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PREFACE

This report was prepared as part of Task No. 3451.20 within the Ocean Sys-
tems Program at SERI. The objective of this task is to study analytically
the mist lift process, aiding the decision-making process of the Oc~an Sys-
tems Program Office. In this report, results from the work perfor w:ad in
FY79 and the first few months of FY80 are summarized. I thank Ben
Shelpuk and Dave Johnson for providing leadership and guidance in this
work. Lembit Lilleleht and Graham Wallis contributed greatly. Finally, I
appreciate the services of the computer centers of Dartmouth College and
SERI.
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“SUMMARY

OBJECTIVE

Develop an analytical understanding of the fluid mechanics of the mist lift process to
allow decisions to be made about its viability for Ocean Thermal Energy Conversion.

DISCUSSION

This report summarizes the progress made in the study of the mist lift process in FY79
and the beginning months of FY80. Models of a single drop-size mist and a mist com-
posed of many drop sizes have been developed. Results from both models are presented
and discussed, as well as directions for further work.

CONCLUSIONS AND RECOMMENDATIONS

Results from the single-group mist flow model indicate that the lift obtained by the mist
lift process is sensitive to the amount of temperature flashdown of the water at the in-
let. Maximum lift is predicted with a small amount of flashdown; small varlatlons in
inlet parameters greatly change the lift helght achieved.

Growth of droplets by collision and coalescence is substantial as predlcted by the multi-
group mist flow model. Because of this growth, the height achieved by the mist flow is
reduced substantially from the case of the single-group model. Maximum lift is realized
when a large amount of flashdown ocecurs at the inlet of the lift tube, producing enough
vapor to lift the drops while they are still small. As in the case of the single-group
model, small changes in inlet parameters greatly change the lift height predicted.
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SECTION 1.0
INTRODUCTION

The mist flow concept is a promising alternative to closed-cycle and other open-cyele
ocean thermal energy conversion (OTEC) concepts (Ridgway and' Hammond 1978). This
concept eliminates the heat exchanger losses of the closed cycle and the huge turbines of
the steam-based open cycle in favor of a single direct-contact condenser and a standard
hydraulic turbine. The major component of a mist flow OTEC plant is the mist lift tube,
which serves to convert the thermal energy of surface seawater into gravitational poten-
tial energy, which is transformed into useful work by the hydraulic turbine. The lifting
of the water against gravity is accomplished by the vertical flow of a mist of water drop-
lets and low pressure water vapor inside the evacuated lift tube. The mist is generated
by injecting warm water into the bottom of the lift tube as fine drops in a superheated
condition. The drops evaporate, and the vapor produced expands upwards to the top of
the tube, carrying the water drops along by viscous drag. At the top, cold water from
deep in the ocean is used to condense the flow of vapor, and the liquid drops are col-
lected.

Although the thermodynamies of the mist lift process are relatively straightforward and-
support the idea, the fluid mechanics of the flow are not well understood. An
understanding of the fluid mechanics of the mist lift process is necessary to assess its
viability and sensitivity to variations in the operating parameters. In parallel with the
experimental investigations of the mist flow process underway at UCLA (Charwat 1978),
the Solar Energy Research Institute (SERI) began an analytical investigation in FY79 to
learn more about the fluid mechanics of the process. The analytical work at SERI will
also be used to direct, extend, and explain the experimental results.

This report summarizes the progress of the analytical investigations carried out by SERI
in FY79 and the first part of FY80. Three models for the mist lift process were devel-
oped: two for a mist composed of a single size of drops, and one for a mist consisting of
groups of different sized drops. Results from the initial single-group model pointed out
the need for improvements and extension of the model that led to the development of the
multigroup model. The second single-group model is the degenerate case of a single
group of drops in the multigroup model. Section 2.0 discusses the two single-group mod-
els and Sec. 3.0 presents the status and results of the multigroup model. Conclusions are
given in Sec. 4.0. '
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SECTION 2.0

REVIEW OF SINGLE-GROUP MODELS AND RESULTS

2.1 SINGLE-GROUP MODEL DEVELOPED BY L. LILLELEHT

During the spring and early summer of 1979, SERI began its first analysis of the mist lift
process with a one-dimensional steady-state model of the lift tube developed by Lembit
Lilleleht of the University of Virginia (Lilleleht 1979). The process considered by this
model consists of the injection of warm water into the bottom of the lift tube in small
jets, the subsequent break-up of the water jets by Rayleigh instability into droplets, the
flashdown of the drops to a mist of drops and vapor, and the flow of this mist up the
tube. The major assumptions in this model, in addition to the one-dimensional and
steady-state assumptions, are:

o the drops are of uniform size and spherical;

thermal equilibrium exists between the drops and the vapor at each location in
the lift tube; ‘

e no interactions between drops (collisions or wake effects) are considered;
e the drops are carried at their terminal velocity with respect to the vapor; and
no wall effects are considered.

