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Abstract

In Part I of this work the theoretical foundation was laid for predicting disengagement via
volumetric gas production and an axial void fraction profile. Earlier work indicated for
non-foaming systems one of the two drift-flux correlations can be chosen on the basis of
viscosity. Herein, for the churn-turbulent drift-flux correlation (low-viscosity system), the
dependence average void fraction and dimensionless superficial vapor velocity [1] on vessel
shape (e.g., vertical cylinder, horizontal cylinder, or sphere) is explored. There is very little shape
dependence and it is quantified below. A simple two-constant correlation is suggested, which
satisfies the conditions at low and high dimensionless superficial vapor velocity conditions.
Constants are given for vertical cylinders, horizontal cylinders, and spheres for the churn-
turbulent drift-flux correlation.

The disengagement model is based on a constant energy generation per unit mass of liquid.
Thus, the application to runaway reaction with vaporization is straightforward. The applica-
tion of the correlation to reactive systems producing gas (i.e., gassy systems) and to those both
producing gas and involving vaporization (i.e., hybrid systems) in non-constant cross-sectional
area vessels is clarified here. Rating calculation equations are developed, and the calculations
are illustrated. For a rating calculation, the maximum gas rate (based on vent capacity) is
known. The calculation of maximum average void fraction (i.e., 1-fill ratio) and gas generation
per unit of liquid is straightforward. Thus, the rate of reaction (i.e., gas generation) must be
found to assure that the vent capacity is sufficient

Keywords: Pressure relief design; Disengagement; Churn-turbulent drift-flux correlation; Void
fraction; DIERS; Venting; Two-phase flow

1. Introduction

As discussed in Part I [2], the phase of the vent flow is important for emergency
pressure relief system design. If bubbles form and the vessel contents swell to the top,
two-phase vent flow will occur. The sonic velocity two-phase flow is a function of void
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fraction, and typically it is over an order of magnitude lower than either the liquid or
the vapor sonic velocity. Thus, a larger vent is required. Therefore, predicting the void
fraction of the two-phase flow and the point of onset and of disengagement (i.e.,
cessation) is crucial for proper pressure relief device design.

Pseudo-steady state is assumed to predict disengagement, and an appropriate drift-
flux correlation is selected. According to Fisher [3], the churn-turbulent drift-flux
correlation is appropriate for a system with a viscosity less than 100 cP and no
tendency to foam. The bubbly drift-flux correlation is appropriate for a system with
a viscosity greater than 100 cP and no tendency to foam [3]. This article is devoted to
using the churn-turbulent drift-flux correlation to predict disengagement. The results
discussed here are applicable to both methods of calculating bubble rise velocity.

A vapor material balance can be formulated with the pseudo-steady-state assump-
tion. This balance can be integrated to find the initial void fraction such that the
contents swell up to the top of the vessel. In this article, a correlation equation for the
numeric integration results is proposed. This two-constant correlation exactly satisfies
the conditions at extremes (i.e., low and high dimensionless superficial vapor ve-
locities). The correlation is fit using numeric integration data for each shape (i.c.,
vertical cylinders, horizontal cylinders, and spheres). These correlations agree with the
average void fractions in regions of interest (i.e., intermediate dimensionless superficial
vapor velocities) within a few percentage points.

2. Discussion

2.1. Shape-based correlations

An explicit analytical solution exists for the constant cross-sectional area cases, and
numeric integration results exist for the horizontal cylinders and spheres. However,
explicit correlations would be more convenient. Therefore, the correlation equation
was fit for the vertical cylinder data (ie., constant cross-sectional area), and for
horizontal cylinder and sphere data (ie., non-constant cross-sectional area). The
correlation equation selected was as follows:

&=—L=[Kw‘"+Co]‘1. 1)
K + Coy”
This equation is after the form suggested by Fauske et al. [4], which for the
churn-turbulent drift-flux correlation with a distribution parameter of unity and an
exponent of unity is exactly

v
24y
For a non-unity distribution parameter, the relationship was suggested to be approx-
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Other forms were investigated, including the one based on the average void fraction
for the constant cross-sectional area case. It had the following form [5]:

Xhorizontal — [1 + Kl//_n] Olvertical - (4)

cylinder cylinder

However, for the churn-turbulent drift-flux correlation, the simple two-constant
equation was superior.

