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ABSTRACT

The purpose of this report is to present the results of the first phase
of a detailed analytical study of the combined heat, mass, and momentum
transfer processes that occur between a liquid stream and a concentric,
higher velocity, annular gas stream when both the liquid stream and the
annular gas stream .are confined in an axisymmetric constant pressure,
converging channel or an axisymmetric constant area, variable pressure
channel. ‘

The study began with an effort to determine whether the liquid stream
entering the r «ing section of an ejector-like device remained intact in a jét
or atomized. The conclusions were that for the range of varibles of inter-
est the probability was that there was no :significant jet breakup. Possible
entrainment of liquid by the concentric gas stream has been neglected at
this time. o ”

Having established an analytical model based on the assumption that
the liquid stream remains intact, the basic equaticns were numerically
solved for a variety of conditions. Using the axial distance required to
condense the vapor from the concentric gas stream on to the liquid jet as
a measure of performance, (the shorter the better), it was found that:

1. A constant pressure converging mixing section is more
effective than a constant area mixing section.

2. Increasing the number of liquid jets (constant total jet flow
area) shortened the mixing section.

3. Increasing the Mach number cf the gas stream at the mixing
section inlet shortened the mixing section.

4. The amount of noncondensable present in the gas stream
(from 20 to 50 percent by weight) uid not significantly affect the dis-
tance required for condensation but did affect the shape of the mixing

section.
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NOMENCLATURE

cross sectional flow area

nozzle discharge coefficient

drag coefficieﬁt for spherical drop

speed of sound in gas stream

specific heat at constant pressure

calculation constants

number -of liquid jets

diameter

equivalent diameter for gas flow

diameter of mixing section

binary diffusion coefficient

calculation constant

Fanning friction factor

shear force from friction or momentum exchange
conversion factor, 32.174 lbm-ftllbfv-secz
conversion factor, 4.17 x 108 lbmeft/lbf-hrz
enthalpy

heat transfer coefficient from bulk gas to gas-liquid
jet interface

heat transfer coefficient from ‘;gas-liquid jet interface
to bulk liquid

conversion factor, 778.26 ft-1bf/Btu
thermal conductivity

ratio of specific heats of bulk gas mixture
mass transfer coefficient

mixing section or liquid jet length
molecular weight

Mach number

Prandtl number

log mean noncondensable partial pressure difference
between the bulk gas mixture and the gas-liquid jet
interface




static pressure in mixing section

heat flux

total heat transfer from bulk gas to bulk liquid
radius

Reynolds number

gas constant

universal gas constant

entropy

Schmidt number

surface area at phase interface

Sutherland constant (see Appendix F)
thickness of annular gas nozzlie at mixing section inlet plane
property calculation parameter (see Appendix F)
oveiZii heat transfer coefficient

specific volume

velocity

relative velocity

mass flow rate

Weber number

flowing mass quality of two-phase mixture
mole fraction of vapor in gas mixture

ratio of Weber number to Reynolds number

‘Greek Letters

a

B

Y

A
€%
€/k

property calculation parameter (see Appendix F)
half~angle of mixing section divergence
half-angle of liquid jet divergence

difference

calculation constants

molecular potential well depth

wavelength of liquid jet disturbances
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Subscripts

o

12

Csie

nc

- L I ——

viscosity

mass density

molecular collision diameter

surface tension

shear stress from friction or momentum exchange
mass flow rate ratio of vapor to gas mixture

mass flow rate ratio of liquid phase to gas phase

volumetric flow rate ratio of liquid phase to gas phase

refers to stagnation state

refers to mixing section inlet state or the initial state
of each increment of mixing section length

refers. to the end statz of each increment of mixing
section length

refers to total increment of mixing section length
between states 1 and 2

refers to liquid jet breakup

refers to condensate from condensation of vapor
refers to liquid drops

refers to saturated liquid state

refers to changes of state in vaporization

refers to final liquid drop conditions

refers to saturated vapor state or to condensable plus
noncondensabie gas mixture

refers to gas-liquid interface

refers to initial liquid drop conditions
refers to liquid jet

refers to liquid phase or liquid jet
refers to momentum exchange

refers to noncondensable gas component




sat

refers to constant pressure process

refers to relative value between gas and liquid phases
refers to saturation condition

refers to condensable vapor comp&nent

refers to mixing section wall

Quantity over Symbol

signifies average value
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INTRODUCTION

General:

The purpose of this report is to present the analysis and results
of our study of the combined heat, mass, and momentum transfer pro-
cesses that occur between a liquid jet and a concentric, higher velocity,
annular gas stream when both the jet and annular gas stream are con-
fined in an axisymmetric channel. This particular investigation was
undertaken as part of our continuing program in the fuiidamental study
of ejector processes for the Naval Underwater Ordnance Station,
Newport, Rhode Island.

Generally speaking, most ejector type devices are today designed
by a combination of empirical data and one-dimensional thermodynamic
equilibrium analyses. The results of such an approach have been satis-
factory ia most applications. Howevér, when two-phase, two-component
flow is involved, e.g., a liquid water jet and a concentric water vapor-
carbon dioxide gas mixture, this traditional approach has not yielded
devices of high performance nor has it predicted or explained all of
the phenomena actually observed. Apparently, the addition of a non-
condensable gaseous component and the resulting diffusion processes
changes significantly the heat and momentum transfer processes in the
system.

If one examines the schematic diagram in Figure 1, one can see
that the ejector devices under consideration here have three regions of
interest; the nozzles, the mixing section and the diffuser. The nozzle
processes are well understood and nozzle performance can generally
be accurately predicted (exceptions are flashing flow in the liquid
nozzle and condensing flow in the gas mixture nozzle),

We chose to begin our study with the diffuser section of the
ejector and Refecence 6 presents our initial attempt to explain some

of the experimental data presented in Reference 3. The results of this




early analytical study, even though one-dimensional and without consider-
ation of rate processes, indicated that the only way one could rationalize
the experimental data was to assume that the two-phase, two-component
flow entering the diffuser section was not at thermodynamic equilibrium;
i.e., the gas and liquid components were at differant bulk temperature
levels and that the two phases were flowing at different average velocities.
The next step was to try to predict the diffuser section inlet conditions

and hence our preseat study of what could be the mixing section process.

Jet Breakup and Atomization:

Our study of the mixing section process began by trying to estab-
. lish an analytical model of the processes involved. Of major importance
was the question of whether the liquid jet entering the mixing section
remained a solid jet or atomized. Appendix A of this report contains the
details of our study of the literature on atomization and jet breakup. The
results of this study of the jet breakup and atomization literature indicated
that there was a good probability that the liquid jet did not break up to any
significant extent. (Neither the entrainment of the liquid nor the waviness
of the liquid jet caused by the scrubbing action of the gas flow has been
considered at this time.) In addition, visual results in Reference 16 also
report no significant jet breakup. Thus, as a starting point, we have
assumed the liquid jet does not break up.

This conclusion and the choice of our first analytical model have
been reached on the basis of a limited amount of information, for in spite
of the large amount of work in existence on atomization (7-13)* and

turbulent jets (15, 16), little significant quantitative data on the behavior

% Numbers in parentheses refer to references.




T e —e £ 5 i S e b e e o s ek o o i o & ¢ il Sttt — B R e i e g e it g

of a high velocity liquid jet surrounded by a higher velocity axisymmetric
annular gas stream was found. Therefore, one of the major recommenda-
tions of this study proposes to fill the gap in our knowledge of these funda-
mental processes of jet breakup and atomization by further study in this

area,

Mixing Section Analytical Models:

Along with the derivations of the conservation equations, Appendices
B through E of this report present the details of the computational procedures
for the three analytical models considered herein, All analytical models
considered thus far assume that the liquid jet remains intact with no liquid
entrainment by the concentric annular gas stream and no liquid jet surface
area increase due to waves on the liquid jet surface, Table I presents a
summary of the three mixing section analytical models and indicates the
differences between the models while Table II summarizes the assumptions
common to each of the mixing section analyses. Table IIl is a summary of
the input data and range of variables for which computations were carried
out¥, In addition to the detailed analyses, derivations, and computational
procedures presented in Appendices B through E, certain auxiliary informa-
tion, such as data sources, correlation sources, etc., are presented in

Appendices F and G.

Method of Solution:

Generally speaking, the method of solution for each analytical
model is to simultaneously solve the conservation equations of mass,

momentum, and energy for the combined heat, mass, and momentum

% Because of space limitations, all calculated results are not
presented herein,




transfer processes between the liquid jet and the concentric annular gas
stream. The actual computational procedure employed in each analytical
model is different due to the differences in the models. However, the
numerical technique employed in each case involves a trial and error
iterative procedure. The mixing section is divided into a number of
intervals so that difference type equations are involved. In each interval
of mixing section of each case, the solution is built around the initial
estimate of a bulk gas-ligquid jet interface temperature and successively
improving the initial guess until all rate processes and conservation

laws for each intérval are satisfied.

o it &

The iterative technique referred to above is an extension of the

P —

method presented-1n Reierences 17, 18 and 19. The only significant
difference between the work referred to above and that presented herein
is that changes in kinetic energy of either the gas or liquid stream have
been included as significant in calculating total heat transfers. This
modification of the earlier results was nacessary because of the high
relative velocities encountéered in some.of the cases considered below.
At present, the analytical models herein are restricted to use
of input data for which the condensable vapor state at the mixing section

inlet plane is approximately a saturated vapor state.

o
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TABLE I
SUMMARY OF MIXING SECTION ANALYTICAL MODELS

Analytical Model I:
1. constant pressure mixing section
2. no noncondensable gas in gas stream (gas stream completely -

condensable)

Analytical Model IIa:
1. constant pressure mixing section
2. condensable vapor and noncondensable gas present in gas

stream

Analytical Model IIb:
1. differs from Analytical Model IIa in that a simplified

relative velocity is assumed between concentric streams

Analytical Model III:
1. constant area mixing section
2. condensable vapor and noncondénsable gas present in gas

stream




TABLE II

SUMMARY OF ASSUMPTIONS COMMON TO ALL MIXING
SECTION: ANALYSES

The flow is steady.

The flow is one-dimensional.

The liquid is incompressible.

The ejector processes are adiabatic.

Height changes are negligible.

Surface tension effects are negligible.

There is no shaft work.

The liquid jet remains intact.

There is no entrainment of liquid ir the gas stream.

The liquid and gas streams are concentric with the gas flow being
annular.

The vapor enters the mixing section in a saturated or nearly

saturated state.
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RESULTS

Jet Breakup and Atomization:

The calculated results shown in F igures 2 through 6 compare th-e
predictions of a variety of jet breakup and atomization correlations for a
rangé, of p_ossible operating conditions. A more detailed discussion of
these results and the correlations from which they were §btaine’d is given

in Appendix A.

Mixing Section Analyses:

1. Constant Pressure Mixing Section, No Noncondensable (Model I):
Figures 7 through 10 show some of the calculated results for one
set of input data to analytical Model I plotted versus distance from the
mixing section inlet plane., The figures are generally self-explanatory
and show how various temperatures (Figure 7), various velocities
(Figure 8), various Reynolds numbers (Figure 9), various heat transfer
coefficients (Figure 9), and the liquid jet diameter and mixing secticn
diameter (Figure 10) vary with distance along the mixing section. The
percent of total inlet vapor flow condensed versus the distance from mix-

ing section inlet plane is shown in Figure 26.

2. Constant Pressure Mixing Section, with Noncondensable (Models Ila and

IIb): |

Figures 11 through 14 show some of the calculated results for one

set of input data to Analytical Model IIa, plotted with distance from mixing
section inlet plane as the abscissa. The figures are generally self-explana-
tory and show how various temperatures (Figure 11), various velocities
(Figure 12), various Reynolds numbers (Figure 13), various heat transfer
coefficients (Figure 13), the mass transfer coefficient (Figure 13), and the
liquid jet diameter and mixing section diameter (Figure 14) vary with

distance along the mixing section,
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Figures 15 through 18 show the results calculated from Analytical
Model IIb for the same set of input data used in Analytical Model Ila. These
figures are comparable to Figures 11 through 14, and show the differences
resulting from the assumption of a simplified relative velocity between
phases in the mixing section.

The percent of total inlet vapor flow condensed versus the distance
from mixing section inlet plane is shown in Figure 26 for Models Ila and
IIb. Also, for Model Ila the percent of total inlet vapor flow condensed
versus the distance from mixing section inlet plane is shown for various
inlet Mach numbers (Figure 23), for various inlet flow rate ratios of
vapor to total gas mixture (Figure 24), and for various numbers of liquid

jets (Figure 25).

3. Constant Area Mixing, with Noncondensable (Model III):

Figures 19 through 22 show some of the calculated results for one
set of input-data to Analytical Model III plotted with distance from mixing
section inlet plane as the abscissa. The figures are generally self-explana-
to1y and show how various temperatures (Figure 19), various velocities
(Figure 20), various Reynoids numbers (Figure 21), and the liquid jet
diameter and mixing section diameter (Figure 22) vary with distance along
the mixing section.

The percent.of total inlet vapor flow condensed versus the distance

from mixing section inlet plane is shown in Figure 26, Figure 22 shows

_liow the total static pressure in the mixing section varies from the mixing

section inlet plane,

Comparison of Mixing Section Analytical Results:

In Figures 23 through 26 we compare how the total percent of vapor
condensed (based upon amount possible to condense) varies versus the axial

distance from the mixing section inlet plane for a variety of conditions.
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Figure 23 shows the effect of increasing the gas mixture mixing section
inlet Mach number while Figure 24 shows the effect of increasing the
amount of noncondensable in the inlet gas mixture. Figure 25 shows the
effect of increasing the number of liquid jets (fixed total liquid flow) and
Figure 26 shows the effect of changing the mnixing section analytical
model. Insofar as possible, in each of Figures 23 through 26 all the
conditions are held constant. As brfore, each of the figures is self-
explanatory.

The most effective set of operating conditions (using shortest
distance required to achieve 90 percent condensation as a criterion of
effectiveness) is Analytical Model IIb - constant pressure mixing section
with a simplified relative velocity between phases. Unfortunately, thie
model for the relative velocity between phases is too optimistic - the
relative velocity model used in Analytical Model IIa is more realistic
and thus Analytical Model lIa with eight liquid jets is the most effective.