The inlet parameters. specified are the diameter of the droplets, lift tube shape, mass
flow rate of the liquid, water inlet temperature, condenser temperature, and tempera-
ture at the bottom of the lift tube. From the temperature at the bottom of the lift tube,
the corresponding saturation pressure and the amount of flashdown (temperature change
at the inlet) are determined. The number of drops formed at the inlet is calculated from
the mass flow rate and droplet size and remains constant. The mass flow rates of vapor
and liquid at the inlet are.calculated using the overall energy equation for the flow, and
from these values the void fraction and velocity of each phase is calculated at the inlet.
To advance the solution up the lift tube the pressure at the next step up the tube is first
estimated. From this estimate, the equilibrium temperature is determined and values of
mass flow rate and velocity are calculated at the new location. These estimated values
are used to calculate the expected pressure at the new location using the momentum
equation for the overall flow. If the calculated pressure does not agree with the
previously estimated pressure (within a specified tolerance), the estimate is revised and
the process is repeated. When the values agree, the results are printed and the
calculation proceeds to the next step up the lift tube. This process continues until the
equilibrium temperature associated with the flow is less than the condenser temperature
specified for the run or the height of the lift tube is exceeded. The height at which
either condition is achieved is the "lift height" for that run.

The results of the computer program for this model (an example of the output is shown in
Fig. 2-1a) verified the basic viability of the concept by predicting 1lift of droplets by the
vapor under OTEC conditions. Lilleleht studied the effects of mist lift tube shape and
flow rate on the performance of the mist flow process. Table 2-1 presents some condi-
tions examined in these parametric studies (Lilleleht 1979). The model predicted
significant acceleration of .the mist in a tube with a constant cross-section (Fig. 2-1a),
and considerable change in the performance with slight changes in tube shape. Lilleleht
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b. Model Developed at Dartmouth College

Figure 2-1. Sample Outputs from Single-Group Models
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noted some difficulty in obtaining sufficient lift over a wide range of flow rate and
flashdown temperature combinations. .

Table 2-1. SAMPLE CONDITIONS FOR PARAMETRIC STUDY BY L. LILLELEHT

Lift ) Lift Tube Final
Tube Drop - Inlet Condenser Bottom Mass Cross-Sectional Area of Lift Tube® Lift Liquid
Height Diameter Temp. Pressure Temp. Flow Rate . * Height Velocity
(m) (m) cc) (Pa) cc) (kg/s) Ag - A Ay Ag (m) (m/s)
150.0° 0.00018 . 22.0 880 19.0 8.0 1 0 0 0 150 " 30.0°
150.0 0.00018 22.0 880 19.0- ’ 8.0 1 0.0500 O 0 150 2.5
150.0 0.00018 22.0 880 21.0 24.0 1 0.0500 0 0 150 Ol
150.0 0.00018 22.0 880 21.0 . 16.0 1 . 0.1830  -2.33 1.33 150 1.5
: x1073 x1073 A
150.0 0.00018 22.0 880 21.0 16.0 1 0.1333  -0.001 6.67 s 95 0.7
x 107

8A(m?) = Agll + Alz2 + A222 + A323], where z is the heigrit above the bottom of the lift tube.
DConditions of Fig. 2-1.

In the course of this study the program developed by L. Lilleleht has been modified to
model additional effeets. The area of the injector orifices has been added as a
parameter, permitting direct calculation of the inlet water velocity. A maximum
temperature at the bottom of the lift tube is then determined by the flashdown vapor
production necessary to fill the lift tube with a flow of liquid and vapor in thermal
equilibrium at the velocity of the inlet water. Provision has been made for either
calculating this maximum temperature in the program or speclfymg a flashdown
temperature.