2.1.1. Churn-turbulent shape-based correlations for Co values of 1-1.5

Fig. 1 shows the numerical integration disengagement model results using the
churn-turbulent drift-flux correlation for vertical cylinders, horizontal cylinders, and
spheres for Co values of 1.0. The correlation equation was used to fit the data. The
correlation constants, sum of squares’ error, and maximum absolute error are given in
Table 1 for the vertical cylinder, horizontal cylinder, and sphere correlations. Sim-
ilarly, for a Co value of 1.5, Fig. 2 shows the model results, and Table 2 shows the
correlation constants and error. For a vertical cylinder with a Co of unity, the original
DIERS correlation is the analytic integration solution. The non-cross-sectional area
vessels have constant values greater than 2 and exponent values less than unity. Figs.
3,4, and 5 show the model results and correlation for each shape, respectively, for a Co
of 1.5. Fig. 5 also contains the original DIERS approximation, the new correlation,
and the data. At high dimensionless superficial vapor velocity values, the DIERS
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Fig. 1. Churn-turbulent numerical integration disengagement model resuits for vertical cylinder, horizontal
cylinder, and sphere with Co = 1.0.
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Table 1
Churn-turbulent correlation parameters for Co = 1.0 and the correlation equation & = ¢" /(K + Coy")

Shape Vertical cylinder Vertical Horizontal Sphere
DIERS approximation cylinder cylinder
Constant K 2.00 2.20 2.146 2.337
Exponent n 1.00 091 0.991 0.982
Sum of squares error 1.10% 0.03% 0.01% 0.01%
Maximum absolute error 0.00% 0.00% 0.19% 0.32%
Number of points 47 47 47 47
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Fig. 2. Churn-turbulent numerical integration disengagement model results for vertical cylinder, horizon-
tal cylinder, and sphere with Co = 1.5.

Table 2
Churn-turbulent correlation parameters for Co = 1.5 and the correlation equation & = ¥" /(K + Coy")

Shape Vertical cylinder Vertical Horizontal Sphere
DIERS approximation cylinder cylinder

Constant K 2.00 2.20 2.36 2.56

Exponent n 1.00 091 091 091

Sum of squares error 1.10% 0.03% 0.01% 0.004%

Maximum absolute error 2.73% 0.58% 0.36% 0.23%

Number of points 47 47 47 47

Associated figure 3 3 4 5
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Fig. 3. Churn-turbulent disengagement model results and correlation for vertical cylinder with Co = 1.5.
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Fig. 4. Churn-turbulent disengagement model results and correlation for a horizontal cylinder with
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Fig. 5. Churn-turbulent disengagement model results and correlation for a sphere with Co = 1.5.

approximation is high. It is noteworthy that the calculated exponent values are the
same within the first 2 digits for all three shapes. The correlation is very good,
especially in light of the uncertainties associated with the disengagement model.

2.1.2 Correlation values for other Co values

Co values of unity and 1.5 are probably the most commonly used values. However,
for completeness, the constant values have been calculated and correlated for inter-
mediate values of Co. The correlation equations, selected based on the shape ob-
served, are as follows:

K=a+b(Co—1), (5)

n=nlepes —< [1 —exp{(l—;—@}]. ©)

The latter equation (having the form of an exponential decay) is superior to an
alternative power law equation having the form

1
n=njlc=1— - (Co— 1) 7

Table 3 contains the values for the constants a, b, ¢, and d and the associated
correlation errors. Figs. 6, 7, and 8 show the correlation constants of the model results
for a vertical cylinder, horizontal cylinder, and sphere, respectively. Fig. 9 shows the
correlation results for a sphere for Co values of 1.0-2.0. Also shown are the extrapola-
tion of the correlation and an alternative power law correlation. The constant K is no
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Table 3
Correlation constants dependent only on Co as described in Egs. (1), (5) and (6)
b SSE*  hlge=1 ¢ d J/SSE  Figure
% %
Vertical cylinder 200 0401 075 1.00 107 503 070 6
Horizontal cylinder 215 0430 075 0991 121 566 0.58 7
Sphere 234 0450 0.62 0982 135 638 033 8 and 9
Power law fit for sphere for 0.982 94 0467 0.85 8 and 9
Eq. (7)
*SSE is the sum of squares of the error.
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Fig. 6. Vertical cylinder model correlation results for Co values between 1.0 and 1.5.

longer a linear function of distribution parameter Co. Also, the exponent n is not
represented well by either relationship at high distribution parameters (Co values).
This same trend was observed for vertical cylinders and horizontal cylinders. Thus,
the correlations should not be extrapolated outside the Co range between 1.0 and 1.5.