The results in Figure 25 show that for a given amount condensed,
the distance required decreases as the number of liquid jets increases.
We did not go beyond eight liquid jets at this time because our assumption
of no significant atomization would not be valid.

Comparison of Figures 13 and 21 shows why a constant pressure
mixing section is more effective than a constant area mixing section. The
Reynolds numbers, and hence, the heat and mass transfer coefficients,
have a higher average value in the constant pressure mixing section than
in the constant area mixing section. This is because the constant pressure

mixing section converges as condensation takes place and thus the average

gas mixture velocity remains higher than in a constant area mixing section.
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CONCLUSIONS

Jet Breakup and Atomization:

The major conclusions of the jet breakup and atomization study are
that:

1. The mechanics of atomization of a liquid jet in a high
velocity-gas stream are not well understood.

2. The available correlations indicate that in the range of
volumetric and mass flow rate ratios of liquid to gas
under consideration in the condensuctor, the predicted
liquid jet breakup léngths are large compared to the
condensuctor mixing section length and the final mean
drop sizes are of the same order of magnitude as the
initial liquid jet diameter (secondary stream nozzle
exit diameter).

3. The mixing process in the mixing section of the conden-
suctor most probably involves heat, mass, and momentum
transfer from the gas phase to a liquid jet with no significant

breakup or atomization of the liquid jet occurring.

Mixing Section:

The general conclusions of the mixing section study are that:

1. A constant pressure mixing section requires a shorter
axial distance for condensation of an equal amount of vapor
than does a constant area mixing section for identical
mixing section inlet conditions.

2. Increasing the number of liquid jets with constant total
liquid flow area and liquid inlet velocity in any mixing
section, decreases the axial distance required for a

given amount of condensation.




14

3. Increasing the rztio of noncondensable gas to condensable
vapor for a constant total gas flow in the constant pressure
mixiug 3ectior, -does not significantly affect the distance
required to condense 90 percent of the vapor flow as long
as the mixing section has proper profile.

4. Increasing the gas phase mixing section inlet Mach number
in the constant pressure mixing section, decreases the

axial distance required for condensation.

-




15
RECOMMENDATIONS

Jet Breakup and Atomization:

The principle recc;rnmendations are that a transparent mixing sec-
tion be provided for future testing of the condensuctor to permit visible
records of the mixing process to be obtained by means of high-speed
photography. This will make it possible to verify available correlations

on jet breakup or develop new ones.

MixiriSection:

It is recommended that the mixing section analytical study be
continued in.order to relax some of the restricting assumptions of the
present analyses and to include the diffusing, or diverging, sectiom of
an ejector-like device as a continuation of the mixing section process,
Some specific recommendations are:

1. Allow for liquid entrainment in the annular gas stream

to determine if two-phase flow compressibility effects
are involved and to determine its effect on axial length
required for condensation,

2, Allow for superheated vapor in the gas stream at the
mixing section inlet in order to extend the range of
variables over which the analysis may be used.

3. Cut off the mixing section at some point, say 90 percent
of allowable condensation completed, and add a diffuser
section via a transition section in order to have a com-
plete ejector analysis.

4, Fix a mixing section and diffuser geometry based on
some desired design point and then use the fixed geometry

to examine off-design operation,
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APPENDIX A
LIQUID JET ATOMIZATION AND BREAKUP

Introduction:

This Appendix is concerned with an investigation of the possible
mechanics of the mixing processes occurring in the mixing section and
methods of predicting the degree of liquid jet breakup and atomization.

In order to establish an analytical model for a theoretical study of the
combined heat, mass, and momentum transfer between the two concentric
streams entering the mixing section, one must be able to predict the length
of the liquid jet at breakup and the mean liquid drop sizes resulting from
the disintegration of the liquid jet.

A review of the literature on atomization and liquid jet breakup
was made to determine the factors which affect the atomization of a high
velocity liquid jet in a higher velocity concentric gas stream. The available
correlations for liquid jet breakup and atomization thus found were used to
predict liquid jet breakup length and final meandrop sizes over the range

of variables of the NUOS condensuctor experimental test runs (Reference 3).

Review of Literature:

Beginning with Lord Rayleigh's study of jet instability in 1868, the
phenomenon of liquid jet disintegration has been the subject of numerous
theoretical and experimental investigations. Unfortunately, most of these
investigations have been concerned with liquid jets discharging into a
vacuum or into ambient atmosphere. Almost no work has been done with
liquid jets being disintegrated by means of high velocity concentric gas
streams,

Miesse (11) points out that the theoretical and experimental analyses
of jet disintegration that have been made can all be grouped into three

general classes, or into a combination of these classes, They are:

i W o osm d a——— owh
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1) Small Disturbance Method. An arbitrary small disturbance is

imposed upon the surface of a liquid jet of given properties, and the effect
of this disturbance is studied analytically by consideration of the well
established physical conservation laws. ------ Because the phenomena
considered are, by nzture, nonlinear, the mathematical solution of the
problem can, in most cases, be effected only by employir.g the linearizing
assumptions of the method of small perturbations. ------ An obvious
consequence of the use of this assumption is that the solution obtained is
no longer (rigorously) valid when the magnitude of the growing disturbance
exceeds a small percentage --- of the jet radius.

12) Method of Plausible Conjectures. For the phenomena of

secondary atomization, which occur subsequent to the initial growth of
the disturbance, mathematical solutions can be obtained only by making
plausible conjectures regarding the mechanism of the governing process.
The validity of these conjectures can be substantiated only by the degree
to which they effect correlation of the pertinent experimental data.

"3) Method of Dimensional Analysis. As the complex combinations

of physical processes which occur in the disintegration of a liquid jet
generally defy rigorous mathematical analysis, the pertinent experimental
data can frequently be correlated eifectively by consideration of the dimen-
sionless groups of physical varibles which have an effect on the physical
process."

The small disturbance method has been used to study jet instability,
wave formation, and jet breakup by Rayleigh, Tyler, Weber, Taylor, and
recently by Morrell (12). This method has also been employed by Lane,
Hinze, and Isshiki (8) to predict the breakup of liquid drops. A classic
example of the method of plausible conjecture is that of Castleman (13),
who utilized Rayleigh's theory of jet breakup to postulate ligament forma-

tion as an intermediate step to drop formation, Noting that liquid droplets
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seemed to be torn directly from the main body of the liquid jet, he showed
that ~ae life period of a liquid filament from which the drops formed is in
the order of magnitude of 10.5 seconds. Although Castleman was unable
to see these filaments, recent high speed photographic techniques have
permitted other investigators to prove their existence. The method of
dimensional analysis tocorrelat' experimental data has been used by the
majority of investigators.

In particular, Ohnesorge (as described by Marshall (7)) correlated
the experimental data of Hanlein by plotting the Z-number (ratio of Weber
number to Reynolds number of the liquid jet) versus the Reynolde number
of the liquid jet on a log-log chart. From this correlation he classified
the modes of jet disintegration in four groups according to the rapidity of
drop formation as follows:

'"1) Slow dripping from an orifice without jet formation,

"2) Rayleigh mechanism uf jet breakup wherein an axially ';
symmetric disturbance produces breakup. The term varicose has been
applied to these disturbances.

""3) Breakup caused by disturbances which are symmetrical about

a helical axis starting at the orifice, as treated by Hanlein and Weber.
These disturbances are sometimes referred to as sinuous.

"4) So-called atomization of the jet."

""Since for a given liquid and orifice size the Z-number is constant,
a variation with the Reynolds number on the chart follows a horizontal line,
Thus, at low Reynolds number, Zone I, the mode of breakup follows the
Rayleigh mechanism and as the Reyﬁolds number increases the mode passes
into Zone II, where breakup follows a lateral motion with increasing amplitude,
and the jet has a twisted or sinuous appearance. This'is a narrow region, and
there is a sharp transition from this zone to the zone of atomization at the

orifice, Zone III."
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It is interesting to note here that this correlation is based on a liquid
jet in ambient atmosphere. If the liquid jet is subjected to a high velocity
gas stream, the momentum transfer from the gas phase to the liquid phase
tends to accelerate the jet as it progresses through the gas. Also, acceler-
ation of the jet tends to stabilize it, decreasing the amplitude of its surface
disturbances and keeping it intact, ¥

The physical properties affecting jet disintegration are:

liquid nozzle diameter, D

L1
liquid jet velocity, V

L1
relative velocity between gas and liquid, Vr

.

1

liquid density, Py,
liquid viscosity, 18

surface tension, O!

.

gas density, pg

gas viscosity, U

O ® 9 0N D e W N -

geometry of mixing chanber, D

Dimensionless quantities considered in various analyses are:.
Reynolds number, Re
Weber number, We

Z-number, Z = We/Re

-

density ratio of gas to liquid, pg/pL
viscosity ratio of gas to liquid, u’gluL

ratio of wavelength of disturbances to nozzle diameter, )\/DL1

ratio of breakup length to nozzle diaméter, Lb/Dr 1
ratio of final mean drop diameter to nozzle diameter, D, _ /D

dF’' Ll

O O 9 O U h W N e

-

mass flow rate ratio of liquid to gas, w

Pt
(=]

volumetric flow rate ratio of liquid to gas, w vol’

* See series of photographs in recent EOS Report on jet condensers (16),
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Experimental evidence indicates that the atomization of a liquid jet
by means of a high velocity gas stream is a threefold process characterized
by the following distinct phases:

1. The liquid jet undergoes surface deformations which cause

the jet to break up when the amplitude of the deformations
become sufficiently large.

2. Liquid filaments are detached from the main mass of the

jet. These filaments are unstable and extremely short-
lived (on the order of 10-3 seconds) and immediately form
drops.

3. These initial drops are subjected to surface deformation and

are eventually broken down into successively smaller drops.

Nukiyama and Tanasawa (7) and Isshiki (8) have investigated liquid
jet breakup and liquid droplet deformation, respectively. Nukiyama and
Tanasawa developed equation A9 to predict the final volume-surface mean
drop size for the overall process of atomization. Isshiki derived a semi-
empirical expression, equation Al3, to correlate the initial and final drop
size for the third phase of the atomization process,

Both of these investigators include liquid to gas flow rate ratio terms
in their correlations thereby accounting for a finite gas medium and the trans-

fer of momentum from the gas to the liquid phase.

Calculated Parameters:

Liquid jet Reynolds number

VPP

KL

Re), (A1)

Liquid jet Weber number

1/2
(We). =V L1 (A2)
j Ll / o!

.
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Liquid jet Z-number
Z = (We)j /(Re)j " (A3}

Liquid drop Reynolds number

PLY 1Par
(Re)dlz—l"—li—c—n— (A4)

Ky

Liquid drop Weber number

2 *

PeVr1 Tar _

(We), =55 (A5)
dI o
Liquid jet breakup.length
3 4 57 1/8
VL1 PL [Hg )
#(11) L, =94.4D | ——{| & (A6)
’ L1 pg
1/2
3. 1
L
="
(7 L, /z.DLl 1. + e ~)1/2‘ (A7)
PL” L1
1/2
[P
(12) Lb =2, DLJ-' \5— (A8)
g |
* Initial drop radii (rdl)max =T
2
= 1
(rdl)min\, 6.50 /(pgvrl )

**¥ numbers in parentheses refer to references,
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Final mean drop radius

‘ 0.5 M 0.45
— 1 | 1410. [ o L 1.5
(M r,_ == + 191 |—=— (1000w )" (A9)
aF"Z | V_ |p L W vol
- 6. -1.68
(N Tgp=1.1x100V_, D, (A10)
1
o -4/3
. wL
(10) T, . = 91,500. | == v, (A11)
L
1/3 2p.t. V
—_— o
(11)'r,_=r 23.5 + 0.000395 L LI -l A1z
aF = L1 T T 2 By, ;
PraVe
= \0.25 p 105
d .6
(8) r—g ?——l%-é'g+% FE\ (14w ) CDI
a1 (We) .. L
a1
0.25 0.125
)
1n_;—- (We) ,; (A13)
dF .

Results:

The correlations given in equations Al-Al3 were used to calculate
liquid jet breakup length and final mean drop radius for two selected experi-
mental test runs. Run No. 1 represents a typical noncondensable flow case,
i.e.,, the gas phase consists of a mixture of water vapor and noncondensable
COZ gas; Run No. 2 represents a typical condensable flow case with the gas

phase consisting entirely of water vapor. Test data for the two cases is

listed in Table IV while the calculated parameters are given in Table V,
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A computer program was developed to perform the calculations and
is set up to perform calculations based on a given set of condensuctor inlet
conditions, nozzle exit diameters, as well as the static pressure at mixing
section inlet. In order to investigate their effect upon the calculated para-
meters, three of these conditions may be varied for any remaining set of
inlet conditions. These remaining variables are mass flow rate ratio, @
ratio of static pressure at mixing section inlet to gas stagnation pressure

at ejector inlet, pl/pgo’ and ratio of liquid stagnation pressure to gas stag
nation pressure at ejector inlet, pLo/Pgo' This computer program will be
useful in the future to compare calculated values of liquid jet breakup char-
acteristics with experimental test results. Such a comparison can establish
the accuracy of the available correlations or lead to more accurate ones.
Figures 2 and 3 show how liquid jetébxfeakup length, Lb' varies with
the static pressure atthe mixing section inlet for a noncondensable flow case
and a condensable flow case, respectively. The actual experimental test
pressure is indicated in each figure, The correlations given by equations

A6 and A8 show that the length of the liquid jet at breakup increases as the

pressure at the mixing section inlet decreases. This is caused primarily

by the decrease in gas density attending the drop in pressure. The resulting

increase in relative velocity beiween the liquid and gas phases would seem
to stabilize the liquid jet permitting greater lengths before breakup. The
correlation given by equation A7 does not account for the effects of a high
velocity gas stream surrounding the liquid jet, nor the initial linuid jet
velocity. Equation A6 indicates that the liquid jet will be longer at breakup
if the initial velociiy of the liquid jet increases.