The restriction on lift height because of the lift tube height has been removed; calcula-
tion is stopped only when the equilibrium temperature falls below the specified condenser
temperature. Numerous other small changes have been made to improve the accuracy of
correlations contained in the code and the efficiency of the code. Appendix A is a listing
of the present code configuration. '

The code has been run for a variety of conditions, and these runs are summarized in
Table 2-2. General trends are an increase in the lift height with reduced flashdown at
the inlet, an increase in the predicted lift for higher flow rates, increased lift for smaller
drops, and a strong dependence of the predicted lift height on the shape of the lift tube.

The results from this model are limited, however, by the assumptions used to derive it.
In particular, the assumption that droplets are all the same size does not allow for
droplet collisions and growth. Also, the treatment of the momentum equation forces the
drops to be at their terminal velocity with respect to the.vapor at all times, even at the
entrance, where significant differences in velocity are expected.

2.2 SINGLE GROUP MODEL DEVELOPED AT DARTMOUTH COLLEGE

In the summer of 1979, Graham Wallis and his colleagues at Dartmouth College '
developed an analysis of the mist lift process that included a spectrum of drop sizes so
that the effects of droplet interactions could be studied.. The case of a single drop size
can be treated as a degenerate case of that multigroup model (Wallis, Richter,



Table 2-2. SUMMARY OF SERI RESULTS FOR MODEL BY L. LILLELEHT

Temp. at ) Lift Tube
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Inlet  Bo:tom of Condenser Cross-Section Final
Temp.  Lift Tube Temp. Drop Viass Area " Lift Liquid
_Date Run Tq - T T Diameter Flow Rate A(z) Heizht Velocity
(1979) ' (K% (Kl) '(K% , (m) -« (kgfs) ~  v? (m2) {rn) (m/s) Comments
7/12 1-3 300.0 295.0 278.15 0.0002 10.0 - 10 150.0 25.0 —
7/13 1 298.15 295.15 278.15 0.00018 16.0 - 1.0 150.0 35.0 -
2 298.15 295.15 278.15 0.00018 8.0 - 1.0 150.0 22.0 —
3 298.15 - 295.15 . 2%8.15 0.00018 16.0 - See Note b 150.0 2.0 -
8/3 1 300.0 . 290.0 285.00 0.0002 10.0 - 1.0 87.5 21.0 ) -
2 300.0 295.0 © 285.00 0.0002 10.0 — 1.0 1250 21.0 —
3 300.0 296.0  285.0 0.0002 10.0 - 1.0- 127.5 21.0 —
4 3000 . 295.0 285.0 0.0001 10.0 - 1.0 1550 23.0 -
8/14 1 300.0 292.6  "280.0 0.0002 10.0 - 1.0 192.0 41.0 Tl calculated®
2 300.0 295.0 280.0 0.0002 . 100 =~ — 1.0 204.0 41.0 Tl calculated
3 300.0 293.3 280.0 0.0002 10.0 - 1.0 154.0 60.0 Tl calculated
8/24-27 1 300.0 294.0 - 280.0 0.06C02 40.0 - 0.002 1+0.05z2 2480 10.0 Tl calculated
2 300.0 293.5 - 280.0 0.0002 20.0 - 1+0.052 200.0 6.0 Tl calculated
3 300.0 294.2 280.0 0.0C02 60.0 — 1+0.052 2760 15.0 Tl calculated
4 300.0 294.1 280.0 0.0¢01 40.0 - 1+0.052 2B6.0: 10.0 Tl calculated
5 300.0 293.5 280.0 0.0C04 40.0 - 1+0.052 184.0 10.0 Tl calculated
6 290.0 286.1 280.0 0.0C02 40.0 — 1+0.052 78.0 15.0 Tl calculated
7 295.0 290.2 280.0 0.0C¢02 40.0 - 1+0.05z 152.0 13.0 : Tl calculated
8 .300.0 294.1 - 280.0 0.0C02 40.0 -— 1+0.01z- 300.0 35.0 Tl calculated
9 300.0 293.4 280.0 0.0002 40.0 — 1+0.042 256.0 12.0 Tl calculated
10 300.0 293.8 280.0 - 0.0002 40.0 — 1+0.1z 210.0 6.0 Tl calculated
11 300.0 . 286.5 280.0 0.0C10 20.0 - 56.0 8.0 Tl calculated
8/31 1 300.0 293.9 280.0 0.0002 40.0 0.002 b 19Z.0 2.0 Tl calculated
2-4 298.15 293.75 283.15 - 0.0002 56,28 0.0027 1+.0.053z 16G.0 13.0 Tl calculated
5 298.15 . 292.33 - 183.15 0.0002 56.28 0.0027 1+0.053z . 15&.0 13.0 Tl calculated
6 298.15 290.0 283.15 0.0002 56.28 0.0027 1+ 0.053 2 16C.0 13.0 Tl calculated
2 y= Injector Hole Area

