‘Scale-up for Safety Relief of Runaway

Reactions

A best-estimate approach to sizing emergency relief systems for runaway reac-
tions in large vessels must be based on homogeneous vessel behavior.

Hans K. Fauske, Fauske & Associates, Inc., Burr Ridge, Ill. 60521

Sizing of adequate emerﬁency relief systems (ERSs) to

rotect against runaway chemical reactions is often made
difficult by the general lack of thermal, as well as the nec-
essary thermo-physical property, data [1]. The acquisition
of such data in order to use computer models [2,3,4] can be
time-consuming and very costly. A possible means for
relieving this cﬁfﬁculty is to simulate, or determine, the
vent-line systems during runaway reactions in test vessels
[2,5,6,7].

However, in order for such an approach to become uni-
versally accepted, assurance must be provided that direct
scale-up (i.e., on the basis of area-to-volume) will lead to a
safe design while, at the same time, keeping the test-vessel
volume relatively small® (i.e., on the order of 100 ml). At
first glance these two requirements appear incompatible.

Keeping the test volume to a minimum is essential so as
to 1) allow relatively unknown processes to be tested, and
2) quickly carry out experiments to determine relative haz-
ards of various upset conditions. However, the use of po-
tentially much smaller test volumes than previously used
[6, 7] also increases the concerns related to non-prototypic
effects leading to unsafe scale-up conditions. Principal
concerns with a small vessel volume are:

* inadequate adiabaticity relative to large-scale;

¢ excessive vapor disengagement relative to large-
scale; and

*A 260-liter vessel was used by Burchett(6]to simulate the effectiveness of the vent line
involving two incidents with r ay reaction of chlorop in P ls,
while Harmon [7] used a i9-liter vessel to simulate runaway polymerizations.
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¢ a small relief device and excessive non-equilibrium
flashing-flow effects relative to large-scale.

These concerns are discussed below, and a new scaling
approach is outlined allowing necessary scaling measure-
mentslto be made with a small test volume (approximately
300 ml).

TEST VESSEL SCALE-UP CONCERNS

Potential non-prototypical effects that will lead to
unsafe scale-up results include adiabaticity, vapor disen-
gagement, and non-equilibrium flashing-flow effects.

Adiabaticity

Ideally speaking, an adiabatic test vessel would be de-
sirable. This would eliminate all concems relative to al-
tering the reaction path and, hence, the energy-release
rate during runaway conditions. While perfect agiy;baticity
is difficult to achieve, the concerns can be alleviated by
assuring that the heat losses per kg reactor contents are not

isater in the test case than in the large-scale application
2]

This appears to be the case for the small-scale test exper-
iments (approximately 260-liter) of Burchett [6] simulating
known incidents of runaway reaction of chloroprene in
large-scale (approximately 7570-liter) process vessels. It is
estimated that the effective heat capacity of the vessel is
about 15 to 20% of the fluid heat capacity in both cases [8].
It follows that the measured energy-release rates in the
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-260-liter test vessel can be safely extrapolated directly to
the incident cases in question. However, because of the
likely presence of non-prototypic effects of vapor disen-

. ga%ement and non-equilibrium vent flows as discussed

elow, scale-up from these experiments on the basis of
area-to-volume, area-to-weight monomer, or area-to-
energy release rate must be cautioned against.

The feasibility of eliminating the heat-capacity problem
even with a very small test celF(ofthe order 100 ml) is fur-
ther illustrated by Harmon and Stuper [7]. Since the test-
cell wall thickness was designed to withstand moderate
pressures (approximately 2 MPa), a tolerable adiabaticity
was achieved converting the test cell itselfinto a heater. In
this way the effects of the mass of heater and sample cell
are minimized. It was shown that the kinetic data obtained
from the small test cell were in good agreement with the
19-liter tests which were used for venting purposes. An ac-
ceptable adiabaticity can also be provideg by the use of a
thin-walled vessel, when the outside pressure is regulated
to essentially coincide with the rise in inside pressure due
to the runaway reaction. Therefore, adequate adiabatic
conditions for runaway conditions, even for a small test ap-
paratus are achievable.