Figures 4 and 5 show how the ratio of final mean drop radius to
initial jet radius, ;dF/rLl
noncondengable flow case and a condensablz flov' case, respectively. The

, varies with the mass flow rate ratio for a
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actual test value of mass flow rate ratio is indicated in each figure. The

-

' resulis of four correlations given by equations A%, 230, A}! and Al12 are

shown in each figure. Because of the observed transitional nature of jet

breakup and atomi.ation, it is highly unlikely that atomization occurs at

radius ratios, ;dF/ LY equal to or greater than 1.0. The range of re-

~ sults is large with equation A9 giving a fair average of the other correla-

_tions. Equations A9 and All jindicate that the radius ratio, ?dF/rLl ,

. increases as the mass flow rate ratio, w, increases, Tlis trend agrees

" with the results obtained from the correlations on liquid jet breakup

' length in that highér initial liquid jet velocity tends to postpone jet break-

" up and droplet formation. Equations A10 and A12 plot as straight lines in

. the figures with values from equation Al2 being approximately 100 times

: greater than those from equation Al0.

' jet radius,

Figure 6 shows how the ratio of final mean drop radius to initial

TaF/ L1
flow rate ratio of liquid phase to gas phase, w

, calculated from equation A9 varies with volumetric

. Three i are
vol h points ar

indicated for each flow case at various values of static pressure at the

' mixing section inlet, P,- This plot indicates that the radius ratio,

——

/

, increases as the volumetric flow rate ratio, w , increases,

L1 vol
Equation A13 may be used to calculate final mean drop radius if

TaF

the initial drop radius at the beginning of liquid jet breakup is known, For
purposes of these calculations, we have assumed that the initial drop radius
may range between a maximum equal to the initial jet radius and a minimum

based upon an assumed initial drop Weber number, (We)dI, equal to 6.5,

" Table V lists the initial and final drop radii obtained for the two representa-

tive flow cases. In both cases the assumption of a minimum initial radius
does not produce any change, whereas the assumption of a maximum initial
radius produces a growth in drop size. Thus, the correlation of equation Al3

predicts no droplet breakup if liquid jet breakup is assumed.

o
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APPENDIX B

CONST#NT PRESSURE MIXING WITH NO NONCONDENSABLE
(ANALYTICAL MODEL I)

Computational Procedure:

We begin by calculating the following quantities at the ejector inlet

stagnation state (state o) and at the entrance to the mixing section (state 1).

STATE = 1. (B1)
Ty 0= Tao/ (Tyo/Ty o) o (B2)
T =T , (B3)
Pro = Pgo Pro/Pyo) (B4)
P =Py, (P/P,,) (B5)
¢, =1 (B6)
Yv1 = Vvo ‘ (B7)
W E 0. (B8)
6,=¢, (B9)
wgo =W (B10)
W1 T Ve, (B11)
A =c, (T DL12/4.) (B12)
288. g_(p, -p)) /2
V.1=Cy4 o (B13)
wy =3600. p. V. AL /144, (B14)
T oRI* =T +459.69 ' (B15)
Tgo(K) = 5. Tgo(R)/9. (B16)

% All temperatures are in degrees F except as indicated by (R) or ) which
refer to the Rankine and Kelvin temperature scales, respectively,
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¥ %
Call SATT*#* (p, Teo Teat

)

sat 1 = Tsat

Call VAPTP(T ,p ,h ,8 ,vVv )
go "go go go g9

Call VAPTP (Tsat' P, hg' sg, vg)

If (s ,-s ) B21, B19,B26
gl g

go to B27

T . =T
gl sat

Call SATLQ (Tgl, Ve 8g hf)

Bfg = sg-sf

hfg = hg'hf

X = (sgl-sf)/sfg

hgl =hf+ thg

go to B27

Call SUPHT1 (Tsat ;' P "g' Tgl)

Call VAPTP (Tgl’ P» hgl, sgl, "gl)

1/2

Vgl = cdg (2. g J (hgo-hgl))
2

hg.l = hgo-C dg (h

If (h ,-h ) B29, B29, B37
gi g

go Pg1)

%% Fortran Subroutines are identified in Appendix G.

(B17)

(B18)

(B19;

(B20)

(B21)

(B22)

(B23)

(B24)

(B25)

(B26)

(B27)

(B28)

(B29)

[
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+ 459. 69
gl

Tgl(K) = 5. TgI(R)/9.

TSI(R) =T

X = (hg by Ihfg

w =Xw

vl vo
Ye1 = Vvo (1.-X)
Vgl T vl v Zy 2

) gl ~ Ll )
Yel (CpL T Ttz 57

T. . =T._ 4 : °

Ll L1 CpL wL
go to B40
Call SUPHT?2 (Tsat y P hgl, Tgl)

3 Y :

Tgl(B., = 'rgl + 459. 69

Tgl(K) =5, Tgl(R)/9°

Call VAP (Tgl' Tgl(K)’ P» ((/k)v, Wv, o, J, pgl. “’gl’

kgl’ Cpgl’)
val ) Cpgl
Agl = 144, wg1/(3600. Pyl vgl)
Dg1 = (4. (Agl+ALl)/")l/2
w =‘WL/W 1
@ o“i= @ ]
(wc/S.) =
L1 =0
S.. =0

(B30)
(B31)
(B32)
(B33)
(B34)

(B35)

(B36)

(B37)
(B38)

(B39)

(B40)
(B41)
(B42)
(B43)
(B44)
(B45)
(B46)
(B47)

(B48)
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Ql=0.

loci io =
phase velocity ratio Vgl/ le

bulk temperat:re ratio = Tgl /T L1

(Pr) , =C ygl/k

pgl gl

Call VISLIQ (TLI. "Ll)

Ve ® !Avgl-lel

(Pr); ;= Cop Hri/¥y

D =4, Agll(ﬂ(Dgl+c D. .))

el ~ 2 L1
(Re)gl = 3600. pgl Vgl Dell(lz. “gl)
T.. =T

il sat

Til(R) =‘Ti1 + 459,69
Til(K) =5, Til(R)/9.
Call SATP (Til. pcl)

Call SATHFG (T, ), p ). by )0 he ;)

hfgcl = hgc 1 hfcl

Call SATLQV (T, |, v_,)

Call VISLIQ (Til. L cl)

Py = 1. /vcl

vt =0.75V
gl r

' =
A% L1 0.25 Vr

E =0,

1

1

(Re), | =3600. p; V'; | DLll(lz,. TN

e o o e e e« e ot e = o m © e A A S Mt i = s == e — e

(B49)
(B50)
(B51)
(B5zj
(B53)
(B54)
(B55}
(B56)
(B57)
(B58)
(B59)

(B60)

(B61)

(B62)
(B63)
(B64)
(B65)

(B66)
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(Re)rgl = 3600. Py Vg1 D_, /(2. “gl)
If ((Re) | - 12,500.) B68, B68, B69

/ /

1
hLl = 1.86 (12. kL/DL'l) (Re)Ll

go to B70

3 1
(Pr) L1

, 0.8 - 0.4
by, =0.023 (12. k /D, ) (Re) |~ (Pr)

Call CASP4 (Til(K), o, (elk)v. Wv. [T

gil
IF ((Re)rgl - 9000.) B71, B71, B72

_ 1/ /
h., =1.86 (12. kgl/Del) (Re)rgl

3 1
Gl (Pr) oy

3
(“81/“3

go to B73

. 0 /
h.. =0.027 (12. kgI/Del) (Re)rgl

Gl
If (Re) ) - 1000.). B74, B74, B75

.8 1/3
Br)y " gy

fi = 16./ (Re)rgl

go to B76

0.32
fi = 0.0014 + (0. 125/(Re)rgl )

- 2 ] z 1
T, =3600.7 £ Py A gl /(2. g')
(ap /5;)) =hp (T;)-Tpy)

(@ 75, - b (T -T;y)
w /5, = £-

) 1 'Ll
Cop (Tyy-T )+ B

heger T AU RIS
T = : ! !
o = 3600, (w_/S), V gl/g

T=T.4+7T
1 m

I
|

3
(”'Lllu'cl)

0.

14

0.14

il)

gil

)

0. 14

(B67)

(B68)

(B69)

(B70)

(B71)

(B72)
(B73)

(B74)

(B75)
(B76)

(B77)

(B78)

(B79)

(B80)

co
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~ 0.2 2 0.2 1/2
Pe1 | (Relp, 2- Ta(Rely & /
v s & o Vet , 5 (B81)
Py, gl g (0. 046) 3600.%p
1 - - - [}
\'2 ¢l Vgl VitV (B82)
If (E-50.) B83, B83, B86
(w /S), - (w_/S.) .
If c il ¢ i | _¢ ) Bse, B84, B84 (B83)
(w /S.) 2
c il
(wc/Si) = (wc/Si)_1 (B84)
E=E+ 1. (B85)
go to B66
Vg‘lz’Vle
(a,/5)) =g (T -Ti) + (W[5, (hfgcl LT Tt 287 )
(B86)
AT, = Tgl-'rL1 (B87)
U, = (q; /S)) /AT, (B88)
At this point we have calculated all variables at state 1. We now
. commence our calculations for the first state 2.
cy = 0. (B89)
STATE = STATE + 1. (B90)
AT =c,AT B91
g = 1Ty (B91)
T =T _-AT B92
g2 gl g (B92)
If (ng - T_,,) B93, B94, B94
T =T (B93)

PR

< -t

PR
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(wc) 12~ 4 Wvco

c3 =c3«+ c4

TgZ(R) =T _ + 459.69

g2

ng(x) =5, TgZ(R)/9.

If (0.99 - c3) B98, B98, B101
If (1.399 - c3) B100, B100, B99
(wc)12 = 0.02 wvo

go to B101
(wc)12 = 0.01 Yoo

Wo2 =W - (W

Waz Va1 - Wi

TiZ = Tsat
TiZ(R) = TiZ + 459.69

TiZ(K) =5. T, (R} /9.

2
Call SATP (Tiz, PcZ)

Call SATHFG (Tiz h

’ P¢2v

hfch = hch B hch

ch = W<:l + (wc)lz

Call VAP (ng, TSZ(K), P (t/k)v. W o I P'gz' Koz’

, C
g2 pg?-)

vaZ = Cng

/

Pr) . =C k
( )gZ pg2 Hg2' g2

ge2’ hch)

(B94)
(B95)
(B96)

(B97)

(B98)

(B99)

(B100)
(B101)
(B102)
(B103)
(B104)

(B105)

(B106)

(B107)

(B108)

(B109)
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L2~ 'Ll
ng - vgl
Vigg = Vg
Vi = V'
r =T, 4 (a),,+ (Wc)lz ::ngcl‘ + CI;VZ (ng--ril))
‘ “pL VLT Vel
(515, = O
E=0.
(w_/5), =(w_[S) +2.
Call SATLQV (T,,, v _,)
Call VISLIQ (T, 4_,)
P, =1 /v‘:Z
AT = (Tglwh—'%z -T, - Tiz)/2
A-T;:’C N (cpvl C vz) AT c/Z.
ﬂfgc ) (thCI fgcz)/
av, = (vgl2 -V ) /(2. )
AV, = (Vle \ 22)/(2.30.1)
AVgL = (vglz - VLZZ)/(Z.gOJ)
Ah = C LT, +T /2. - T ))
(qv) 12~ V2 (Ahv + AVg)
(@), =W, (_ﬁfgc +&h, + OB+ av ;)

(B110)

(B111)

(B112)

{B113}

(B114)

(B115)

(B116)

(B117)
(B118)
(B119)

(B120)

(B121)
(B122)

(B123)

(B124)

(B125)
(B126)
(B127)
(B128)
(B129)

(B130)

© i e e~

-~

I

.-
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(qL) 12 = (wL + wcl) AVL

Q, =3y, (3 )y, +(a)),

Q
“12
T _.=T + -
L2 L1 CpL (wL + wcl)

AT. =7 _ -T

2 g2 L2
(T .-T..)-(T ,-T_ )
AT =_81 Ll g2 12
TM T ,-T1
In ('r T )
g2 L2
Call VISLIQ (TLz. Kyl
(Pr) , =C L ol

(w./5), - (= IS),

(wc Isi) = ( ("c7§i)l )
h ﬁ__.—
(wc si)Z

(Sic) 12° (wc) 12/ (wc /si)

Sense Light 1

A, =144 wgz/(%oo. P2 Vo)

L PV

LYz Pe2Vi2

1/2
D, =4 A T )

) 1/2
Dgz = (4. (AgZ + ALZ)/")

v

Dy, =Dy, + D)2

D =(D .+D _)/2.
g (gl 32)

Dez = 4, Agzl(ﬂ (DgZ te, DLZ))

V2 * l Va2 © VL2~|

W w .
L ce
A 5 = 144. ( + ) /3600.

(B131)

(B132)

(B133)

(B134)

(B135)

(B136)

(B137)

(B138)

(B139)

(B140)

(B141)
(B142)
(B143)
(B144)
(B145)

(B146)
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2 1/2
12 (5;c)y, Dr2-Ppy |
Lig = D_+D I TR (B147)
ge L2 Ll .
2 2.
V =(V..+V )2 (B148)
g ( gl sZ)
v: = (V! + V! /2. (B149)
g ( gl gz)
V=V H Ve - {B150)
- . - £
(Re)gz = 3600. p‘gz. ng Dez,(lz. "gz) (B151)
(Re)rgz = 3600. Pyz Vfgz D ,/012. “gz) (B152)
Call FORCE (D, Dg' L, vg, v-g., (sic)i?_. :(R""'gll’ (Re)‘gz,

‘(Re)rgl. (Re)rgz. "31' ‘P:gz' g'. F. F.)