Lift Tube Cross-Sectional Area
PAz) =1.0+(0.183)z - (0.00233)22 + '1.33 x 1075)z3,

CAt this point, parameter Y was added to the program for all subsequent runs.

L89-4L
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Bharathan 1979). This subsection discusses this single-group model; the multigroup model
is discussed in Section 3.

The single-group analysis developed by Wallis is also one dimensional and assumes steady-
state conditions but includes many improvements over the Lilleleht model. An improved
treatment of flashdown is formulated by the application of Bernoulli's equation to the
region of the injectors; thus, the flashdown temperature and pressure are determined by
the inlet flow rate and the pressure upstream of the injectors. Also, a more complete
treatment of the momentum equation is included, allowing calculation of the
acceleration of the droplets with respect to the vapor. This acceleration of the droplets
relative to the vapor is easily seen in the plot of the output from a typical run
(Fig. 2-1b).

The following algorithm is employed to solve the governing equations in this model. In-
put parameters are the drop size, the liquid mass flow rate, the pressure upstream of the
injector, the total area of injector holes, the inlet temperature, the condenser tempera-
ture, and the geometric shape of the lift tube. By using the inlet parameters in
Bernoulli's equation, the equilibrium pressure just inside the lift tube is calculated, which
determines the equilibrium temperature and amount of flashdown. As in Lilleleht's
model, the drops are assumed to form and their flashdown to equilibrium is assumed to
occur within the first vertical step. Once the inlet conditions are established, a step size
up the tube is chosen and the droplet momentum equation is employed to find the change
in drop velocities over that step up the tube; a forward finite difference expression is
used to approximate the derivative of veloeity with respect to height. Then the overall
momentum, mass, and energy conservation equations for the flow are solved simulta-
neously to yield the changes in steam quality, pressure, and vapor velocity for the step to
the new location. Finally, the drop velocity, quality, pressure, and vapor velocity var-
iables are updated to the new location, the change in droplet mass resulting from evapo-
ration is calculated, and output is generated. This process is repeated until the equilib-
rium temperature at a point becomes less than the specified condenser temperature or
until the droplet veloeity is less than zero. If calculation stops because of the bulk tem-
perature reaching the temperature of the condenser, the drops may have considerable
kinetic energy that could lead to further lift in a suitably designed "coasting" section of
lift tube. Such a coasting section would be designed to recover the kinetic energy of the
flow by allowing it to follow a ballistic trajectory without temperature change. The oc-
currence of negative drop velocities implies "rainout,”" because the drops are no longer
lifted by the vapor and begin to fall back down the lift tube. In either case, the lift
height is defined as the height at which calculation stops.

The predictions of this model are quite sensitive to the inlet conditions, especially the
mass flow rate and pressure upstream of the injector. In Fig. 2-2 an example of the re-
sults obtained at Dartmouth College using this model (Wallis, Richter, Bharathan 1979)
are plotted as curves of predicted lift height versus mass flow rate at selected input
pressures. For a given set of conditions, variation of the flow rate by as little as 1%
leads to large changes in the predicted lift height if possible recovery of kinetic energy
by a coast phase is not considered.