Yopor Disengogement

Simple scale-up based upon area-to-volume is valid only
as long as the scale does not affect the carry-over process
(i.e., does not affect the vapor quality entering the vent
line) [2). From a practical point of view, this condition is
difficult to achieve, since the superficial vapor velocity
for a given energy-release rate per unit volume is directly
proportional to vessel height [9].

ven with systems showing “bubbly-like” behavior and
using relatively large test vessels, the results can be mis-
leading relative to behavior (for example,
Burchett’s experiments [6] in a 260-liter test vessel
simulating two incidents involving actual runaway chloro-
prene reactions in e-scale process vessels®). At a set
pressure of 0.61 MPa, the average superficial velocity (g-
proximately 2.5 cm/s) in the test vessel is well below the
maximum achievable superficial velocity (approximately
5 cny/s) in the bubbly regime at an average void fraction of
0.50. The actual liquid swell, esti from the bubbly
drift-flux function [f,/Va ~ ol — a), where j, is the
superficial velocity, V. (approximately 20 cm/s) is the
buﬁle-rise velocity, and a is the average void fraction] is
approximately 15%. This value is of the same order as the
freeboard volume at the set pressure condition, suggestin
that, on a volume basis, mostly vapor is entering the relie
line. Assuming a volume fraction, a, of 90% entering the
relief line, an equilibrium balance written at the set
pressure .
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where W (~ 191 kg) is the weight of monomer in the test
vessel, g (~ 0.33 k]/kg-s) is the energy release rate per unit
mass at the set pressure (~ 0.61 MPa), hy (~ 253 f_fmg) is
the latent heat of vaporization, p, (~ 16.4 kg/m? is the
vapor density, p;(~ kg/m?) is the liquid density, and G
(~ 5700 kg/s-m?) is the calculated flow rate through the
orifice assuming frozen flow (see further discussion be-
low), results in a vent area, A, of approximately 2.1 cm?,
which corresponds to Burchett’s measured value.*

*The first incident involved a 11,355-liter reaction vessel with ~ 0.3-MPa, 10.16-cm
diameter safety disc and an equivalent-sized tail pipe. The vessel vented safely, and,
following the incident, the vessel was found to be essentially empty. The second inci-
dent involved a T570-liter vessel, again with a 10.16-cm diameter safety disc (and an

uivalent-sized tail pipe) but set at ~ 0.61 MPa. In this case the runaway reaction re-
sulted in vessel rupture.

* Direct scale-up of this value, even when obtained for zero
leads to a large-scale vent size of 8.9-cm diameter as com
vent line attached to the 7570-liter incident vessel w
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P conditions,
to the 10.16-cm diameter
experienced vessel rupture.

In contrast, the average superficial velocity (approxi-
mately 8 cm/s) in the incident 7570-liter vessel is well
above the maximum achievable value in the bubbly re-
gime, suggesting on a volume basis that mostly liquid
would be entering the relief line. This is consistent with
calculated behavior [10] which requires homogeneous
venting (homogeneous vessel behavior and homogeneous
equilibrium vent flow—the latter assumption is justified
below) in order to explain the noted explosive runaway in
pressure (i.e., vessel rupture) for the 7570-liter reaction
vessel. (See Figure 1). Note that assuming bubbly-flow
behavior in the vessel leads to essentially the same result.
On the other hand, assuming churn turbulent vessel be-
havior [9] (i.e., significant vapor disenﬁagement) clearly
suggests that the 7570-liter vessel also should have vented
safely.

Re%erences (10}and [11] provide further discussion rela-
tive to anticipated vapor-disengagement behavior in large-
scale process vessels and conclude that a safe design prac-
tice must consider a homogeneous liquid-vapor mixture
entering the vent line, unless flow-regime characteriza-
tion data are available for a given system under realistic

- runaway relief conditions. As such, scaling on the basis of

top venting in a small test vessel would be misleading un-
less the system is inherently “foamy” or sufficiently vis-
cous. The latter would appear to be the case for the small-
scale (approximately 19-liter) tests reported by Harmon
and Stuper [7], which demonstrated little difference in the
pressure characteristics by comparing top and bottom
venting tests, hence validating their scaling approach [9].
These tests also used sufficiently long vent lines (L/D of
approximately 100), which eliminates concern relative to
non-prototypic, non-equilibrium flashing-flow effects as
discussed further below.