F, = 3600. (w ), V' /g’ - (B153)

If (Vg-VL) B154, B155, B155

Fi=-F - (B154
1 1 - ‘

F=F_+F, s " (B155)
T = I F/(Sic)l'zl L (B156)
T = 3600. (W [S)), V', /g’ - (B157)
(Re) , =3600. p. V' , D ,/(12. p ) (B158)
F'm = 3600. (wc)12 (V'Ll + V'LZ)/(Z. g (B159)
"L c2
g
- 3600. %OZ"&; §' (F+F ) 3161

g2
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1/2

VI

T(Re):Lz 0.2 2, 1,m(Re)Lzo.zg,

Lz | opy, ( (Re)rgz (b,'o4(;i 36ob;sz

V=V ViV, {B163)
If (Senge Light 1) B139, B164
Call GASP4 (TiZ(K;), Gv, (< /k)v' Wv. u’giZ (B164)

If:((ne)rgz-t;ooo.) B165, B165, B166

_ 1/3 1/3 0.14

| Mgz = 186 (12. k ,/D ) (Re) ="~ (Pr) ;""" oy b)) (B165)
- go-to Bléba

S o 8 1/3 0.14

"_h.Gu € \') 027 (lZ k ID ) (Re) (l”r)gz (u /uglz) (B166)
‘ {Re) 12,500, )Bl67 B167, Bl68 (B166a)
L1 Re T 1/3 1/3 0.14 ,

hiéz -:,1..86 1z, k }DLZ) (Re) , "~ (Pr) "~ (g, ) (B167)

g0 *o*B:169'

. | 0.4

By, =0 073(12 X )(Re) (Pr)Lz (B168)
.(qL/s\{)?_ ('r TLZ) (B169)

(q IS.);ah (T_,-T.,)
(w /S) e 1% Gz g iz (B170)
c 12 2 2
~ v _ ‘v
+C (F..-T. )+ B2 L2
hec2atCoL!®ia T 2. g_J
ngz‘szZ
(9575 = Bp(Tgp-Tigh + 1w, /S)) (fch pL{Ti2 " Tro 2.8 )
(B171)
U, =3, /81, 16T, : {B172)
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(w /S.), - (w_[S))

- c 1l ¢ 12
(wc'lsi): - 4(w [S)

In ( e 171 )
(wclsi)Z

(Si)l_z =(w ), /(w_IS)

U=0Q,,/(S),, AT, )

1/2
2 2
L = 2 Gy {Pr2Pra
12 2!‘2 +D, 2.

2 2.

If (E-50.) B177, B177, B179

; (s.).,-(S.)

If 112 1120 | _. | B179, B178, B178

12 2

5120 = 6112
go to B120

L2 =L1+ le

phase velocity ratio = VgZ/ VLZ

bulk temperature ratio = ngl TLZ

Si2 =551+ ),

QZ = Q1 + le

We have now finished calculations for state 2. If we satisfy the
following tests, the calculation is complete; if not, we reset geveral

variables to establish state 1 as the beginning of the next mixing section

interval and recalculate state 2.

(B173)

(B174)

 (B175)

(B176)

(B177)

(B178)

(B179)

(B180)
(B181),
(B182)
(B183)
(B184)

(B185)
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If (T‘gz-TLz) B212, B212, B186

It (wvo-wcz) Bz1l2, B212, B187 ’ (B186)
If (1.399-c3) B212, Bz212, B188 (B187)
hfgcl = hfch (B188)
val = cPvz (B189)
cpgl = cpgz - (B190)
U, =0, (B191)
(wc/Si)l = (Wclsi)z (B192)
worS V2 ) (B193)
T =T, (B194)
Tgl = ng (B195)
Tgl"(R) = ng(R) (B196)
Vo= Voo ‘ (B197)
V1=V, (B198)
ViV, (B199)
V'gl = V'gz (B200)
T, =T, ! (B201)
W=V (BZO‘Z)
wgl = wgz (B203)
D, =D, (B204)
Dgl = Dgz (B205)
I..1 = L2 (B206)
S.. =8, (B207)
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Q =9
(Re)gl = (Re)gz

(Re)rgl = (R‘??-rgz

go to B90

read input data for new case.

'
i |

(B208)
(B209)
(B210)

(B211)

(B212)

ey —————————_
g e e A TS
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APPENDIX C
.CONSTANT PRESSURE MIXING WITH NONCONDENSABLE

(ANALYTICAL MODELS Ifa AND IIb)

Computational Procedure - Analytical Model 1la:

We begin by calculating the following quantities at the ejector inlet

stagnation state (state o) and at -the entrance to the mixing section (state 1).

STATE = 1. - (C1)
T, = Tgol(TSO(ILd) ‘ (C2)
Tia7 o 7 - (C3)
PLo = Pgo (pLQ!pgo) ~ ~ (CH
P =Py, (P/P,) - ' (C5)
¢ o wvo/ (wv_°+wnc) - (€6)
Yv1 = Yvo ‘ (c7)
$,=¢, (C8)
%0 = ne two (C9)
w1 = ‘wgo (C10)
a =D lla)c, i (C11)
Vg = Cqp, (288. g, (P -P)/pp) (C12)
wy =3600. V, o A, 1144, {(C13)
Tgo(R)* = 'rgo + 459, 69 {C14)
Tgo(K) =5, Tgo(R)/‘). (C15)

# All temperatures are in degrees F except as indicated by (R) or (K)
which refer to the Rankine and Kelvin temperature scales, respectively,
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Call SATT*¥p, Tgo. Tsat)
K =1.3 (C16)
g
CallGASP(T (K),w ,w , W ,W,J, C ,K )
go nc  vo nc v PgO  goO
K -1.
B
K
Tg'l(R) —Tgo(R)I(pgolp) g (C17)
'rgl(x) =5, Tgl(R)/‘). (C13)
Call GASP (Tgl(K), wow WL W LT, cpgl, Kgl)
K =K (C19)
R K / (C20)
K =(K +K 2.
g ( go gl)
u(li X l-e ) €21, C17, C17
g go 4
v . =c, [2.g76c_ T ®m-c_.T (r)]? (C21)
gl ~dg | "®o "“pgo go pgl gl
2
T (R)y=|C T (R)-C C T (RR-C .T (R)]/C C22)
gl( ) [pgo go( ) 1g ( pgo go( ) pgl zl( ).) pg!l (
Tg1 = 'rgl(n)' - 459, 69 (C23)
T ) = 5. Tgl(R,)’/9. (C24)
w 1/W
=Y (C25)
vl w w
v1+ nc
W W
v nc
o
Call CASPI (Tgl(K), ot T O tR, (€/k)v. (t/k)nc, LAV
Pe xvl’ agl. D'l, uvly unCI' ugl)
Call CASPz (p, X |, W_, W , 1, Tgl(R), 'rgl (K)o qr Bopo
t o ,
S nc' S'v’ gl’ pgl’ Tgl(K)' Cpgl’ Cpncl’ val)
Rglz 1545.45/((1. 'le) w)nc +X W) (C26)

% Fortran Subroutines are identified in Appendix G.
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_ 1/2
Cgl =g Ko Rgy Ty (RD

Ml = Vgllcgl
A _ =144, ng/(3600. pgl Vgl)

gl
_ 1/2
Dgl = (4. (Agl +A M

© . =WL/W

1 gl

w =w
o 1

(wc/Si) = 0.

phase velocity ratio = vgllel

(Pr)gl‘ = c:pgl ugl/,K gl

Call VISLIQ (T |, )

v, = l V-V

Lll
Vi =018V,
Vi =025V
(Pr)) = CoL By /¥y

D, =4 Agl/(fr(Dgl tc, D))

(Re)gl = 3600, Pyl vgl Del/(lz.ugl)

= ]
Til 0. 8¢ Tgl

E =0,

(C27)
(C28)
(C29)
(C30)
(C31)
(C32)
(C33)
(C34)
(C35)
(C36)
(C37)
(C38)

(C39)

(C40)
(C41)
(C42)
(C43)

(C44)

(C45)

(C46)
(C47)

(C48)
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T, =0 (C49)
Aqlz =0. _ (C50)
T, (R) =T, +459.69 (C51)
T, (K) = 5. T_,(R)/9. (C52)

Call SATP (T, . p_,)

Pyi1 ¥ Pe) (C53)
Call SATHFG (Til' pcl. hgcl' hfcl)
hfgcl = hgcl.hfcl (C54)
Call VISLIQ (T, u_,)
(Re)Ll = 3600, P, V'Ll DLl/(lz' le) (C55)
If ((Re)Ll-IZ,SOO,) C56, C56, C57

- . 1/3 1/3 0.14
hLl = 1,86 (12. kL/DLl) (Re)Ll (Pr)Ll (uLI/"'cl) (C56)
go to C58

0.8 . . 0.4
by, = 0.023 (12. kL/DLl) (Re), |77 (Px) | (C57)
(;:.'e)rgl = 3600. Pa Vi1 D,/ (12. oy (C58)
Call GASP3 (T, (K), 0__, O, @, tx, (clk)‘v, (€/1)__. W__,
Vo PPy “gil)

If ((Re);‘gl - 9000.) C59, C59, C60

) 1/3 1/3 0.14
hGl = 1,86 (12. kgl/Del) (Re)rgl (Pr)gl (u'gl/ugil) (C59)
go to Cé61

_ , 0.8 1/3 0. 14
hg,, = 0.027 (i2, kgI/Del) (Re)rgl (Pr)gl (“g1/“gi1) (C60)

. - 1/3
(Kg "P'o) =hg; (p81 D'l’/kgyl) ((SC)gI/(Pr)gl) (Cé1)

PR N
>
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Call SATLQV (T, |, v_))

Py =1.1v (C62)

T, = 3600. (w _/S.), V'gllg' . - (C63)

0.2 0.2 1/2
p (Re). . _ 2. T_(Re),. g'
A -1 —_(Re)Ll‘ v 12 p—m Ll 5 (C64)
Py rgl | g (0. 046) 3600. “p
Vi1 = l Ver " V'L I (C65)
X . p-p_.
P - vl © “vil ' (C66)
ncl P-P .
14. 696 ln( 'xv1 )
p- le
Koy = Bg " PO /P (C67)
(wc/si)l = KG1 (xvl p-pvil')/l‘i. 696 (C68)
y v 1Z'VL12

(4,/8;)y = b (T o) =T, )+ W /5)), (hfgcl MRS REITRESS Ui 87 )
" (C69)

(qp, /8y =hyy (T;)-Ty ) (C70)

- - \

Tinn =T (C72)

Aq), =4q), (C73)

If (E-50.) C74, C74, C82

If { !(Til-Tilz)/Til‘-El) c82, G715, CT75 (C74)

TilZ = 'I‘il (C75)

Aq,, = Aq, (C76)

E=E+1, (C77)
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1f (E-3.) C78, C79, C79

(Tt

T;y = T412789;,/(2. by )

go to C80

B BT
1

Tir = (Tipp 895y 7Ty 89y) 1 (89),°49,,) (C79)

HATgy-T;y) OB c8l. C3l (G80)

g . =T .= . ‘ , !
| L Ty Tyl | (C81)

go to-C51

S Umla I8 /8T, f (c83)

(c8z)

_‘téimperature ratio = Ta/Tu © (Cs4)

- -

- At this i:oiqt.~w‘e have calcillated all variables at state 1. We now
“:C'r}mmépé@ our ck"@'lgcg,laticés"fér 'vtﬁf' first state 2.
% '_‘ . ‘STATE»?S“IEA,’J;E} «1‘.‘ - (C85)
AT =c

pAT, ‘ (C8o

I (Méé - '€,) 'G88, C87, C87

I

e« e e ity e e a2

AT =€ (C87)

T2 ® T‘gl

lf'(T,g;aTsat) €90, 89, C89

AT {C88
¢ (C88)

T = T . -,540 (C89)

Te2 = L1t % | (C91)

Call SATP (Tgpr P (C92)

v2)

P = p'pvz (C93)

g2
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R
X [ -X ) C9%. C91, C92

L T2l (C95)

go to C92

|

: . XvZ " wnc wv (

! Yv2 © (1.-xv2) W (C96)

z w2 T ¥ne tw., (C97)
(wg)12 Wl Vo2 (C98)
ch = wvo - va . (C99)

I (Wcz - ) C100, C234, C234
"w*’v"o 3
T p(R) = T 2+ 459.69 (C100)
Tg2®) =5. T ,(R)/9. : (C101)
‘ Call GASPI (T o), O 0 O, @ %, (€1, (€/k) , W, W,
P va" c’gZ" DV'Z' Byar Bpe2’ “"gZ)
Call GASP2 (p, X o LA W J, TSZ(R), 'I!gz(K), Brcz Hyp?
S'nc’ S'v’ qu’ pg‘Z’ T’gZ(K)’ Cng' CpncZ’ vaZ)
(Pr)gz = Cng p.gzlkgz {C102} -
&b =C_ ) TR -C ) TgZ(R) {C103)
(9, =W, , Ah_ (C104)
Ah =C_ o Tl (R) - C_ o T 2(R) (C105)
\(qnc)lz = W¥ne Ahm'; (C106)

(Selop = Rgp!loy, D'y (C107)




& ™ »
T e ¥

N
ce et

X -
*

B ot e 1 - - -
A e et R e A . . i e e e
i s . -

TRy=T,

nc

Wiz * 9012 * Wdip (gger

R - A

vaZ

-

s s gt s e s i e o —i Al

- 3
(T g~ Ty))!

pL

IiZ = (ng + TLZ)/Z"

(WC/S{)Z ;’(wc?‘si)l - 2.

2 + 459. 69

Call SATP (Tiz, pviz)

Poa © Pyi2
Gall SATHFG (T, P_,,

- A
Call SATLQV (T, Vo)

fall %ISLIG. 3
all %IST.IQ (Ti'?.' p‘cZ)
Pe = 1. /"cz

hfch - hch -hch

AT = (T + T, =Ty

+ vaz) ATgclz.

Ahvc = (val

hfgc - (hfgcl ¥ hfgcz)lz'

C <(yL +w

hch’ hfc?.)

- Tiz)/z.

cl)

g O —— .

(C108)

(C109)

(C110)

(C111)
(C112)
(C113)
(C114)
(C115)
(C116)
(C117)
(C118)

(C119

(C120)

(C121)
(C122)
(C123)
(C124)

(C125)
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xv v 2 2 )

Avg = (Vgl V) /(2. g T
2 2

AV = (v SV 0 @ g )

2

AV _ = (Vgl

oL v, 2 g 0

e Tt Ty T )
cL -~ “pL- 2. S %

(qv)l?. = va (Ahv + Avg)

Ah

(th\)IZ’ = Wnc (éhnc + Avg)
(A)yp = W)y (AR # By  +4R  +AV 1)
(g )y, =Wy +w ) AV

Qo =9+ (e (9 hy, +lay )y,

Q‘
12
T =T .+
L2~ "Ll ch (W, +w_))
AT, =T Tre
(T, ,-T,.) - (T ,-T,.)
AT =—81 LU " "g2""L2
M Tgl'TLl
In (T T )
g2 L2
Call VISLIQ (T ,, ;)

(Pr)p, = Cop Bra /¥y,

- (w /)y - (w IS,
(wc/S.) =

' tw./8;)
" ((WJS;)'Z )

(Sic) 12 = (wc) 12 /(wc7si)

Sense Light 1

Ay = 144w, (3600, p )V

g2 gZ)

N 7 e e 2

(C126)
(C127)

{C12z8)

(C129)

(C130)
(C131)
(C132)
(C133)

(C134)

(C135)

(C136)

(G137)

(C138)

(C139)

(C140)

(Cl41)

L
C—
L o

Fy o

o R

P

e i
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w W’
A, =144 | ‘I; c\zr - | / 3600.
2 pL L2 ch L2 -
1/2
= Nid =T
/2.