In the low flow rate region of the curves in Fig. 2-2, the pressure calculated from
Bernoulli's equation for the bottom of the lift tube is relatively high, meaning that little
flashdown occurs, and thus the vapor velocity is small. The drops are injected into this
almost stagnant vapor and are slowed by drag forces and gravity until they stop, so that
rainout occurs after only a few meters. The large discontinuity at the left end of each
curve corresponds to the flow rate at which just enough vapor is generated by flashdown
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inlet Temperature 25° C

Condenser Temperature 8°C
Inlet Drop Diameter 0.0002 m
Lift Tube Diameter 0m
Total Area of Injectors 0.3 m®

140 —

Po = 1.0 bar
120 P, = 0.5 bar
\
RV
E.
...S, an P.:—.;n?_har
@
I
= 60 |
40 |-
20 ,
;__y\4/1114 l\r/ln. R el SO INAL
0 180 182 184 294 296 418 420 422

Inlet Flow Rate (kg/s) (note discontinuous scale)

Figure 2-2. Dependence of Lift on Flow Rate Predicted by Dartmouth
Single-Group Model for Various Inlet Pressures (Dotted Lines.
Indicate Discontinuity in Lift Height. where-Rainout. Ceases)

to accelerate the drops up the tube just before they stop because of the force of
gravity. This eondition leads to a maximum lift height., As the flow rate is increased,
the predicted pressure at the bottom of the lift tube decreases, which leads to increased
flashdown and higher vapor velocities at the inlet. Since the temperature drop is greater
at the entrance, the condenser temperature is reached sooner, and the lift height pre-
dicted is less. However, the velocities of the vapor and droplets are not zero when the
temperature of the condenser is reached, and so kinetic energy is available for recovery
by coasting. The high-flow-rate cutoff of each curve corresponds to the flow rate at
which the flashdown temperature is calculated to be the temperature of the condenser
immediately upon entrance, therefore, the calculation is terminated. Again, inclusion of
a coast section would increase the lift height above the predictions. Table 2-3
summarizes the results of the Dartmouth College studies and also subsequent
investigations. v



Table 2-3. SUMMARY OF RESULTS FOR MODEL DEVELOPED AT DARTMOUTH COLLEGE

Inlet Condenser

Lift Height

Total Area Lift with Coast
Temp. Temp. Inlet Mass Area of of Lift Drop Height Final Liquid Phase?
Location TO 9 Pressure Flow Rate Injector Orifices Tube Diameter hO Velocity v h .
of Runs °C) o) (bar) (kg/s) (m?) (m?2) (m) (m) (m/s) (m) Comments
Dartmouth : .
College 25 8 0.2 181-184 0.03 78.54 0.0002 0-78.0 . — - See Fig. 2-2
25 8 0.5 293-296 0.03 78.54 0.0002 0-112.0 - —
25 8 1.0 418-421 0.03 78.54 0.0002 0-131.0 .= ) —
25 8 2.0 595-598 0.03 78.54 0.0002 0-134.0 — —
25 8 5.9 945-947 0.03 78.54 0.0002 0-110.0 - -
SERI 25 8 5.0 946.2 0.03 78.54 0.0001 36.0 39.7 116.4 See Fig. 2-3
25 ° 8 5.0 946.2 0.03 78.54 0.00015 40.8 37.8 113.8
25 8 5.0 946.2 0.03 78.54 0.0002 45.4 35.8 110.9
25 8 5.0 946.2 0.03 78.54 0.0004 59.2 28.5 100.7
25 8 5.0 946.2 0.03 78.54 0.0008 70.0 17.1 £4.9
25 8 5.0 946.2 0.03 78.54 0.001 70.6 12.5 78.5
25 8 5.0 ° 946.2 0.03 78.54 0.002 57.4 0 57.4 Rainout
25 ‘8 5.0 946.2 0.03 78.54 0.005 52.6 0 52.6 Rainout
28 8 5.0 946.2 0.03 78.54 0.01 51.8 0 51.8 Rainout
SZRI 25 8 " 0.1 1120-1266 0.30 78.54 0.0002 0-85.8 0-41.5 0.6-169.6 See Fig. 3-5
25 8 0.2 1750-1840 0.30 78.54 0.0002 0-39.2 0-47.0 1.2-149.8
v

- A -2
& =hq + 2g,g—9.8{)66 m,s.

t:Duplicated at SERI after transferring code to SERI's computer.
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Flgure 2-3 demonstrates the possible improvement in lift helght made avallable by
allowing a coast region at the condenser temperature. Figure 2-3 is a plot of predicted
lift height versus flow rate for two values of inlet pressure, both with and without
consideration of a coast region. The extrapolation for the coast was made by considering
a ballistic trajectory for the drops from the point at which the calculation originally

stopped.

