceed this critical pressure as long as some liquid

propane is present. Therefore, t!le velocity at the [IIi nimum cross sectiona i

area will simply be the sonic velocity at the throat of the nOlzle or the

valve, namely

where A is the minimum area in sq. ft. and R is the gas cons nt; for pro-
ane RP = 35 036 ft-lbf

. lbm-~

While the equations (4) and (5) are sufficiently aecura for the pre­

diction of velocity and mass flow rate of a highly superheat vapor, to this

date little or no knowledge exists which permits a sufficien' y accurate~ pre­

diction of flow ates when the liquid and the vapor phase oce, simultaneously.

In particular, the following phenomena or flow regimes are 1 ely to OCCl/r

in the valve:

1. High Quality Vapor Flow. Flow rate e~uations for t 's flow can be

developed by modifying the conventional perfect gas--isentro c flow approach.

The full sized test facility at Edwards Air Force Base adequ :ely tests valves

under these conditions.

2. Spray, Mist, Bubble and Slug Flow. This is flow of l mixture where

liquid and vapor exists simultaneously. The nixture may be le form of liquid

droplets and vapor or in form of vapor bubble~ in liquid or I alternate liquid·

vapor slugs. If there is no s 1i p between the phases, the fl lis ca 11 ed mi st

-2-



flow. Mist flow is not restricted to a high quality regime. Presently little

is known about this type of fl~w. However. since sonic velocity of such a

spray mixture has been observed to be very low. this flow must be investigated.

For in5tilnce, the sonic velocity of a water spray -- air mixture may be as

low ilS 1/10 the sonic velocity of air alone. It is plausible that for choked

spr~y flow the critical flow rate will also be strongly dependent upon the

sonic velocity of the mixture as it is the case for the flow of a perfect gas,

see equation (4). This has to be investigated and proper prediction equation;

for sizing the valve must be developed. To support the stipulation of the

physical models underlying the theory and to test the developed equations,

experimental evidence and results are necessary. The existing full sized

facility does not permit such tests. Because of the physical size. it is

not feasible to modify the existing full scale facility since optical obser­

vations (laser-doppler technique) are required to monitor velocity.

3. Annular Flow. This flow is the flow of a liquid-vapor mixture where
the 1iquid forms a jet-l"j ke core and the vapor forms a jacket around the

liquid phase. In this case, as was the case in the above ca·;e. the relative

velocity between the 1iquid phase and the gas phase must be I'leasured and the

dependence of this slip velocity upon such parameters as upstream pressure

and temperature must be found. Optical techniques are again necessary. The
full scale test facility does not permit installation of such devices and its

size makes an experimental parametric study not feasible. B,~fore any elaborate

test stand is built it should be shown that. one, annular fl lW can indeed be
established in the safety vale. and two. that annular flow will then determine
the maximum mass flow. i.e. that annular flow is the the cho~ing mechanism.

4. Total Flashing Flow. In this flow regime only liquid enters the valle
and total flashing (a complete change of phase from liquid t,) vapor) occurs

within the valve. This circumstance is brought about when t1e railroad tank

car falls on its side as it has been observed to do in derai iment accidents.

An experimental parametric study must be made which not only shows the de~end,=nce

of the discharge rates upon the upstream pressures and tempe"atures but also

clarifies the influence of the valve shape on the flashing c1aracteristics.

Th i s repo rt descri bes the experimenta 1 two-phase flow f.lcil iti es whi ch
were developed under Phase I and built under Phase II of the DOT sponsored

SAFETY VALVE STUDY at the University of Maryland. Department of Mechanical

Engineering, (Contract Number DOT-FR-64l8l).

I
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II. Preliminary Discussion of Existing Mass Flow Prediction Equations

when Slip Flow is Present

The technical literature on two~phase critical flow is very extensive.

Existing analyses and models for critical mass flow rates which are most
applicable to the propane 3afety valve problem are those by H. K. Fauske
(ANL-6633, 1962), F. J. Moody (J. Heat Transfer, 1965), S. Levy (J. Heat
Transfer, 1965), J. E. Cru'/er and R. W. Moulton (J. AICHE, 1967), R. E. Henry
(Mech. Soc. Eng., 1970), a~d by R. E. Henry and H. K. Fauske (J. Heat Transfer,
1971 ) .