1
,Dgz_ = (4. (Agzj+ ALZ)./ﬂ)

D, =Dy, +Dp,) /2.
D =(D .+D )/ 2.
g ( gl 32)

L2

DeZ x 4, Aégzl("(DgZ + c, D

Vi = | Va2 V12 |
— 1/2
2 2
. 12. (S, )}, Dy ,-Dp,
12 Ny D +D \ 72
2" 2.

Y o= (V +V /2.
g (gl s?-)

V'g =(V' V' )2,

gl g2
VeVt V) 2.
(Re)gz = 3600. Pe2 Vg2 Pez / (12. “gz’"
(Re)rgz = 3600. P2 v'gz D, /12, “gz)

Call FORCE (BL, '158, L., V.,V , (s

(Re)rgl’ (Re)frgz’ pgl' pgzv g‘o Fit FW)
Fp, = 3600. (w ), V'[!
Fr = 3600, (w ), (Vi # V1) ] (20 g)

If (vg - V) C157, C160, £160

(C142)

(C143)
(C144)
(C145)
(C146)
(C147)

(C148)

(C149)

(C150)
(C151)
(C152)
(C153)

(C154)

(C155)

(C156)

(C157)

(C158)




51

F' =-F
m m
F=F +F,
m 1
T = -~ o
/S, ),

T = 3600, (wg:/Si)Z Vi /g’
(Re)p 5 =3600. py V', Dy, /012, o)

v - 3600. (wL + wcl) VLI

1. ]
- +g'(F+F m)
L2 3600. (WJL + W

2)

v . 3600. wgl V - &' (F+Fv'v) )
g2 3600, w

g2
Vee® | Va2 - VLzl
1/2
— 0.2 0.2
[y (Re) 2. T_(Re) g'
Vg2 © — R )Lz v 2Z+ =2 2
2 1P e 4
'L rg2 (0. 046) 3600. Py,
Vige® [ Vo2 " VL2
If (Sense Light 1) C141, C169
\ ), © o *, .
Call GASP3 (T, (K), 0, O, @&, t .~(€/k)v. (G/k)nc. LA
If ((Re)rgz - 9000.) C170, C170, Cl171
_ 1/3 1/3 0.14
hg, = 1. 86 (lz.kgleez) (Re)rgz (1=>r)gz (“gz/“giz)
go to C172
g 0.8 1/3 0.14
he, = 0.027 (12. ng/DeZ) (Re)rgz (Pr)gz (pgz/p,giz)

1/3

(Kg " P! )y =gy (0D /K ,) ((8) 5 /(Pr) )

If ((Re)L2 - 12,500.) C173, C173, Cl174

(C159)
(C160)
{C161)
(C162)

(C163)

(C164)

(C165)

(C166)

(C167)

(C168)

(C169)

(C170)

(Cl71)

(C172)




N~

-

K. =(K_.,"* P!
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/ 0.4

3 1/3
L2 (Pr) 7 (/0 ,)

go to-C175

o 1
h, . = 1.8612. kL/DLZ), (Re) ,

, ' 0.8 0.4
hy , =0.023 (12. k /D, ,) (Re), , (Pr)Lz

Pt “‘vzp -P
nc2 =

!
G2 G ng)Z /P

(w./8), =Kg, X

nc? -

vlp-pviz) / 14.696

v 2.y
(qglsi)z:hGZ(TgZ-TiZ)HWc/si)Z(hfch+ch(Ti2.TLZH 2. 87
(ap /8;), =h;, (T;2-T12)
aq, =(q; /S,), - (qg/Si),_

Ti21= 052,

4d,, = Aq,,

If (E-50.) C183, C183, C191

If ([ (T,-T,,)/ T, | -€)191, Cl84, Cls4
Agq,, = Aq,

E=E+].

If (E-2.) C187, C188, C188

Tip = Tipp-A9,,/(2.h; )

go to C189

Tia =(Tipp 841 -Tp  49,,)/(8q,,-Aq,,)

= et e s € T

2 L2

(C174)

(C175)

(C176)

(C177)

),‘ (C178)

(C179)
(C180)
(C181)

(C182)

(C183)

(C184)

(C185)

(C186)

(C187)

(C188)

N

~(c173)

| s vy o n
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If (ng-'-Tiz) €190, Cl190, Cl’lg

i2 g2 -
go to C118

U, = (qL/S‘i')?_/A'I‘z

_ W /s.) - (w_/S.),
(w /S;) = (w /50, '
w 7S )

(8715 = (w )y, /tw TS))

U=Qp,/E)),; ATy)

12. (s, ST

Lip = D(+:) A ng =
| \ge —L2 11 y

2 2.
Ly=Li+ %,
“2 (WL * ch)/ng
PR
temperature ratio = ng/TLZ
phase velocity ratio = V /VLZ
Si2 =5t Sy,
Q,=Q +Q,,
percent of vapor condensed = 100, v oo /wvo
Rgz = 1545,45/((1. 'sz) wnc+xv2wv)
Call GASP (T, (K), W, o W, W, Wu 3, C oy, Koo)
CgZ = (go KgZ gZ (R)) ez
M, =V _./C

2 g2’ g2

(C189)

(C190)

(C191)

(C192)

(C193)

(C194)

(C195)

(C196)

(C197)

(C198)
(€199)
(C200)
(C201)
(C202)
(C203)

(C204)

(C205)

(C206)
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We have now finished calculatioris for state 2, If we satisfy the
following tests, the calculation:is complete; if not, we reset several
variables tto establish state 1 as the beginning of the next mixing aection

- interval and recalculate state 2.

If(1~g,2-TLZ) G234, C234, C207

If (w, -w ) -'ca:z3'4, €234, C208 (C207)
H(Tg‘z'TLz"‘(,) C234, C234, C209 (C208)
hfgcl = hfch (C209)
val = vaz {C210)
pncl =“'Cpnc2A (C211)
cpg1 =C,2 _ (C212)
U =0, (C213)
(w_/5), =(w_IS), (C214)
Vo1 Ve (C215)
T =T, (C216)
Tgl = ng (C217)
Tgl(R) = ng(R) (C218)
Til~ =T, (C219)
vgl =V (C220)
Vo1 Ve (Cz21)
AR A (C222)
ViV (C223)
w(:1 = ch (C224) ,
W, =W (C225)
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D =D, C (C226)
Dgl = Dgz (C227)
Ll = Lz ‘ - | (C228)
Si‘l = Siz : (C229)
Ql = QZ ) (C230)
(Re) gl = (Fm)gZ (C231)
(Re), oy = (Re)p (C232)
pgl = pgz (C233)
go to- C85

read in data for new case (C234)

Computational Procedure - Analytical Model IIb:

The computational procedure for Analytical Model IIb is essentially
the zame as that for Analytical Model IIz. The differences which are listed

. below are the result of simplifying the relative velocity between phases such

that

= - =V ' AC
Ve=Voovy = Vo4V (€235)

_ Thus, all equations in the computational procedure for Analytical Model Ila

are revised to use the

which contain the relative velocities, V'g or V! L’

single relative velocity, Vr.
Delete equations C41 and C42.

Equation C55 becomes
(Re); | =3600. p; V_, DLI/(IZ. T (C55)
Equation C58 becomes

(Re)rgl = 3600. Pyl V.1 P / (12. “’gl) (C58)
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Equation C63 becomes '
P = . 1
T = 3600 (w‘;/si) LV, /8 (C63)
Delete equations C64 and C65.
Delete equations C115, C116 and C151.

Equation C154 becomes
(Re)‘rgz. = 3600. pgz er DeZ / (l.Z. p.gz) (C154)

Call FORCE with V; in lieu of \'ng. *

Equation C155 becomes
- vV v '
th = 3600. (wc)lz (Vg VL)/g (C155)

Delete equations C156, C159, and C162.

Equation C163 becomes
(RQ)LZ = 3600. pL er DLZ / (12. ,‘J;Lz) (C163)

Equation C164 becomes
' ]
_ 3600, (wL + wcl) le + (g ?)

V =
L2 3600. (w, +w_

(C164)
5)

Delete equations C167 and C168.

Delete equations C222 and C223.

* Subroutine Force is revised slightly to account for this chanrge,.
(See Appendix G.)
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APPENDIX D ,
CONSTANT AREA MIXING WITH NONCONDENSABLE.

(ANALYTICAL MODEL II)

Computational Procedure:

We begin-Ly calculating the following.quantities at the ejector inlet

state (state o) and at the entrance to the :fixing section (state 1).
STATE = 1.

T_Lo = Tgo/(Tgo/TLo)

T oo

PLo = Pgo (PLo/Pgo!

© g e e+ e /o —p—n - oSO ———— T A 1

‘b 0o = wVO'/(wVO + wnc)

¢1=4’o

go nc vo
wg’l = Wgo
) 2
ALI =c, (m DLl /4.)

Tgo(R)* = Tgo + 459,69
ng(x) =5, Tgo(R)/9.

Wvl /wv

X =z ———
vl w w
vl nc

—_ ——

w w

\4 nc

Call GASP** (T (K), w ,w , W ,W R',C ,K )
go nc.  vo nc v pgo go

(D1)
(D2)
(D3)
(D4)
(D5)
(D6)
(D7)
(D8)

(D9)

{D10)

(D11)
(D12)

(D13)

% All temperatures are in degrees F except as indicated by (R) or (K) which

refer to the Rankine and Kelvin temperature scales, respectively.

%% Fortran Subroutines are identified in Appendix G.
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T

Tgl(R) =T

gl

Tg'l

Call GASP (T (K), w ,w w
gl nc

V1= Cag [z. 8,7 (Cpgo TyofR) - C

C

gl

58

=K

=1545.45 / (1. -X )W __

+ X

vl

2. C JC - T (R)

:,Q dg _ pgo go

Wv)

.2
Ml— Kgl Rgl + 2. Cdg

gl + 459.69

(K) = 5. Tgl(R)/9.

vl’

= vgl/Ml

K =(K +K .)/2.
g (zo g-l)

Py =Py

= Y. -
Vi ch i288. g_(p; pl)/pL)

YL

Call SATT (p,, T

Call CASP1 (T

Call CASP2 ,(pl, X

A

gl

/(T g (RT (R Ky

=3600. p V| A /144

gl’ Tgat l)

1(
Py le'

vl’
t )
uvlt S ’ s ?

nc v

= 144, wg1/(3600. pgl Vgl)

o
gl' P

zJC

pgl

nc

't‘ﬁ
8
K -1

1/2

':{\ a n Y y @, t*: (le) ’
v v

, :
W, W, R, Tgl(R),

gl’ kgl'

- 459.69

nw”R'vC

, K

1)

...,,)] 1/2

(€/i)__, W

C', ]
pgl

!
g’ D'yr Hype Bpcye By

Tgl(K) * Fney

Cpnc 1’

val

)

(D14)

A(DI'S)

(D16)

(D17)

(D18)

(D19)

(D20)
(D21)

(D22)

(D23}

(D24)

(D25)

(D26)

[
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D =l (A, + ALI)/v)llz
w, wL/ng

@ = 1

LA 0.

Ll =0.

Sil =0

Ql = 0.

phase velocity ratio = vgl / VL 1

bulk temperature ratio = Tg 1/ TLl

Pr =C [k
( )gl ‘*pgl,”g_l gl

Call VISLIQ (TLI, ”’Ll)

Ve © Var = VL |

(Pr); | = CoL pp gk

Dél = 4, Agl/(ﬂ(zj;gl + c, DLi))
(Re)gl = 3600. pgl Vgl Del/(lz. “'gl)

(SeYoy = #gy /Py DY)

‘(Wc/Si)l =0,
'I'il = 0.85 Tgl
V'gl =0.75 Vrl
Vip1 =025V,
T2 =0

A;ql2 =0

E =0,

(D27)

(D28)

(D29)

" (D30)

(D31)
(D32)
(D33)
(D34)
(D35)

(D36)

(D37)
(D38)
(D39)
(D40)
(D41)
(D42)

(D43)

(D44)

(D45)

(D46)
(D47)

(D48)
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Til(R) = Til + 459.69

+(K) = 5. T (R)/9.

Call SATP (T, |, p_. ) :

Call VISLIQ (T, . K.y

hfgcl = hgcl-hfcl
(Ré)Ll. = 3600. Py, v’Ll DLl/(lZ. ‘”’Ll)

If ('(Re)Ll - 12,500.) D53, D53, D54

b, = 1.86 (2. kLADLl) (Re), | (Pr); , “‘Ll"“cg)
go to:7)55

‘ . 0.8 ... 0.4
hLi = 0.023:(12. kL/DLl) (Rv,)Ll (1?’1')1‘l

(Re)'rgl = 3600, pgl v'gl pel/(lz. “gr)

Call GASP3 (T, (K), O_ . @ , o, &, (€/k) , (¢/k) ., W__, W,
Py Pyjyr Hgin)
If ((Re)rgl - 9000.) D56, D56, D57
. 1/3 ,_ . 1/3 0.14
by, = 1.86 (12. kgllDel.) (Re)rgl (Pr)gl (“31"“,311)
go to D58
_ \ 0.8 1/3 0.14
hGl = 0.027 (12. kgl-/Del) (Re)rgl (Pr)gl (ugllugil)
(K. P ) =h_ (p D [k )(Sc) /(Pr) )}/3
G nc'l Gl gl 1" gl gl gl
T =3600. (w_/S), V'gllg'
1/2
0.2 0.2
(Re) 2, 7 (Re) -3
v | P L | oy 2,0 m T

L1~ oy | TRe) ) 8L (0.046) 3600.% p_

B o i R o JUS—— G e e - e o o i S

(D49)

(D50)

(D51)

(D52)

(D53)

(D54)

(D55)

(D56)

(D57)

(D58)

(D59)

(D60)

s
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v'gl. = I VoV I (D61)
X  P,-P_.
P = Vi1 "?1_- (D62}
PrPvil
14,. 696 in —T—_
P1-%u1Py
Ke1 = &g " P /Pcr _ (D63}
(wc/Si)l = G1 (lepl-pvil)/14. 696 ) (D64)
vglz_vm; '
(9./5;); =k (Tg-l'Ti1)+(wclsi)1(hfgc1+CpL(Ti1'TL1’) T OJ ) (D65)
(9 /80y =k ) (T;1-Ty ) - (Déé)
Aq; =(q, /S)), - (qg/Si)1 (D67)
Tin =Tz (Dé8)
Aq;, = 4Aq;, (D69)

If (E-50.) D70, D70, D78

2 B -T 1 - \ a
If{ |(T,,-T,,,)/T;, | -€,) D78, D78, D71 (D70)
T2 = Ty _ {DT1)
Ag,, =4Aq, (D72)
E=E+ 1, (D73)

If (E-3.) D74, D75, D75

= s Aa. 2 h
Tiy = Tigp = A3, (25 ) (D74)
goto D76
=T - . . -
Ty =T389y - TiaAe,) [ Agy, Aq))) (D75)
Py Ty
T.=T  -0.1 (D77)

117 gl
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go to D49

AT, = 'r'gl. -Ty, (D78)
U, =(q, /S),/AT, (D79)

At this point we have calculated all variables at state 1. ‘We now

commence our-:calculations for the first =tate 2.