Non-Equilibrium Flashing Flow

Scaling considerations also require consideration of
non-equilibrium flashing-flow effects in the vent line. In
this context, the use of short nozzles and orifices in small-
scale tests to simulate large relief devices can also be mis-
leading, since a smaller vent is needed to handle non-
equilibrium flashing flows than equilibrium flows [12].
In a frictionless duct, deviation from equilibrium flashing
is to a first order described by the parameter N in the

HOMOGENEOUS VENTING;
7570 liter, 061 MPo
(TANK RUPTURE)

A
HOMOGENEOUS VENTING;

A/& (K—=10.16cm diom. vent pipe)
o

CHURN FLOW, 11355 liter, 0.3 MPa

7570 liter, .61 MPa (VENTED SAFELY)

i i e " L i L F— I i n L i
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Figure 1. Predicted pressure behavior of two reported incidents involving
runaway reactions of chioroprene in large-scale vessels. Shaded band
reflects the estimated uncertointy in the octual dischorge coefficient of
the incident tail pipe. Calculations performed with a dischorge coefficient
equal to 1 (taken from Ref. [10]).
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Henry-Fauske critical-low model.* In Ref. [12] recom-
mended values of N were based upon flashing-flow data
through relatively small nozzles. This results in N << 1l in
the low-quality range, which is indicative of large devia-
tions from equilibrium.

Required relaxation lengths to approach equilibrium
flow conditions have been demonstrated in a number of
experiments reported in the open literature. In 1964
Fauske [13]illustrated the effect of geometry upon the crit-
ical flow rate for saturated water and a very wide range in
the stagnation pressure (See Figure 2). The rapid decay in
flows prior to reaching the asymptotic values [length-to-
diameter (L/D) ratio of approximately 16] was attributed to
increasing fluid residence times. For an L/D = 0 (sharp-
edged orifice), the residence time is zero, resulting in no
flashing (i.e., N = 0 in the Henry-Fauske model), and the
flow rate can be predicted by the standard incompressible
single-phase flow equation [13]. On the other hand, at
L/D approximately 16, sufficient time is available to allow
the rate of flashing at the throat to approach equlibrium
(i.e., N ~ 1 in the Henry-Fauske mod};l). The relatively
small decreases in the flow rates noted for larger L/D’s
can be attributed mostly to frictional effects. For the given
tube diameter (D = 6.35 mm), these experiments suggest
an essentially constant relaxation length of the order of 100
mm over a wide range in the stagnation pressure.

A similar trend in the critical flow behavior starting
from saturated or inlet quality conditions in terms of flow
geometry dependency have been noted by Sozzi and
Sutherland [14], Flinta [15}, Uchida and Nariai [16] and
Fletcher [17]. These experiments are summarized in
Table 1 in terms of L/ D ratios and relaxation lengths corre-
sponding to a change to equilibrium critical-flow behav-
ior. Table I clearly shows that the L/D ratio does not corre-
late the relaxation process, while a simple length criterion
of the order of 100 mm appears to charactenize the resi-
dence time requirement for both tubes and nozzles cover-
ing wide variations in diameter and stagnation pressure,
including different fluid properties such as water and
Freon-11.

Further support for the simple criterion is provided by
the recent large-scale Marviken data with inlet quality
conditions [18]. For a nozzle diameter of 500 mm, rela-

*In this model the flow is homogeneous with no mass fer bety the stagnati
and the choking point, while the rate of flashing at the choking point is some specified
fraction (N) of the equilibrium value, i.e.
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where x and P are the vapor quality and pressure, respectively.
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Figure 2. Maximum discharge rates of saturated water for 6.35-mm 1.D.
tube (taken from Ref. [73]).
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{ABLE 1. ILLUSTRATION OF RELAXATION LENGTH, L OBSERVED
IN DIFFERENT CRITICAL FLOW EXPERIMENTS

Source D, mm L/D L, mm
Fauske (water) 6.35 ~ 16 ~ 100
Sozzi and Sutherland (water) 12.7 ~ 10 ~ 127
Flinta (water) 35 ~ 3 ~ 100
Uchida and Nariai (water) 4 ~ 25 ~ 100
Fletcher (Freon-11) 3.2 ~ 33 ~ 105
Marviken Data (water) 500 <033 <166

tively little change is observed in the critical flow rate
when the L/D ratio is varied from 0.33 to 3.2 (see Table 2).
It is particularly noteworthy that the predicted Henry-
Fauske critical é'ow rate with N = 1 (hereafter referred to
as the equilibrium-rate model [ERM)) is approximately
the same as the observed flow rate at L/D = 0.33, sug-
gesting that the relaxation length for the 500-mm nozzle
also is of the order of 100 mm.