Although the low-flow rate cutoff remains unchanged, inclusion of a coast

section greatly increases the possible lift for all flow rates above this cutoff. It must be
noted, however, that to obtain these results the shape of the lift tube was optimized for
each flow rate and that the optimum shape for one flow rate will not be optimum for

another.
Irdet Temperature 25°¢
180[_ Condenger Temperature  8°C
-’\'\ P, = 0.1 bar Inlet Drop Diamoter  0.0002 m
. . ° : "Lift Tubg Diameter 10m
160} : Total Area of Injectors 0.3 m-
140} Py, = 0.2 bar
With t
120} ith Coas With Coast
£
£ 100
S -
@
I Without
b= Coast
5 80
60
40 ) :
20
,111.11111114,11,1111./'11|44
0 1140 1180 1220 1260 ' " 1740 1780 1820 1860

1100

Inlet Flow Rate (kg/s) (note discontinuous scale)

Fugure 2-3. Dependence of Lift on Flow Rate With and Without a Coast

Phase at the Condenser Inlet (Dotted Lines Indicate Discontinuity
in Lift Height where Rainout Ceases)
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SECTION 3.0
MULTIGROUP MODEL

3.1 DESCRIPTION

Studies of clouds and of small droplets entrained in flows indicate that droplet growth by
coalescence will be significant in the conditions envisioned for the mist flow OTEC pro-
cess (Abbott 1977). A single drop-size model cannot include this effect; therefore, a
multigroup model was developed that considers a spectrum of drop sizes (Wallis, Richter,
Bharathan 1979). The single group model discussed in Sec. 2.2 is the degenerate case of
this model.

The drop spectrum is constructed by apportioning the drops into a series of discrete drop-
sized groups. Each group consists of drops whose masses are chosen as an integral
multlple of the mass of the drops in the smallest group; thus the mass of a drop in group j
is taken to be (Jml) where m; is the mass of a drop in group 1, the smallest group. The
spectrum consists of fifty contiguous drop sizes, which gives a range of drop diameters
up to about four times the diameter of the smallest drops.

A geometric collision cross section based on the diameters of the interacting drops is
employed to calculate the number of collisions between different groups of drops, and all
collisions are assumed to result in coalescence. Since the drop spectrum is constructed
with equal mass increments between groups, drops from groups i and j coalesce to form a
drop in group (i + j), making the bookkeeping involved with droplet interactions simple.

The algorithm is similar to the algorithm for the single group model described in
Sec. 2.2. Instead of one specifie drop size, the smallest drop mass and the initial number
of drops in each group of the spectrum are input. Al other inputs are the same as for
the single group model. At each step up the lift tube, calculations are made of the
interactions between the fifty groups of droplets to determine the evolution of the drop
size spectrum owing to collisions. For each group of drops, the droplet momentum
equation is applied to obtain the average velocity of that group. Finally, solution of the
overall conservation equations yields the temperature, quality, and vapor velocity at
each step, Thus, the flow properties and the evolution in size and velocity of the drop
spectrum are obtained as the mist proceeds up the lift tube. The calculation is
terminated when the equilibrium temperature becomes that specified for the condenser,
or any group of drops acquires a zero velocity, implying rainout.

3.2 IMPROVEMENTS MADE TO THE MULTIGROUP MODEL

When the multigroup model developed at Dartmouth was run for OTEC conditions, the
original 50-group spectrum soon filled with drops, and drops were "lost" beyond the end
of the spectrum. To eliminate this problem, an algorithm was developed to "squish" the
spectrum when it grew too large. Conserving mass and momentum, the algorithm com-
bines the 50-drop spectrum by pairs into the smallest 25 drop sizes of a 50-drop-size
spectrum with a smallest drop mass twice that of the original smallest drop. Calculation
then proceeds with the new spectrum of 50 drop sizes. The criterion chosen for this
process was to squish whenever the number of groups each containing more than 1% of
the total mass flow exceeded a value of eight. This eriterion led to consistent squxshmg

11
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of the spectrum without large losses at the end of the spectrum and without overly
limiting its extent.