D._.=D (D80)

g2 gl
D =D D81
¢ = Dq1 (D81)
STATE = STATE + 1. (D82y
AT =c, AT D83}
g 1 g (

If (ATg-cz) D85, D84, D84

A’I‘g =€, (D84)
irgz = Tgl-ATg _ (D85}
If (ng"TLl"s) D86, D87, D87

ng = Tl",;;‘l + (:6 (D86)
ng(R) = ng + 459. 69 (D87)
ng(x) = 5. ng/9. (D88)
Call SATP (ng, P,,)

P, =P, (D89)
X, =P,/P, (D%0)
If (X _,-X_,) D91, D91, D92

ng = ng - 1. (D91)
go to D87

V.. = (D92)

L2 L1
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gz gl
' =V

v L2 v 3 |
1 = !

v g2 V)g»l

W IS))y = W IS, - 2.

X w_ W
w = v2 nec v
vz~ 1.-X ( W )\
v2 mc

W2 = ¥net Vo2

Cpg1 Tg1 Tga) ¥ %oy,

hfgf 1#Cpy (T

Til))

CPL (w

E =0,

TiZ(R)L‘: Ti + 459. 69

2
Ti;(x) =5, TiZ(R)/9.

Sense Light 1

Pnc2< = pZ_pVZ

XvZ = va/PZ
If (X .-X _) D233, D233, D109
vl w2

w
. V2 nc v
vz TTX ( W )
v2 nc

"Lt Ve

(D93)
(D94)
(D95)

(D96)
(D97)
(D98)
(D99)
(D100)

(D101)
(D102)
(D103)
(D104)
(D105)

(D106)

(D107)

(D108)

(D109)

(D110)
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Ry

e g e

B

H4

™z =¥ " Vg2 (DE11),
Wee © v"vo - wyZ : (D112)
LIPEE
If { — - ¢€)) D113, D233, D233
w 3
vo
Rgz = 1545.45/((1. -,“.sz)j wnc + sz Wv) (D113)
. - - ) '
Call GASP (TgZ(K)' LAPEI APQ fwnc' Wv, R!', C.ng' ng)
- 1/2

Call GASP1 (T _(K), O , 0, @& t* (¢/k) , (e/k) , W , W,
g2 nc v v nc nc v

Py Xyt Ogar D'pr Hypr Bpcor Y
Call GASP2 (p,, X ,, W__, W , R, ';sgz(R), Tg’z(K)' Bocar Hop!

S'nc’ S'v’ a“_gZ’ ng’ lf'gz’ Gng' Cpn'c?.’ vaZ)'
(Pr)g,z = Cng B / kgz (D115).
oh = cPvl 'rg ((R) - vaz ng(R) (D116)
(9., =W, &b A (D117)
oh = cp’ncl Tgl (R) - CpncZ TgZ(R) (D118)
(qnc)lz = ¥ne Ahnc (D119)
(SC)g?_ = “gz/‘pgzD'z) (D120)
Call SATT (p,, ng, LY

Call SATP (T, P_.,)

Al )
Call SATHFG (Tiz,, Poiz’ hgcz, hfcz)

Call SATLQV (Tiz, vcz)

Call VISLIQ (Ti2 :;.:.CZ)

Py = 1. /vcz (D121)
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'hfgcz N hng o2
AT e =Ty * Ty - Ty - T)2.

oh = (val. + 'vaz) Ai'gc/z.
Kf,g;c = (he o1 ¥ Bep )2

Ap = 144. (pl-pz)/(pLJ)

avg= ((vglz ) ngZQ) Nz.g J)
AV, = (VLIZ - VLzz)/(Z.goJ)'
Ang = (Vglz - VLZz) /\@,goJ)
Ai—cL =CoL (LL;_B'?: ' TLZ)
(A )15 =Wy (AR, + 4y )

(qnc)lz = ¥ne (Ahnc ¥ AVg)
(qc)lz = (wc)lz (hfgc ¥ Ahvc * Ath * Ang)
(ap)yp = vy +wey) AV

Qi = (9 1+ (@) + (a ), +(ap)y,

Q

12
T =T
L2~ "Ll CPL(WL+WC1)
- _'T‘
ATZ TgZ “L2
(T ,-T, )=(T _-T,.)
AT =—8l LI'""g2" L2
M Ta1 Ty
i (72 )
g2 L2
Call VISLIQ (T ., p,)
(Pr)yp = Cop Brafky,

(D122)

(D123)

(D124)

(D125)

(D126)

{D127)

(D128)

(D129)

{D130)
(D131)
(D132)
(D133)
(D134)

(D135)

(D136)

(D137)

(D138)

(D139)
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(w IS -tw IS,

w IS ) =
e /si)

T
" & s),
5; 012 = )y, = S)

L
ALZ-IM,( = ) / 3600.

P12 " vaz

1/2
= ¥c )
D ,=(4 ALZI( c,M
2,,
A,gz =" DgZ /4.) - A2

DL = (DLI + DLZ)IZ'

V . = 144, wgzl(36oo. pnggz)

g2
D, = 4. A ZI("’D +CZDL2))
v‘gZ = ng VL2,|
— 1/2
2 2
L = 12. 5,2 ) Dr2-Pry
12 . D D, 2.
2 2.

V =(V +V _)/2.
g (gl gZ)

X = 1
vg-(v' l+V z)/""

V. = (V
VL ( L1+VL2) 2.

(Re) , = 3600. P2V g2Pea! (12: Bp)

(R(_:)rgz = 3600. Epg?_ \'A Dezl(lz. “gz)

g2
Call FORCE (DL’ Dg, LIZ’ Vg, V'g, (Sic)IZ’

!
rg2’ pgl’ ng' g Fi' F'wt)

= v
F_= 3600, (wc)lzv g/g'

(Re) . (Re) ;.

(D149)

(D141)
(D142)

(D143)
(D144)
(D145)
(D146)
(D147)

(D148)

(Di49)y

(D150)
(0151)
(D152)
(D153)

(D154)

(D155)
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F'_ =3600. (w ), (V' | + V'  )/(2.g) (D156)
If (vg-vL) D157, D160, D160
F. = -F, (D157)
1 1
F =-F (D158)
m m
Fl = .F!? (D159)
m m i
F=F +F, (D160)
m 1
T= | F/(S, ), (D161)
T =3600. (w_/S)), Vi /g’ (D162)
(Re)  , = 3600. p, V' , D ,/(12.p ) (D1632)
‘ Pytp,
- 1 ! ] P : B
_ (PyAL 1 -PyA ] ,)E #3600, (wy 4w IV, +g'(FHF' | )——=(A  -A g
L2~ - ' 3800, (w, +w_,) ‘
¢ (D164)
= | - 53
Vo= | Ve Viz (D165}
— 1/2
0.2 0.2
p., [ (Re) 2. T_(Re) , ‘g
v, = 82 (—R—Jlﬁ— v Zz+ m 12 > (D166)
Py, rg2 g (0.046) 3600.°p
V'gz =V, -V, | (D167)
3600. (w .V _-w _V _)-g"(F+F_ )
p, =p, + Jﬁ KL1+A 2) 22 w (D168)
g1 g2l e
If (Sense Light 1) D107, D169
c ,0, W
Call GASP3 (T, (K), 0, O , @, t*, (flk)v, (c/k)nc, W oo W
Pye Pyip' Hgip) (D169)

If ((Re)rg2-9000.’) D170, D170, D171
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0.14

G2. )

go to D172

_ ) 1/3 1/3 .
h__ =186 (lz'kgzlnez’ (Re)r;z (Pr)‘z (g Iuglz

o ; 0.8 1/3
th = 0.027 (lZ.ngIDez; (Re)r g2 (Pr) g2 (u lu

0.14

glz)

1/3

If ((Re)LZ-lZ, 500.) D173, D173, D174

1/3 1/3 0.14

b, =1.86(12.k /D ) (Re) "'~ (Pr) "~ (uy,/p )

go to D175

h__ =0.023 (17,.1: /D 0.4

.8
L2 (Pr); ,

0
L2} (Re);,

P! 2=
ne *’z‘ vi2 )

= - P !
Koo = (Kg " P! )L, IP'

(wc/Si)Z = KGZ (sz P,-P )ll4 696

2

V., -V

(D170)

(D171)

(D172)

(D173)

(D174)

(D175)

(D176)

(DY77)

2

2 "Lz
(q IS)), =h, ng -T, 1w _/S)) ( fge o2t L(Tiz'TLz)” —%‘?—)(mn)

(ap /S;); =hy 5 (Tip-T1 )
Aq, =(q; /S), - (qg/Si)Z
Ti21 = Tizz
A%y =49,
If (E-50.) D183, D183, D191
(T,,-T.,,)/T,, | -€,) D191, D184, D184

T2 =752

Adp, =49,

(D179)
(D180)
(D181)

(D182)

(D183)
(D184)

(D185)
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E=E+ 1.

If {(E-2.) D187, D188, D188
T2 = Ti22789,,
go to D189

/@2.b ,)

T, = (T;5,84,,-T;,,49,,)/(49,,-Aq,,)
If (ng

T = ?gz’o' 1

go to D105
U2 = (qLISi)ZIATZ

-Tiz) D190, D190, D105

A(wc Isi) 1 (wc Isi)Z

In ( (wclsi)l )
(wc /Si)z :

(_WCTSi) =

811 = )1/ W IS

U =Q,,/(5);, 8T\

2 2
L. = 12. (54, D;2PL1
12 D, ,+D | 2.

e —— 2

2 2.

L,=L+Lp,
W =W twollw,
¢ 2" vaIWgZ

bulk temperature ratio = ngl TLZ
phase velocity ratio = ng / VLZ
M, = nglcgz

52 =S 1 i)y,

Q2 =Q1+ le

(D186)

(D187)

(D188)
(D189)

(D190)

(D191)

(D192)

(D193)

(D194)

(D195)

(D196)
(D197)
(D198)
(D199)
(D200)
(D201)
(D202)

(D203)

o
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fcllowing tests, the calculation is comiplete; if not, we reset several

variables to establish state 1 as the beginning of the next mixing section

e U

We have now finished calculations for state 2. If we satisfy the

interval and recalculate state 2.

if (IgZ-TLz) D233, D233, D204
If (w -w _)D233, D233, D205
vo c2

If “gz‘TLz“ ¢) D233, D233, D206

hfgcl = hfgcz

P =P,

(W /8), = w.15)),

wvl = va

(R)

70

(D204)
(D205)
(D206)
(D207)
(D208)
(D209)

(D210)

(D211)

(D212)
(D213)
(D214)
(D215)
(D216)
(D217)
(D218)
(D219)
(D220)

(D221)
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(Re) , = uiex.:
(Re)_, = Re),_,

A=A

go to D82

read in data for next case

(D222)

(D223)

(D224)

(D225)

(D226)
(D227)
(D228)
(D229)

(D230)

(D231)

(D232)

(D233)

e ¢ et i et ey M Y it i < S
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. APPENDIX E
DERIVATION OF SOME BASIC CONSERVATICN EQUATIONS

Continuity Equations:

In our mixing section analyses we assume that two flows enter the

ejector. The secondary or liquid stream, w. , and the primary or gas

L
stream, wgo’ which may consist of a condensable vapor, W OoTa mix-
ture of condensable vapor, w__, and a noncondensable gas, w_ . The
noncondensable flow rate, w o remains constant throughout the mixing
process, whereas the vapor flow rate generally decreases because of
condensation. That portion of the vapor which condenses ie defined as
W The total amount of condensed vapor at state 1 is defined as w1 and
the vapor which condenses between any two states 1 and 2, as (wc)lz.

Thus, at state 1 we define the liquid flow

w1 ---wL-chl S (E1)

and the gas flow

wgl =W + LA (E2)

At state 2 the liquid flow becomes

Wi, ® le + (Wc)12 (E3)
and the gas flow

Wez = Va1 - Wy | (E4)
Also, the total condensed vapor at state 2 is

Ye2 Vet Wl {ES)

For the present mixing section analyses, multipie liquid jets may
be assumed. In this case we distribute the liquid flow evenly between the
jets and assume that condensation occurs equally on each jet at any given
state, If we let ¢, -equal the number oiliquid jets, then the liquid jet

2
diameter becomes at state 1

S
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ij2
ELI = (E6)
‘where the total flow area for iiquid, A is
PO N M E7)
L1 36080 1 ppVer  PaVir
The flow area for the gas mixture is
' 144. Vgl
A & = (E8)
gl 3600. pg lvgl
-and the diameter of the mixing section becomes
4. (a_s+a )\ 12
D = 1 L") (E9)
gl m ))
Thus, for any given state in the mixing section, we define the total flow
area as being
A= 10)%
A=Ay A (E19)

Momentum Equations, Constant Pressure Mixing:

With reference to Figure 27a, the consexvation of linear momentum

for the liquid jet control volume yields

o +3600.‘~”L1VL1+F+F B oo A +3600.\1‘11_“21\1"2+xpl~l~p2 A
Pt g i m T om P27L2 g 2.