In fact, excellent agreement between the ERM predic-
tions and the experimental data is noted at reduced critical
pressures of the order of 0.1 and above, which is the range
of interest for most chemical systems (see Fifures 3and 4).
Also note that the well-known Moody [19] slip-
equilibrium critical-flow model considerably overpre-
dicts the data when based upon stagnation conditions (see
FiFure 3). The original Henry-Fauske model with N
values less than 1 leads to similar overpredictions.*

Since the sizing of emergency relief systems for runa-
way chemical reactions generally involve inlet quality
conditions (i.e., top venting) and relatively large flow de-
vices, the above criterion suggests a best-estimate predic-
tion of the critical flow rate can be based on the ERM.

The above observation suggests that the use in [6] of a
simple ball valve with flow pattern similar to an orifice to
simulate the 10.16-cm rupture disc and the relatively long
tail pipe of the incident vessel is not scaleable. For the
smaH-scale tests, the residence time through the ball valve
is ver{ short, suggestinﬁ non-equilibrium effects (in fact,
very little flashing), while the flow in the incident tail
pipe can be approximated !:ﬁl an equilibrium flashing pro-
cess. Flow per unit area in the two cases can therefore dif-
fer widely, and the simple scale-up rule based upon areato
volume is therefore not valid. On the other hand, the rela-
tively long vent line (L/D approximately 100) used by
Harmon and Stuper [7] eliminates concern relative to
significant non-equilibrium flashing effects. In fact, in-
terpretation of their reported bottom-venting data ob-
tained with methyl methacrylate suggests an average flow
rate of approximately 3000“{ s-m?, which compares well
to the ERM prediction of 2900 kg/s-m*® The following
properties corresponding to a set pressure of ~ 0.17 MPa
were used: hy, approximately 317 kJ/kg, p, approximately 8
k%m]:, ¢ approximately 0.5 k]/kg-K, and T approximately
4 .

reactor accident calculati since in
this applicati diction of the critical flow rate from a safety point of view is

an
considered conservative. The opposite is generally true for sizing emergency relief
systems.

*These methods are frequently used in nucl

TABLE 2. MARVIKEN DATA—SATURATED FLOW D = 500 MM,

P, ~ 5 MPa
Critical Flow Rate
kg/m*s x10* LID
~ 24.5 ~ 0.3
~ 23.3 ~15
~ 22.0 ~3
ERM - 23 —_
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Figure 3. Comparison between measured critical flow rates [13] (L ap-
proximately 100 mm) and critical flow models evaluated for stagnation
conditions.
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Figure 4. Effect of pipe diameter on mass flux through a pipe of length 120
mm {17] and comparison with the ERM predictions (solid line).

PROPOSED SCALING METHOD

If the necessary thermal- as well as physical-property
data are not available to describe runaway conditions, the
scale-up method summarized in Figure 5 is suggested for
use in sizing emergency relief systems.* The approach al-

*1f a small test-cell vol is not tial, the scaling approach outlined in {9), based

upon bottom venting and using a sufficiently long vent line(> 100 mm), can be utilized.
is approach provides a direct simulation of maxi overp and }

been demonstrated by Harmon for the methyl methacrylate system (7, 20).

STEP |
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Figure 5. A practical approach to emergency relief-system sizing in the ab-
sence of necessary kinetic and thermo-physical property dota for runoway
conditions.
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lows the use of a small test vessel of similar size to that of-
ten quoted for obtaining thermal data [1](i.e., of the order
of 300 ml) and eliminates problems relative to non-
prototypic vapor-disengagement and non-equilibrium
flow eftects. The proposed method basically involves an
evaluation of the relief area required to vent the test reac-
tor completely of its content (bottom venting) within atime
interval specified by the adiabatic rise time (closed ves-
sel) to reach truly runaway conditions starting from the
specified set pressure or reference temperature.* The de-
termined vent area can then be scaled directly to the large-
scale application on the basis of area-to-volume scaling.
The method involves three steps as detailed below.

Step 1—Acquisition of Thermal Data

The adiabatic rise time (At,) can easily be measured in a
properly designed system. The heat capacity of the small
test vessel can be made tolerable (< 10% of the vessel con-
tent) by employing either direct electrical resistance heat-
ing [7], or by using a thin-walled vessel, where the outside
pressure is regulated to essentially coincide with the rise
in inside pressure due to the runaway reaction.

Step 2—Acquisition of Mass Flow Rate Data

Problems related to non-proto‘;ypic vapor-disengage-
ment and non-equilibrium flow eflects are eliminated by
placing the inlet discharge line close to the bottom of the
test vessel (~ 0.5 cm) and using a sufficiently long vent
line (L > 100 mm). Since the proposed method is based
upon a measurement of the two-phase critical flow rate
rather than overpressurization data, a vent-line diameter of
approximately 4 mm is suggested. This results in an em
tying time of a 300 ml test cell on the order of 10 secs. (The
volume of the vent line is approximately two orders of
magnitude smaller than the vessel volume). The flow rate
is obtained by simply measuring the emptying time (At;)
as illustrated in Figure 5. The sharp knee in the curve indi-
cates that the vessel is empty of liquid content.