2.2. Rating calculations

In the rating calculation, the vent size and associated maximum all-vapor venting
flow rate are specified, i.e. the engineer has calculated the maximum vapor production
rate. Based on this rate, the engineer selects a pressure relief device with an area such
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Fig. 7. Horizontal cylinder model correlation results for Co values between 1.0 and 1.5.
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Fig. 8. Sphere model correlation results for Co values between 1.0 and 1.5.

that the maximum vent flow exceeds the maximum vapor production rate. Then, the
engineer will test at what filling level two-phase flow will occur. The definition for the
dimensionless superficial vapor velocity for a constant cross-sectional area vessel [4]
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Fig. 9. Sphere model correlation results for Co values between 1.0 and 2.0, correlations fit for model results
from Co of 1.0 to 1.5 (including Co = 1.05) and extrapolated to 2.0.

is as follows:

jgw_&gH(l'—a—)‘ (8)

v U, pgt U,

It

This relationship was used to develop & versus ¥ curves for horizontal cylinders and
spheres. The g/A accounts for the mass vapor production rate per mass of liquid,
which can be replaced by the maximum mass vapor flow rate F divided by the mass of
liquid in the vessel [(1 — &) V,esse1 o1 )]- Then one obtains

Joo _ Pr F H(l —q)

=== — 9
l// Uoo pg (1 - ('X) Vvessel Pt Uoo ( )
Canceling and rearranging terms results in the following equation:
Jew F H 1
oy (10)

Uoo pg Vvessel Uao ’
Finally, with the definitions for volumetric flow rate and average cross-sectional area,
one obtains

j F
|/,E]3°° __V/_A_a"_e (11)

v, U, ’

where F.(= F/p,) is the volumetric vapor flow rate, and A,,( = Vyesse/H) is the
average cross-sectional area.
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This disengagement model is based on the relationship between vapor flux and void
fraction. As discussed in Part I [2], the integration can be done either analytically (for
constant cross-sectional area vessels) or numerically (for non-constant cross-sectional
area vessels). This integration results in an average void fraction versus dimensionless
superficial vapor velocity curve which includes the geometry effect (i.e., the influence of
the changing cross-sectional area). As seen in Eq. (11), the dimensionless superficial
vapor velocity value is based on the vapor exiting the vent.

Note that this conclusion is a correction to Sheppard [1] where an effective
cross-sectional area (i.e., Aetrective = Viig/Huiig) Was suggested rather than this average
cross-sectional area. The average cross-sectional area is consistent with the model
which assumes that gas production occurs uniformly throughout the liquid phase.
Again, the dimensionless superficial vapor velocity, for the all-vapor venting case, is
just the maximum vapor flow rate divided by an average cross-sectional area.

In summary, the maximum volumetric vapor production rate must be predicted
(e.g., the rate corresponding to the maximum anticipated fill level). Then based on the
vessel geometry one can calculate an average cross-sectional area. Using these
numbers plus the bubble rise velocity one can calculate the dimensionless superficial
vapor velocity ¥ value. Then the  versus & correlation can be used to find the
maximum average void fraction. If the vessel average void fraction is larger than this
value, all-vapor venting is expected. Then, one can install a vent large enough to
handle this vapor flow rate. These calculations are illustrated in the appendix a. If the
void fraction is smaller than the maximum average void fraction, two-phase flow will
occur for a period during venting. The calculation of the vent line void fraction is
discussed in Ref. [6].

3. Conclusions

A simple two-constant correlation is fit for numeric integration data predicting
disengagement. The results are based on the pseudo-steady-state assumption and the
churn-turbulent drift-flux correlation (implying a continuous liquid phase). This
correlation is fit for vertical cylinders, horizontal cylinders, and spheres. The churn-
turbulent correlations are within 0.6% of the integration results.

For gassy systems (i.e., vent rating problems) an upper bound on the vapor
production rate is required. From this rate, one can calculate the i using an average
cross-sectional area and bubble rise velocity. Then, the minimum void fraction (i.e.,
maximum liquid inventory) such that disengagement is predicted can be calculated.
Again, the minimum void fraction is the void fraction (or inventory) such that the
interface between the two-phase mixture and vapor just swells to the top of the vessel.
Liquid entrainment (two-phase flow with the gas phase continuous) is not considered.

Typically for low-viscosity systems, the DIERS recommended churn-turbulent
drift-flux correlation and distribution parameter value of 1.5 will be used in pressure
relief system design. Both for this distribution parameter value and reasonable
alternative distribution parameter values, a simple correlation is presented that will
account for both the distribution parameter value and the vessel shape (i.e., vertical
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cylinder, horizontal cylinder, or sphere). This correlation will improve the accuracy of
disengagement predictions, particularly for horizontal cylinders, and spheres.