Apa)

(E1i)

L1

where we assume a linear pressure variation in-the mixing secticn and have
neglected any angle effects on the force along the sides of the control volume.
From Figure 2'7b the conservation of linear momentum for the gas

mixture control volume yields

3600.w .V P,tP 3600.w V
gl gl *172 ) - g2 g2
plAgl + O + 5 (ALI ALZ) ~p2Ag2+ 7 + Fw+Fi+Fm+

i |
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Referring to Figure 28, the total relative velocity between the bulk

gas mixture and the bulk liquid stream, v is
Vr = Vg-VL (E13)

also,

=V '
v v’g-:»vL - (E14)

where V'g is the relative velocity between the bulk gas mixture and the

liquid jet surface, or phase interface, and V'L is the relative velocity

between the phass interface and the bulk liquid jet. To calculate the rela-

L at any state, we proceed as follows. From

shear stress at the phase interface we get

tive velocities V'z and V'

T T =T ~ {E15)

where Tm is shear stress due to momentum exchange across the interface
and Tg and T_ are shear stresses due to friction at the interface.

L
Since

T = (E 16)

and from Reference 20

(t) oV 2 3600, 2 |
T 5 (E17)
2. .2
1
L)y ey 3600, -
L~ 2.g'

where the Fanning friction factors, (fi)g and (fi)L are ‘calculated from
equation E33 (streamline flow) and equation E35 (turbulent flow), and

the Reynolds numbers are

B —
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pVvV'D
(Re)r - 361020' . ( £ 8¢ ) (E19)
g - n _

to calculate (fi)g and

_ 3600, ( prV'LPL )

(Re), = (E20)
L 12. Ky, .
to calculate (fi)L, we may solve equations E15-E20 for V',L with the result
1/2
(fi) p 2 2. g"rm /
v | e (5E) v "3600.2 (=2l
\ 'i'L L (fi)l,- pL 3600.
and from equation E14
) - Y4 [y
\'A ¢ V.-V (E22)

Having determined the relative velocities V'  and V'g, we may now calculate

L
the following resultant shear forces from,

momentum exchange from the bulk gas mixture to the phase interface
= A 1
Fm 3600. (wc)12 v g/g (E23)
momentum exchange from the phase interface to the liquid jet
5 Y] = . —I ! E 4
F m 3600 (wc)lz A L/g (E24)

wall friction

T —éng 3600. %
Fo = 2. g’ etz (E25)
and phase interface friction
o v % 3600.% |
Fy = 2.¢g' 512 (E26)

Equations E25 and E26 are approximations of the friction forces in the

x-direction given by

B
®
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-
n

* 2
' j T DdLcos B
w | w g

and

2
F. =f #T.D_dLcos Y
i 1 1 L

where we have assumed steady, one-dimensional flow, and uniform pres-
sure across sections 1 and 2. For purposes of the present calculations
we 'also assume that the half-angles, B and ¥, are small. Thus, we may

rewrite equations E27 and E28 as

aT
Fw = w (Sw) 12

and
FoeT ),
In accordance with McAdams (Reference 20) we define the shear stress as

2

£ p vZ 3600,
T=—+ -
2.g'

and we estimate friction fictors (Reference 20) as follows:
streamline flow: (Re =1000)

fw = 16. /(Re)g
£ = 16. /(Re)

turbulent flow: (Re > 1000.)

{f =0.0014 + (0. 125/(Re) 0032\
w g

£ =0,.0014 - (0. 125/(Re) 0'32)
i Tg

The mixing section wall friction factor is based on the bulk gas mixture

Reynolds number

p,V_D,_ 3600,
(Re) =-EE
g 12.p

(E27)

(E28)

(E29)

(E30)

(E31)

(E32)

(E33)

(E34)

(E35)

(E36)

e e R
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In the constant pressure mixing section andiyses for Analytical

Models I and Ila, where from constant pressure
P=P; =P,
we can solve equation E11 for the liquid jet veflocﬁy

3 v ! .
. . 3600. wy \V  +g'(F +F +F' )
L2 3600. WLZ

and cémbin,ing equations E10 and E12 we can solve for the bulk gas mix-

ture velocity

3600 w .V _-g'(F_+F.+F )
v = gl gl m 1 w
g2 3600. ng‘

In the constant pressure mixing section analysis for Analytical

Model IIb where we have simplified the relative velocity to the expression

in equation E13, equation E38 becomes

: 1
v - 3600. lele +g (Fm +"Fi)
L2 3600. W,

and the shear forces, Fm and Fi’ are evaluated as follows:

Fm = 3600. (Wc)z12 Vr/g'
EA Eg V_ 3600, 2
F, = 2. g' 512

where the average friction factor, fi’ is evaluated on the basis of the

Reynolds number, (Re)rg, given by equation E36 and redefined as

p
(Re), =-£

~{E37)

(E38)

(E39)

(E40)

(E41)

(E42)

(E43)
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Momentum Equations, Constant Area Mixing:
In the mix:ng section analysis for Analytical Model III where we

assume that the mixing section remaing at constant area

Ai = Az ) (E44)
we solve equation E11 for the liquid jet velocity

= (pA_ _- ' '
VLZ [g (pl.?L L1 pZAL2)+3600.wL1VLl+g (It m+F i+F m)

PP, .

and the bulk gas mixture velocity from equation E11

_ 144, Vg A
vg ~ 3600. ( pgAé ) (E46)

and tha total static pressure in-the mixing section from: equations E12 and. -

E44

3600. {w IY v 222)‘-? (F_m+Fi+Fw‘y

, (ALI-ALZ . A )
&€ \7T=Z. g2/

The resultant shear forces, F , F' , F and F, are evaluated from
m m ~w i ‘

P, =p,t (E47)

equations' E23, D24, E25 and E26 respectively.

Energy Equations:

The steady flow energy equation for the control volume represented
by Figure 29 may be written as

2 2 2
Vgl Vi1 g2
Wl (hgl+2.g0J) WL (hL1+2.g J) =V (hgz+z.g.oJ) ¥

V»2

L2
VL2 (hL2+2.g()‘J ) (E48)
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Since from equations E4 and E3,
wg 1= ng + (wc) 12
and

Y2 %1t g,

by combining equations E48, E49, and E3 we rewrite the energy equation

as

RY (hvl-hLZ'F 2.5 3

2 2
Vi1 Vi )- 0

YL ( 8 AN AR AP

As suming that -

| 144,
- T ~ e -
Pz & G U T Y g7 Py

and substituting equation E51 into E50 and so'ving for T_ _, our energy

L2
equation now becomes

Ll L2 | 144,

Py,

(E49)

(E3)

(E50)

(E51)

. gl Lz .
(hvl by ot 27 il 77 toT (PR
\ 80 80

Now for the mixing section interval in Figure 29 we define the following

individual heat transfer rates.

(E52)
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(qnc)lz’ the heat t ransfer rate from the noncondensable
‘ v lz_v Z.Z
(qnc)'lz = ¥nc Cpncngl(R)-CpncZTgi(R) * z2.gJ (ES3)
o

(qv)lz, the heat transfer rate from the vapor which does not condense

2, 2

, v v
{ =W _ -C. - -8 Bc 4
19012 =¥z | ConTgiR)-Cpip TR + g3t | (E34)

(q;)lz, thé heat transfer rate from the vapor which condenses

(C_ .+C
_ __pvl "pvZ'
(qc)lz - (wc)lz B

MT 1 T2 Tin il P (T f,hfl('riz)

2 2
T. +T vV -V
il " i2 gl Lz :
—_ . T. E55
+ch( Z. TLZ) YTz (ES5)
(qL)lZ’ the heat transfer rate from the liquid jet
2 2
v -V
L1 L2 | 144
@ )12 =% | —z.g7 ‘o7 (P17P) (E56)
o L
and the total heat transfer rate for the interval 1-2 as
Q2 =iz + ()1 + Ay * (A, (£57)
Substituting equation E57 into equation E52 yields
Q
12
T, ,=T , +——s— (E58)
L2 Ll leCpL

For the constant pressure mixing section analyses, Analytical Models

I, IIa, and IIb the pressure term in equation E56 drops out to yield

ol P, - -
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gy =¥ z g, 7 (E59)

For Analytical Model I where w w e = 0., equation E53 is deleted and

equation E57 becomes

Q2= @)+ @y + )y, o (E60)

Mo v
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APPENDIX F

SOURCES GF DATA AND: CORRELATIONS

- e

Sources of data for property calculations and of corrziations for heat
and mass transfer calculatione used in the mixing section analyses are given

below.

" Property Calculation Parameters:
A. Water Vapor{\ |
1. Lennard-Jones force constants
a. molecular potential well depth, ‘((/k)v’ 35.6. K
b. molecular collision diameter, Uv, 2.649 A
Table 8-2, p. 270, Reference 24,
c. measure of molecular polarity, t¥, 1.2

Table 3,10-1, p. 214, Reference 23.

2. Sutherland constant, S'v, 559.74 K

equation 7-19, Reference 24.

B. Carbon Dioxide Gas
1. Lennard-Jones force constants
a. molecular potential well depth, (€ Ik)nc, 213. K
b. molecular collision diameter, anc’ 3.996 A
Table I-A, p. k111, Reference 23,
c. molecular polarizability, @, 0.265 x 10723

Table 13.2 - 3, p. 950, Reference 23. ;

2. Sutherland constant, ' , 233. K
equation 7-19, Reference 24 (revised to agree with available

visccaity data),
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Fanning Friction Factors:

”M_iﬁxing gection v;/all and phase interface fg;:_ction are both estimated
from correlations for fluid friction in pipes based on isothermal fluid
flow. '
A. Streamline flow, Re < 1000.

f = 16. [Re ‘ (F1)

equation 3,46, Reference 19

equation 6-5a, Reference 20
B. Turbulent flow, Re > 1000. (Smooth wall)

0.125

ReV- 32

f=0.0014 + (F2)

equation 3, 47e, Reference 19

equation 6.8, Reference 20

For purposes of 'the mixing section caiculations, a smooth transition

from streamline to turbulent flow was assumed at Re = 1000.

Heat Transfer Correlations:

A. Annular gas stream

l. Streamline flow, (Re‘)rg = 9000.

12.k

il .
_&) (Re) 1/3 (Pr) 1/3 (__g_) 0.14 (F3)
De rg g g

hG'-: 1.86(

equation 6.1, Reference 19

equation 9-28a, Reference 20
2, Turbulent flow (Re)rg> 9000,
0.14

m
( _E_) (F4)
Ilgi

12. k

' 0.8
hg, = 0.027 (—5;3-) (Re) .~ (Pr)

1/3




R [ TR, o e e = e = v e et e o n o e e s e b

84

equation 6.3, Reference 19

B. Liquid Jet

1. Streamline flow, (Re) <12, 500.

0.14

TR () (F6)
C

12. k

h, =1.86 ( L ):(Re)-

1/3

equation 6.1, Reference 19

equation: 9-28a, Reference-20

2. Turbulent flow, (Ré‘“)-L> 12,'500.

12.k
[

L.
h, =0.023
L \ D’L

) ®e) " on)* (F7)
equation 9-10a, -‘Reference 20

It has been assumed for these calculations that the heat transfer

coefficients, hG and hL

L/D appearing in the correlations given'by the references. Also, to suit

, for streamline flow are independent of the term
the calculations, the transition points from streamline to turbulent flow
are taken as (Re)rg = 9000. for the gas stream and (Re); =12,500. for

the liquid jet,

Mass Transfer (Correlation:

p D! (Scj. | 173
(KG‘ : P'nc) = hG (-—Lkg ) '(—ﬁ-;)g (F8)

equation 13,29, Reference 19.
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APPENDIX G

IDENTIFICATION OF SUBROUTINES USED IN
" COMPUTATIONAL PROCEDURES ‘

—

Several Fortran subroutines used in the computer calculations and which
appear in the computational procedures of Appendices B, C and D are des-

cribed briefly below.

SATP:

Des‘éi'iptioxx - steamn and water property calcufation tci determine
saturation pressure corresponding to a given temperature.

Input - temperature, T _ F

Output - pressure, p psia

Limits - pressure is given by equations 11 and 12 of the reference.

Reference - Reference 21.

SATT:

Description - steamm and water property calculation to determine

saturation temperature corresponding to a given pressure.

Input - pressure, p psia
estimated tempeArature, T F
Out - t y T F
utput - temperature sat

Limits - trial and error calculation with pressure given by

equations 11 and 12 of the reference. Specified accuracy for solution
P, P
2-71

derived from two consecutive calculations is < 0,.0001;

Py
Reference - Reference 21.

VAPTP:
Description - steam and water property calculation to determine
enthalpy, entropy, and specific volume of vapor at a given temperature

and pressure,

|
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input - temperature, T F

pressure, p - psia
Output - enthalpy, hg | Btu/ltm
entropy, sg B;u/lb’m-F
specific volume; vg ft /1bm

Limits. - specific volume, enthalpy, and entropy are given by
equations 13, 14 and 16A. of the reference.

Reference - Reference 21.

SATLQ:

Description - steam and water property calculation to determine

enthalpy, éntropy, and specific volume of saturated liquid at a given

temperature.
Input - temperature, T F
Output - enthalpy, hf ' Btu/lbm
entropy, 8¢ Btu/lbm-F
‘specific volume, v ft3 /1bm

f
Limits - enthalpy and entropy are polynomial approximations based

on the tabulated values of the reference between the temperature limits

50-350 F. Specific volume is given by equation i8 of the reference.

Reference - Reference 21.

SATHFG:

Description - steam and water property calculation to determine

saturated vapor enthalpy and saturated liquid enthalpy at a given saturated

temperature and pressure condition,

Input - temperature, T F
pressure, p psia
Output - vapor enthalpy, hg Btu/lbm

liquid enthalpy, h Btu/lbm

f

b e ke ettt i
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Limits - liquid enthalpy is a polynomial approximation based on the
tabular values of the reference -between the temperature limits 50-350 F.
Vapor enthalpy is given by equation 14 of the reference.

Reference - Reference 21.

SATLQV:

Description - steam and water property calculation to determine
specific volume of saturated liquid at a given temperature.

Input - temperature, T F
£ /1bm

Output - specific volume, Ve

Limits - specific volume is given by equation 18 of the reference.

Reference ~ Reference 21.

SUPHTI:

Description - steam and water property calculation to determine a

superheated vapor temperature at a given pressure and vapor entropy.