The complexity of predicting critical mass flow rates of two-phase
flows was in part described in be Monthly Letter Report No.4 (dated
October 9, 1975) and the ~)nth1y Lette~ Report No.5 (dated November 12, 1975).
The revised and extended rl?Sults which result from these different flow models
will be described in repor-s FRA-ORD 76/301. In summary, the cited Letter
Reports do not only give an indication of the complexity of the problem but
also show a totally unacceptable difference in predicted mass flow rates.
It was found that for low qual it:' propane mixtures the predictions using models
published in the technical 1iteri:ture ,nay differ by a factor of 60 or more!
In addition, the models in their prese~t form are only valid for flow through
straight circular tubes and not applicable to flows through nozzles which have
a complex boundary geometry.

During the investigations under Phase I of this contract, a new simplified
flow model was developed. The underlying physical principles of this model
are as follows: the two-phase mixture is considered to be a homogeneous mix­
ture of saturated vapor and saturated liquid droplets. If the quality is very
high, say near 1.0, then there at'e very few droplets of liquid per unit volume,
while when the qual ity is very low there are very many droplets per unit volume.
In critical flow, the vapor' is assllTled to have sonic velocity while the liquid
droplets move at somewhat lower vt!locity. The slip .ve10city ratio is not known
a priori, and has to be measured or deduced by analytical means. This new
s i flll1ified model, hence called tile Sallet-Wu-mode1, is likely to be applicable
to flows having complex flew pat~erns such as the flow through p1ug~nozz1es with
orifices. This is derived from ~he fact that the slip velocity will be
dependent upon the curvature of the stream lines and upon the convective
acceleration of the fluid within the nozzle. It is for this reason that care­
ful and systematic measurements of the slip velocity and simultaneous flow

visualization must be undertaken

-4-



I I I. Two-Phase Flow Model Tes t Faci 1i ty

The Two-Phase Flow Model Test Facility to be assembled at the University

of Maryland (Department of Mechanical Engineering) consists of 4 test systems.

The se tes t sys tem~; are:

a. The B1ow··Down Test Apparatu~

(to be cE'signer:l under Phase I and to built under Phase II of the
Safety Valve Study)

b. The Bubb1 ~ and Slug Flow Turne1
(to be dEiigned under Phase I and to be built under Phase II of the
Safety Vl1ve Study)

c. The Full >ca1e Spray Flow Test Apparatus
(to be dE ;igned and built urder Phase III of the Safety Valve Study)

d. The Flow Jattern Visualization Equipment
(not required by contract but a necessary extension)

The first two test system5 (a and b) were designed and built and are described

in this report. 11e 1att~r two systEms (c and d) are under development and

are not described in this report.

IV-l The Blc'I-Down fest Apparat~

When a fluid )f low )oi1ing poirt such as propane which has a high satu­

ration pressure at ambient temperatures is exposed to a low pressure, heavy

pool boiling and 11ashing will occur. An example of heavy pool boiling is

shown in Figure 4. I. It is the purpc se of the B1ow:"Oown Test Apparatus to

measure mass flow rates of such a fleshing fluid and to measure and observe

its behavior durir ~ blow-jown.

Figure 4.2 S~)Ws an )verall vie\-' of the Blow-Down Test Apparatus and

Figure 4.3 shows c close-up of the Blow-Down Vessel. The apparatus permits

measurements in w~ich the exit orifice initially "sees" vapor; as shown in

Figures 4.2 and 4.3 and neasurements in which the exit orifice initially "sees"

1iquid. In the letter case, the vessel sits on top (upside down) of the

Strain Gage Balanc ~ Beam (see Figure 4.4). The B10w-Oown Vessel has an

inside diameter oi 80mm and is 240mm high. Different orifices or nozzles can

be mount2d into V 2 end plate of the "esse1. The opening valve is downs~(eam

from the orifice cr nozzle which reprf!Sents the critical section of the scaled

safety vllve. The mass flow rate, thl~ mass which has left the vessel, the

temperatures at 10 different location~; and the pressure at two locations are

measured and recorded during b1ow-dowll. It should be noted that the pressure

transducer at the bottom of the vesse~ (see Figure 4.3) is thermally separated

-5-
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from the Freon in the vessel by a flexible membrane on the bottom plate.