Step 3—Vent Size for Large-Scale

A safe, but not overly conservative, vent size for large-
scale is given by the following simple relationship

Aus = 4 (59) (39) @

where Ay is the area of the test-vessel vent line, At, is the
measured adiabatic rise time, Atg is the measured empty-
ing time, V; is the volume of the test vessel, and Vs is the
volume of the large-scale vessel.

The method can be illustrated by referring to Burchett’s
chloroprene example [6]. Using Burchett's measured
energy-release rates obtained in the 260-liter test vessel,
the adiabatic pressure rise-time curve can be constructed
as illustrated in Figure 6. For the case in hand (P, approxi-
mately 0.61 MPa), the adiabatic rise time, At,, to reach
rapid runaway conditions can be taken as approximately
100 secs.

Since in this case the necessary physical properties for
the chloroprene system are known, the mass flow rate can
be calculated on the basis of the equilibrium-rate model
(ERM) conditions. Using the following properties evalu-
ated at the set pressure (~ 0.61 MPa), hg (~ 253 k]/kg), po(~
16.4 kg/m?), 050‘48 k]J/kg-K), and T (400 K), results in G of
approximately 4800 kg/m?*-s.

*This method is strictly applicable to systems under only their own vapor pressure:
exothermically reacting liquid systems which have gaseous reaction products have not
been considered in this paper.
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Figure 6. lllustration of adiabatic pressure-rise times based upon
Burchett's measured energy-release rates.

The suggested vent area for the incident chloroprene
vessel (7570-liter) reported by Burchett is then simply ob-
tained from

w
Ais = Cat 3)

where W (5265 kg) is the weight of monomer in the inci-
dent vessel, and results in a dimensionless vent area,
A.s/A*, of approximately 1.5 where A* (81 cm?) is the area
corresponding to the 10.16-cm vent pipe attached to the in-
cident vessel.* As illustrated in Figure 1, this vent area is
equivalent to approximately 25% overpressure, basing the
venting SroceSS upon Burchett’s measured energy-release
rates and assuming homogeneous behavior (i.e., homoge-
neous vessel behavior and vent-line dynamics based upon
homogeneous equilibrium critical flow). This limited
comparison suggests that the proposed scale-up approach,
therefore, is safe, as well as not overly conservative. Addi-
tional evaluations with emphasis on decomposition reac-
tions are required before this claim can be stated as a gen-
eral conclusion.

Concluding Remorks

Available data (including actual loss data) strongly sug-
Fest that a best-estimate approach to sizing emergency re-
ief systems involving runaway chemical reactions in large
Erocess vessels must be based upon homogeneous vessel

ehavior (i.e., the vapor quality entering the vent line is
the same as the avera{fe vessel vapor quality) and homoF -
neous equilibrium Hashing-flow behavior in the relief
device. As such, direct scale-up from the test-vessel data
employing top venting (i.e., leading to excessive vapor dis-
engagement unless tﬁe system is inherently “foamy” or
highly viscous) and short nozzles or orifices (i.e., resulting
in non-equilibrium flashing flows) will lead to unsafe de-
sign practices.

In the absence of necessary thermo-physical properties
to calculate anticipated behavior (i.e., nearly homogene-
ous venting), a new scale-up approach is outlined which
eliminates concerns relative to non-prototypic disengage-
ment and flashing-flow effects. In addition, the approach
allows the use of a relatively small test cell (approximately
300 ml), assuring safe and easy handling of relatively un-
known materials.

*Recall that Burchett's measured vent area in the 260-liter test vessel, using top venting

and zero overpressure, scales directly (area to volume) to a value of Ais/A* of approxi-
mately 0.67.

Plant/Operations Progress (Vol. 3, No. 1)

LITERATURE CITED

1. Swift, I, H. K. Fauske, and M. A. Grolmes, “Emergency Re-
lief SKstems for Runaway Reactions: A Rational Design Phi-
losophy,” Plant/Operations Progress, 2, No. 2, (April, 1983).