Inpyt - temperature, T (estimated) F
pressure, p psia
entropy, sg Btu/lbm-F

Output - temperature, T F

Limits - trial and error calculation with entropy given.by equation
16A of reference. Specified accuracy for solution derived from two.

consecutive calculation is sz-sl

81-

< 0.0001,

Reference - Reference 21,

SUPHT?2:

Description - steam and water property calculation to determine a

superheated vapor temperature at a given pressure and vapor eathalpy.
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Input - temperature, T (estimated} F

pressure, p ) psia
enthalpy, hg Btu/lbm
Output - témperatux;e, T F

Limits - trial and error calculation with enthalpy given by equation 14
of reference. Specified accuracy for solution derived from two consecutive

calculations .is hz -hl

!

<0.0001.

Reference - Reference 21.

VISLIQ:

i)escription - calculation to determine viscosity of water at a given
temperature,

Input - temperature, T F

Oatput, viscoeity, - 1bm/hr-ft

Hy,
Limits - tabular values from 22 tc:212 F and equation are given on
P. 374 of referernce,

Reference - Reference 22.

VAP:

Description -~ calculation to determine density viscosity, ratio of specific

heats, and specific heat at constant pressure of water vapor at a given temp-

erature and pressure,

Input - temperature, T F
temperature, T K
pressure; p psia
molecular potential well depth,
(€/k) K
v
molecular weight, W _ lbm/lbm-mole

molecular collision dia- )
meter, 0’v A

universal gas constant, R! Btu/lbm-mole-R

e e % s e s o
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Output - density, pg, 1bm/ ft3
viscosity, p.-g 1bm/hr-ft
ratio of specific heats, K

specific heat at constant
pressure, -G Btu/lbm-R

Limits - specific volun;l;gis given by equation 13 :0of Reference 21.
Sp(é'cific heat at constant pressure is given by Table 170, p. 220 of Ref-
erence 22 for the temperature range 300-2500 K. Viscosity is given by
equation 8.2-18 of Reference 23. Collision integrals are approximated -
from Table I-M of Reference 23.

References - specific volume, Reference 21

specific heat at constant pressure, Reference 22

viscosity, Reference 23,

GASP:

Description - calculation to determine specific heat at constant pres-
sure and ratio of specific heats of a carbon dioxide gas and:water vapor
mixture at a given temperature and known flow rates.

Input - temperature, T K

noncondensable flow rate, LA lbm/hr

condensable flow rate, v, l1bm/hr
noncondensable molecular

weight, W__ lbm/lbm-mole
condensable molecular

weight, Wv lbm/lbm-mole
universal gas constant, R But/lbm-mole-R

Output - specific heat at constant pressure of the gas
mixture, C Btu/lbm-R:
Pg

ratio of specific heats of the
gas mixture, K

Limits - specific heat at constant pressure of carbon dioxide gas and
water vapor given by Table 170, p. 220 of the reference. Temperature
range for gas is 273-1200 K. and for the vapor is 300-2500 K.

Reference - Reference 22.

) e s A
. .

o e e o -
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~ ’GASPI: . -
~ Description - gas and vapor mixture property calculation to determine
gas mixture molecular collision diameter, binary diffusion coefficient,
__ﬂc;_gnd’ex_xsable viscosity, noncondensable viscosity; and gas mixture viscosity

for a given temperature and condensabie mole fraction.

Input - temperatufé, T . A K

noncondensable molecular collision
diameter, O ' A
nc

condensable molecular collision
diameter, Qv A

- . . property calculation parameter, o
property calculation parameter, t*

cordensable molecular potential

) wéell depth, (t/k)v L - K
noncondensable molecular potential
well depth, .(elk)nc K
noncondensable molecular weight, wnc 1bm/lbm-mole
condensable molecular weight, Wv lbm/lbm-mole
pressure, p psia

coridensable mole fraction,. Xv

Output - gas mixture molecular collision

diameter, og ' .;\2
binary diffusion coefficient, D! ft~ /hr
condensable viscosity, u_ lbm/hr-ft
noncondensable viscosity, 4 lbm/hr-ft
gas mixture viscosity, “’g Ibm/hr-ft

Limits - individual gas mixture component viscosities are given by
equation 8.2-18 of Reference 23. Gas mixture viscosity is given by
equation 8.2-30 of Reference 23, The binary diffusion coefficient is
given by equation 8.2-44 of Reference 23. Molecular collision dia-
meter and molecular potential well depth of the mixturz are given by
equations 8.6-3, 8.6-4 and 8,6-5 of Reference 23. Collision integrals
are approximated from Table I-M of Reference 23.

Reference - Reference 23,
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GASP2:

ADescripti‘on - carbon dioxide gas and water vapor iﬁixture property
calculation to determine density, thermal conductivity and specific heat _
at constant pressure for the ggs‘mixture, noncondensable specific heat
at constant pressure, and condensable specific heat at constant ';ressure
for a given temperature, pressure, and condensable mole fraction. .

Input - pressure, p | psia

condensable mole fraction, Xv

noncondensable molecular weight, Wnc lbm/lbm-mole

condensable molecular weight, W 1bm/lbm-mole
universal gas constant, R’ Btu/lbm-mole-R
temperature, T R

temperature, T K

noncondensable viscosity, u__ Ibm/hr-ft
condensable viscosity, u_ 1bm/hr-ft _

noncondensable Sutherland constant,S 'ncK
condensable Sutherland constant, S'V K

gas mixture molecular collision
diameter, U‘g : A

Output - gas: mixture density, p~g ~1bm/ft3
gas mixture thermal conductivity,kg Btu/hr-ft-F

gas mixture specific heat at constant

pressure, Cpg Btu/lbm-R
noncondensable specific heat at /
constant pressure, C Btu/lbm-R
pnc
condensable specific heat at constant
pressure, va Btu/lbm-R

Limits - specific heat at constant pressure of carbon dioxide gas and
water vapor given by Table 170, p. 220 of Reference 23. Temperature"
range for gas is 273-1200 K, and for the vapor is 300-2500 K, Thermal
conductivity 6f binary mixture is given by equation 7-1;1 of Reference 24,

References - specific heat at constant pressure, Reference 23,

1as mixture thermal conductivity, Reference 24,

N S
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GASP3:
Description - gas and ‘vapo‘rq mixture property .calculation to determine
viscosity of mixture at a given temperature and condensable mole fraction.
Input - temperature, T K

noncondensable molecular collision
diameter, O A
nc

condensable molecular collision
diameter, Qv — - A
property calculation parameter, «
- " property calculation parameter, -t¥

condensable molecular potential well

depth, (€ /k)v K
noncondgnsable molecular potential

well depth,(€ /k)nc K
noncondensable molecular weight,wnc Ibm/lbm-mole
condensable molecular weight, Wv 1bm/lbm-mole.
total static pressure, p psia
partial pressure of vapor, P, psia

Output - gas mixture visco#zity, p,g‘ lbm/hr-ft

Limits - individual gas mixture component viscosities are given by
equation 8,2-18 of Reference 23. Gas mixture viscosity is given by
equation 8.2-30 of Reference 23. The binary diffusion coefficient is given
by equation 8. 2-44 of Reference 23. Molecular collision diameter and
molecular potential well depth of the mixture are given by equations 8, 6-3
8.6-4 and 8. 6-5 of Reference 23. Collision integrals are approximated
from Table I-M of Reference 23,

Reference - Reference 23.

GASP4:
Description - Calculation to determine viscosity of vapor at a given

temperature,
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Input - temperature, T K
condensable molecular collision -
diameter, Uv A
condensable molecular potential -~ -
well depth, (€ Ik)v K
condensable molecular weight, Wv . 1bm/Ibm-mole
Output - viscosity, K, lbm/hr-ft

Limits - viscosity is- given by equation 8.2-18 of Reference 23. Collision
integrals are approximated from Table I-M of Reference 23.

Reference - Reference 23.

FORCE:
Description - calculation to determine phase interface resultant friction
force and mixing section wall resultant friction force for a given mixing sec-

tion and liquid jet geomeétry and known Reynolds numbers.

Input - average liquid jet diameter,, DL in.
average mixing section diameter, D in.
mixing section length, le in.

+ average bulk liquid velocity, VL ft/sec
average bulk gas velocity, V ft/sec

+ average relative velocity, -\_f'g ftésec
liquid jet surface area, (Si)12 ft

bulk gas Reynolds number at
state 1, (Re)gl

bulk gas Reynolds number at
state 2, (Re)gz

+ For mixing section Anaiytic-al“ Models ], Ia and III the phase interface
friction shear stress is based on the relative velocity, V’g, and for Analytical

Model IIb it is based on the velocity (V‘g-_}?L)'.




94

Reynolds number of annular gas stream
at state 1, (Re)
) rgl

Reynolds number of annular gas stream
at state 2, (Re) .
: : rg2 .. 3
gas density at state 1, pg 1 1bm/ft
gas density at state 2, :pgz 1bm/ ft3

Output - phase interface resultant friction
= - force, F : ~1bf

mixing section wall resultant fric-
tion force, Fw S 1bf

querqpces ~ friction factors, fi and fw, from equations E32-E35,
Shear stress from equation E31. Shear forces from equations E29 and

E30. T
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FIGURE 1 - SCHEMATIC OF CONDENSING EJECTOR
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Liquid Jet Breakup Length, Lb(in)
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Mixing Section Temperatures, (F)
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Heat Transfer Coefficients, (Btu/hr-ftz-F)
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D wvelocity s

FIGURE 28 - ASSUMED VELOCITY PROFILE IN
MIXING SECTION
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FIGURE 28 - ASSUMED VELOCITY PROFILE IN
MIXING SECTION




S ha s B - s

10.

124

REFERENCES

"Two-Phase Two-Component Flow in an Ejecto;- with Condensation',
M.A. Rivas, Jr., ScD Thesis, Massachusetts Institute of Technology,
1954.

"Condensuctor for Deep Running Torpedo, Part I: -General Anziysis
and Calculated Performance", J. Kaye, E.F. Kurtz, Jr., S. W,
Gouse, Jr., Report N-2, October 1, 1956, Joseph Kaye & Companv,
Inc., Cambridge, Mass.

"An Analysis of NUOS Condensuctor Test Data with a New Theory for
the Variable Area Condensuctor'; G.A. Brown, Report 44, 1961,
Joseph Kaye & Company, Inc., Tambridge, Mass.

"Condensuctor, A Back Pressure Reduction Device" (Confidential),
G.A. Brown, J. Sirmalis, Annual Meeting, ARS, November, 1962;
Also TM 288, U. S. Naval Underwater Ordnance Station, Newport,
Rhode Island, December, 19c2.

""An Analytical and Experimental Investigation of a Condensing Ejector
with a Condensable Vapor", J. Miguel, G.A. Brown, AIAA Paper 64-
469, June, 1964, Washington, D. C.

"Diagnostic Analysis oi .he Diffusing Section of a Condensuctor",
S.W. Gouse, Jr., J.Leigh, TM 101-27, January, 1964, Joseph
Kaye & Company, Inc., Cambridge, Mass.

"Atomization and Spray Drying'', W.R. Marshall, Jr., Chemical
Engineering Progress Momograph Series, No. 2, Vol. 50, 1954,
Published by American Institute of Chemical Engineers.

"Theoretical and Experimental Study on Atomization of Liquid Drop
in High Speed Gas Stream', N.M. Isshiki, Report of Transportation
Technical Research Institute, Report No. 35, Published by the Unyu-
Gijutsu Kenkyujo Mejino, Toshima-Ku, Tokyo, Japan, July, 1959.

""The Atomization of Liquid Fuels', E,Giffen and A. Muraszew,
pp. 2-3, John Wiley & Sons, Inc., 1953.

"Nozzle Sprays in Air Streams', M. A, Weiss, C.H. Worsham,
Chemical Engineering Science {(Genie Chimique), Vol. 16, Nos. 1&2,
pp. 1-6, 1961,

A o m—

Jra——




- e ZETREEEC

mpai i RN b e

o e v ——

11.

12.

13.

14.

15,

16.

17.

18.

19.

20,

21.

22.

23,

24,

125

*Correlation of Experimental Data on the Disintegration of Liquid
Jets", C..C. Miesse, Ind. and Eng. Chemistry, Vol. 47, No. 9,
PpP- 1690-1701, September, 1955.

"Breakup of Liquid Jets by Transverse Shocks", G. Morrell,
8th Symposium (Interrnational) on Combustion, 1962.

‘'Mechanism of the Atcmization of Liquid", R.S. Castleman, Jr.,
Bureau of Standards, Journal of Research, Vol. 6, pp. 369-376, 1931.

"The Theory of Turbulent Jets", G.N. Abramovich, M.1L.T. Press,
Cambridge, Mass., 1963.

"Physiochemical Hydrodynamics', Veniamin G. Levich, Prentice
Hall, Inc., 1962.

"Investigation of Condensers Applicable to Space Power Systems,
Part II Jet Condensers'', Electro-Optical Systems, Inc., Pasadena,
California, Prepared for NASA, Contract NAS7-11, 1588-Final,

30 November 1962.

1Effect of a Noncondensable Gas on the Size of a Hull Tvpe Condenser
for Use in Underwater Ordnance,”" S. W. Gouse, Jr., Report 49,
Joseph Kaye & Company, Inc., Cambridge, Mass., January 12, 1963.

"Design of (.ooler Condensers for Mixtures of Vapors with Non-
condensing Gases', A.P. Colburn and O. A. Hougen, Industrial and
Engineering Chemistry, Vol. 26, No. 11, pp. 1178-1182, 1934,

"Process Heat Transfer", D.Q. Kern, McGraw-Hill Book Company,
1950.

"Heat Transmiss:on', W.H. McAdamyz, Third Edition, McGraw-
Hill Book Company, 1954.

"Thermodynamic Properties of Steam', J.H. Keenan and F.G. Keyes,
John Wiley & Sons, Inc., 1936,

"Chemical Engineer's Handbook!", J.H. Perry, Editor, McGraw-Hill
Book Company, 1956,

""Molecular Theory of Gases and Liquids", J.O. Hirshfelder, C.F.
Curtiss, and R.B. Bird, John Wiley & Sons, Inc., 1954.

"The Properties of Gases and Liquids', R.C. Reid and T.K. Sherwood,
McGraw-Hill Book Company, 1958,