Typical boiling of the fluid inside the vessel can be observed when

the vessel is made out of plexiglas. Figure 4.5 shows steady boiling of

Freon-12 during blow-down when the exit orifice is small (1.6 mm diameter).

Figure 4.6 and 4.7 show the heavy P?ol boiling when the orifice is larger

(4.8 mm diameter). Figure 4.6 is a photograph which was made immediately

after the start of blow-down test, while the photograph given by Figure 4.7

was taken several seconds later. It is seen that the boiling inside the

vessel may very well influence the type of flow which exists through the

safe~y valve and with it the mass flow rate.

Figures 4.8. 4.9 and 4.10 show typical outflow behavior during blow­

down. In the test during which the photographs for Figure 4.8 and 4.9

were taken the orifice initially (i .e. before the start of the test) sees
vapor only, while for Figure 4.10 the orifice sees initially liquid only.

IV-2 The Eubble and Slug Flow Tunnel

The purpose of the Bubble and Slug Flow Tunnel is to make detailed

investigations cf two-phase flow phenomena through different nozzle and valve

sections. The two-phase, one component flow is simulated in a circulating

water tunnel which permits air injection.
Figure 4.11 shows an overall view of the Bubble and Slug Flow Tunnel

and F-iyure 4.12
~.

'Jives a schematic of the tunnel.
The above s~ated investigation requires the measurement of mass flow

rat~, slip ratio stagnation pressure loss; stati~ pressure variation and flow

pattern for bubbie and slug flow through diverse nozzle and valve sections.

The flow tunnel which was built allows the following variations:

1. Velocity of liquid phase (0 to 8 m/s)

2. Bubble :oncentration (from single bubble to slug flow)
3. Bubble jiameter

4. Geometrl of test section

5. Geometr I of va 1ve and nozzl e sections
6. Flow di 'ection in relation to gravity

The instrumentat'on of the flow tunnel permits the measurement of the following

pa rameters :

-6-



1. Velocity of water in presEnce of bubbles

2. Mass flow rate of water

3. Volume flow rate of air

4. Static and total pressures at several locations

5. Size of bubbles

6. Path and velocity of bubbles

Close-up view of the test and bubble introduction sections with different

bubble size and concentration are shown in Figure 4.13a and 4.l3b.

The exact measurement of flow velocities in two-phase flow leads to many

experimental difficulties with the usual measurement techniques. The recently

developed laser-doppler anemometry circumvents these undue difficulties and

is used here for that reason. The laser-doppler anemometer with accessories

is seen in Figure 4.14 and 4.15.

Th~ principal of the laser-doppler anemometer is as follows:

A laser light beam is scattered in all directions from particles in a

fluid flow. By combining two incident laser beams a cross-section IS

formed which consists of a fringe pattern, i.e. of alternate light ,ind

dark fringes. Thus a particle passing through the fringe system will

emit light pulses at a frequency f which is dependent upon the particleO
velocity, the wavelength of the incident laser light and the crossing angle

of the two laser beams. The Doppler frequency f is proportional to theO
particle velocity. Precondition for getting a Doppler signal is the

existence of scattering particles in the fluid. The diameter should be

about 1 >1m or less. If the concentration of scattering particles is too

low the flow has to be seeded. The LOA equipment consists of a laser with

dt least 5 mw output; an optical unit which causes the beam separation and

beam intersection; the receiving optics with a photomultiplier; and a laser

Doppler signal processor, in our case an LOA Counter Processor whicr evaluates

the instantaneous velocity of a fluid flow. A schematic of the laser optics

is shown in Fi~ure 4.16 and a typical fringe pattern is shown in Fi~ure 4.17.
'"
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Figure 1~.1 <.al\ple of Pool Boilir1~J in Pressul~e