2. Duxbury, H. A., “Relief System Sizing for Polymerization Re-
actions,” The Chemical Engineer, 31-37, (1980).

3. Huff, ]. E., “A General Approach to the Sizing of Emergency
Pressure Relief Systems,"” paper presented at the DE- -
CHEMA’s 2nd Intl. Symp. on Loss Prevention and Safety
Promotion in the Process Industries, September, 1977,

4. Booth, A. D.,et al., “Design of Emergency Venting System for
Phenolic Resin Reactors—Part 1 and Part 2,” Trans. J. Chem.
Eng. 58 (1980).

5. Harmon, G. W. and H. A. Martin, “Sizing Rupture Discs for
Vessels Containing Monomers,” Loss Prevention, (CEP
Tech. Manual), 4, 95-103 (1970).

6. Burchett, D. K., “Sizing of Emergency Vents for a Runaway
Polymerization Reaction when Liquid Entrainment is a Fac-
tor,” presented at the 3rd Intl. Symp. of Loss Prevention and
Safety Promotion in the Process Industries, Basel,
Switzerland, September, 1980.

7. Harmon, G. W. and W. W. Stuper, “Techniques for Sizing
Emergency Relief Systems on Vessels Containing Mono-
mers,” paper to be presented at the AIChE 17th Loss Preven-
tion Symp., Denver, Colo. August 28-31, 1983.

8. Burchett, D. K., Personal Communication, July, 1982.

9. Fauske, H. K., M. A. Grolmes, and R. E. Henry, “Emergency
Relief Systems—Sizing and Scale-Up,” Plant/Operations
Progress, 2, No. 1 (January, 1983).

10. Fauske, H. K., M. A. Grolmes, and J. C. Leung, “Multi-Phase
Flow Considerations in Sizing Emergency Relief Systems for
Runaway Chemical Reactions,” Proc. 3rd Multi-Phase Flow
and Heat Transfer Symposium-Workshop, Miami Beach, Fla.,
April 18-20, 1983.

11. Fauske, H. K., et al., “Emergency Pressure Relief Systems As-
sociated with Flashing Liquids,” Swiss Chem., N. 7/8, 73-78
(1980).

12. Henry, R. E. and H. K. Fauske, “The Two-Phase Critical
Flow of One Component Mixtures in Nozzles, Orifices and
Short Tubes,” J. Heat Transfer, 93, 179-189 (1971).

13. Fauske, H. K., “The Discharge of Saturated Water Through
Tubes,” Chem. Eng. Prog. Symp. Series 61, No. 59 (1965).

14. Sozzi, G. L.and W. A. Sutherland, “Critical Flow of Saturated
and Subcooled Water at High Pressure,” ASME Symp. on
Non-Equilibrium Two-Phase Flow, Winter Annual Mtg.,
Houston, Texas, November-December, 1975.

15. Flinta, J., G. Hernborg, and H. Akesson, “Results from the
Blowdown Test for the Exercise European Two-Phase Flow
Group Meeting,” Denmark, June, 1971.

16. Uchida, H. and H. Nariai, “Discharge of Saturated Water
Through Pipes and Orifices,” Proc. 3rd Intl. Heat Transfer
Conf., Chicago, Ill., 5 (19686).

17. Fletcher, B., “Flashing Flow ThrouE!; Orifices and Pipes,”
paper to be presented AIChE 17th Loss Prevention Symp.,
Denver, Colo., August 28-31, 1983,

18. “Critical Flow Data Review and Analysis,” EPRI/NP-2192,
report prepared by S. Levy, Inc., (January, 1982).

19. Moody, F. ., “Maximum Flow Rate of a Single-Component,
Two-Phase Mixture,” J. Heat Transfer 87, 134 (1965).

20. Harmon, G. W., Personal Communication, March, 1983.

Hans K. Fauske earned the D.Sc. degree from the
Norwegian Institute of Technology in 1963. He
has been a visiting professor in nuclear and chemi-
cal engineering at Northwestern University and
vas most recently Director of the Fast Reactor
Safety Technology Management Center at the
Argonne National Laboratory. He now consults for
domestic and foreign corporations in the chemical
and nuclear industries. He is a member of the Edi-
torial Board of the International Journal of Multi-
ghase Flow, a member of the American Institute of

hemical Engineers and a Fellow of the American
Nuclear Society. He received one of the first Uni-
versity of Chicago awards for Distinguished Per-
formance at the Argonne National Laboratory and
in 1982 he became the third recipient of the
Tommy Thompson Award, the highest honor the
American Nuclear Society gives in the field of re-
actor safety.

January, 1984 n