Nomenclature

a, b correlation constants for the coefficient K

Aave average cross-sectional area of horizontal cylinders and spheres,
( = Vvessel/H) ftz or mZ

Acstective effective cross-sectional area of horizontal cylinders and spheres, ft2. An
old definition used in the less correct rating calculation of Sheppard [1]
( = Vliq/Hliq)

¢, d correlation constants for the exponent n

F mass relief vent flow capacity, Ib/h or kg/h

F, volumetric relief vent vapor flow capacity, ft*/s or m3/s

g gravitational constant, ft/s?> or m/s?

H height of the tank, ft or m

K constant for correlation of & and

n exponent for correlation of & and ¥

q heat generation rate per mass of liquid, Btu/s Ib or J/s kg)

Us bubble rise velocity, (=1.53 %/(cg(ps — pp)/p? (for churn-turbulent,
Ref. [7])and (=1.18 4 /(og(ps — pg)/p?) (for bubbly, Ref. [7]), ft/s or m/s

V vessel volume of the vessel, ft> or m?®

Greek letters

a average void fraction

A latent heat of vaporization, Btu/Ib or J/kg

= modified dimensionless superficial vapor velocity, Ref. [8]
_paH Y
AU, (1-9)

Pe liquid density, 1b/ft> or kg/m?

Pe vapor density, 1b/ft> or kg/m?

o surface tension, dyn/cm or N/m

4 dimensionless superficial vapor velocity _pd M

pe i Us
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Appendix A: Revisiting the rating calculation procedure using the DIERS correlation
(after Sheppard [1])

This rating example was originally patterned after Fisher’s example [3]. It illus-
trates the usefulness of this research as a screening tool. The results allow short-cut
calculations that indicate the potential for two-phase vent flow. Typically during
two-phase pressure relief, process variables (e.g., pressure and temperature) and
physical properties (e.g., density and surface tension) are changing quickly and
drastically. Therefore, approximate solution is not a replacement for the dynamic
simulation needed for most two-phase pressure relief device designs.

A tempered reaction system is assumed. This assumption is necessary in order for
the pseudo-steady-state assumption to be reasonable under venting conditions. Also,
it is assumed that the churn-turbulent drift-flux correlation describes the system
behavior. This assumption is the basis of the entire article. That is, the viscosity is less
than 100 cP, and there is no tendency to foam [3]. Since a Co of 1.5 was used (best
estimate), the maximum average void fraction is 2/3. Fig. 10 is a schematic of the
system.

Given conditions

Relief device vapor flow capacity: 43200 1b/h
Surface tension: 6 = 20 dyn/cm?
Other physical properties: same as water
Burst pressure 100 psig
Rupture disk size: exactly right
Spherical tank diameter. 20 ft

Initial or average void fraction: 20%

1. Relief device vapor flow capacity:
F =432001b/hr = 12 1b/s, F, = (12 1b/s)/(0.24 1b/ft*) = 50 {t>/s.
2. Calculate superficial vapor velocity:

F, 501t}
Aave 4189 ft3/20 ft

jg°° -

= 0.24 ft/s.

N

Fig. 10. Schematic of rating problem configuration.
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3. Calculate bubble rise velocity:
U, =0.61ft/s.

4. Calculate dimensionless superficial vapor velocity:

Jew
w =——=0.309.
l//flo Uoo
5. Calculate the dimensionless superficial vapor velocity for two-phase vent flow
onset: From Fig. 5, for an & of 0.2, y = 0.7. This value can be calculated via the
correlation given earlier in the paper, by iteration, or algebraic rearrangement. Via
algebraic rearrangement, one obtains

o ‘pn B A -1 B A 1/n N 256 1/0.91
YA Ccop [J * C"} V= [1/& — Co:| = [1/0.2 _ 1.5] > (A

lpcon’elation =071 (AZ)

6. Decision criteria: Since ¥ qorreiation > Yiiow (1-€., 0.71 > 0.39), all-vapor venting is
predicted. Since all-vapor venting is predicted with an initial void fraction of 20% (i.e.,
80% liquid full), more inventory can be held without two-phase vent flow being
predicted by this model.

7. Calculate void fraction at disengagement (i.e., maximum liquid inventory). By
Fig. 5 at ¥ orretation = 0.39, & = 8% (i.e., the maximum liquid inventory is 92%). This
value can be calculated via the correlation given earlier in the paper:

Wn B 0.390.91

YT AT Coym 256 + 1.5-039091

8%.

8. So, if one can guarantee that the vapor production rate is less than the maximum
vent flow rate (i.e., 50 ft3/s in this case) and that the liquid inventory is less than 92%
(i.e., an & of 8%), then the interface between the two-phase mixture and vapor should
be below the vent entrance and thus all-vapor venting should occur.
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