Vessel Due to Pres sur Relief
(Iledi un] is Freon 12)



Figure 4.2 Overview of Blow-Down Test Apparatus

1. Blow·DOI'Jn Vessel 5. Oscilloscope with Differentiator Plug-In2. Strain Gage Balance Beam 6. Multichannel Digital Printer (for temp. recording)3. Strain Gage 8ridge Amplifier
7. Two-Channel Plotter (for continuous temp monitoring)4. Two-Chanllel Plotter (for mass and 8.rna s S

Two-Channel Plotter (for continuous press. monitoring)flow rrJ. t:)



"
~

c....,
ro
~

.c

ro
:./.
M

)::>....,
....,
OJ
~

co
ro
=>ro
~

M"

-+,
C
-;

0
I ~.

M"

OJ

,
.D

=
~

.....,

-
-:.

G
~

Figure 4.3 Blow-Down Vessel

1. Remote Control Opening Valves
2. Filling Valve
3. Strain Gage Balance 8eam
4. Jet Impulse OlllpE:nSa t ion Plu 'e
5. Temperature POke (Thel"nl couple'i)
6. Pressure TransdLJ er



Figure 4.5 Moderate Boiling ­
Small Exit Orifice
(medium: Freon 12)

Figure 4.6 Initial Heavy Pool
Boiling - Large Exit
Orifice (medium: Freon 12)

Figure 4.7 Continued Heavy Pool
Boiling - Large Exit
Orifice (medium: Freon 12)



Figure 4.8 Exit Jet During Blow-Down (medium: Freon 12;
Initial Vapor Condition)

Figure 4.9 Exit Jet During Blow-Down (medium: Freon 12;
Initial Vapor Condition)
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f I JII, L' 4.10 Exi t Jet DUI'ing Blow-DovJn (11h jllll: I ,-(,I l~;

Ini tial Liquid Condition)

I )



Figure 4.11 Overview of Bubble and Slug Flow Tunnel
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(20 oal. capacity)

~OVERFLOW TANK
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Figure 4.12 Schematic of Bubble and Flug Flow Tunnel
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Figure 4-l3a. Close-Up View of Test Section _
Low Bubble Density Figure 4-l3b. Close-Up View of Test Section _

High Bubble Density
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Figlwe 4.14 Test Section with Laser-Doppler Anemometer

1. 5 mw He-Ne Laser
2. Optical Unit and Beam Splitter
3. Photomultiplier with Receiving Ortics
4. Test Section

o ~::; ~

• • • '.
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Figure 4.15 Laser-Dapple.' Processor ASSEd. y

1. Oscilloscope (for burst analysis)
LOA Counter Processor

3. High Voltage Power Supply nodule fo~' ~iut-!~.JltiL)liel-

4. Data Rate Module
5. Mean Velocity Computer Module
6. Filter and Amplifier Module for 8ata ~nlct'Ssil~(1
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Figure 4.16 Schematic of Laser Optics

• I

Figure 4.17 Typical Fringe Pattern
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V. Bench Test Results of Flow Visualization Experiments

In an effort to gain some understanding of the flow pattern which will

exist in the safety valve during one-phase subsonic incompressible flow, some

simple tests were performed using a smoke tunnel. Figures 5.1 and 5.2 are

photographs of streak lines through a two-dimensional Flow Rate Measurement

~ozzle section. The smoke tunnel used can be redesigned or built to a much largE~

scale if necessary. Figure 5.3 shows the flow pattern in a typical safety val\e

section at different valve openings. The present bench test served only to

demonstrate the feasibility of the flow visualization technique by means of ail'

flow and smoke. Facilities to visualize high velocity compressible flow includ­

ing supersonic flow with shock waves are available and their use is anticipated.
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Figure 5.1 Visualization of Separation dt Edge of Flow Rate
Measurement Nozzle

Figure 5.2 Visualization of Blocking Effect ~I.J~ to Valve in
Flow Rate Measurement ~o:zle
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Fig re 5.3 F10\'I' Pattern in Safe 'I I l1 1 e
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