Once the program was modified by the addition of the squishing routine, the drop spec-
trum could be followed as the drops became much larger. With larger drops, Abbott's
results (1977) indicate a reduction in the coalescence efficiency resulting from the onset
of phenomena such as bouncing and disruption. Also, the size of a drop is ultimately-lim-
ited by the balance of the drop's surface tension and fluid pressures from the flow. A
coalescence efficiency model was developed, based on Abbott's results, for drops falling
through air at their terminal velocities (summarized as a plot of probability contours for
different interactions on axes of drop sizes in Fig. 3-1). The probability of coalescence
was digitized from the contours of Fig. 3-1 for the range of drop sizes encountered in the
mist flow and entered as a subroutine to the multigroup mist lift model. Pairs of drops
not coalescing were assumed to separate without satellite drops or exchange of mass. An
upper limit on drop size was also coded into the program so that drops could not combine
to create a drop larger than the limiting drop size. :

Disruption
Initial Drop Size 500 ‘_/’ ~ T 500
for Mist Lift P
Bounce (5 WS X

~ 200 o,
>
=100y &
Q
o
50 — 50 o
Collection 3
£
»n

1 u 2 5 10u 20 50 100~ 200 500 1Tmm 2 3 45

Large-Drop Radius

Figure 3-1. Probability Contours for Drop Interactions of Drops Falling at
Terminal Velocities at Atmospheric Conditions (From Abbott 1977)
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Several other modifications have been made to the computer program to increase the
accuracy of the computational procedure. The step size for progressing up the lift tube,
originally constant, is now reduced when the velocity of any group of drops is small. This
eliminates a problem at low velocities where the step size is originally chosen to be
larger than the ballistic height to which drops could rise, exceeding the limits of the nu-
merical approximation of the momentum equation. The step size is also reduced if the

. change in veloeity between steps is more than 20%. This eliminates occasions when a
large drag force owing to high slip at the inlet is allowed to act over too large a step
causing unrealistic changes in velocity. Finally, the step size is reduced if more drops
are removed from a group than existed in that group at the end of the previous step.
This change ensures that mass is conserved and that no groups have a negative number of
drops. The present version of the program, ineluding these modifications and additions,
is listed in Appendix B.

3.3 COMPARISON OF SINGLE-GROUP AND MULTIGROUP MODELS

3.3.1 Individual Results

With the improvements described in Seec. 3.2 included in the multigroup model, and using
the distribution of drop sizes measured by Charwat (1978), results such as those plotted
in Fig. 3-2 are obtained. The two downward sloping curves are the velocities of the
smallest and largest drops in the drop size spectrum as the spectrum develops up. the
length of the lift tube. The other curve is the plot of vapor velocity versus distance up
-the tube. The points at which squishing of the spectrum occurred are’ indicated by the
downward-pointing arrows. .

Figure 3-3 shows the single-group model results for the conditions of Fig. 3-2 with a drop
diameter of 0.0002 m. The smallest drops in Fig. 3-2 behave much like those of the
single group model at the entrance, but the growth of the drops by coalescence prevents
them from being supported by the vapor and they eventually rain out.

Figure 3-4 is a summary plot of the single-group drop velocity profiles under the condi-
tions of Fig. 3-2 for a range of drop diameters from 0.0001-0.01 m. Also plotted in-
Fig. 3-4 is a ballistic trajectory, which represents the limit of no lift at all. The shape of
the velocity eurves of Fig. 3-2 are indicative of a spectrum with drop diameters initially
between 0.0002 m and 0.0004 m, growing as they proceed up the lift tube to a spectrum
of drop diameters between 0.001 m and 0.005 m. The lift predicted by the multigroup
model is about 30 m higher than a ballistic trajectory for these conditions.

Table 3-1 presents results for some of the conditions investigated with the multigroup
model to date.

3.3.2 Mass Flow Rate-Inlet Pressure Sensitivity

The apparent sensitivity of the mist lift process to mass flow rate and inlet pressure
noted in the single-group model appears also in the multigroup model. Plotted in Fig. 3-5
are the predictions of the single and multigroup models for the range of conditions used
in Fig. 2-2. Figure 3-6 contains the predlctlons of the two models for the condxtlons of
Fig. 2 3.

13
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40

Vapor Velocity.

¢' w_ 16'/4'7 &8 f 'v'o |

Velocity of Smallest Drops
/ in Drop Size Spectrum

30

Velocity (m/s)
N
o
L

. Velocity of Largest Drops
in Drop Size Spectrum

Inlet Temperature 25°C
Condenser Temperature 8°C
Inlet Pressure 5 bar
( -Inlet-Flow Rate 946.2 kg/s
Lift Tube Diameter ~ 10 m
Total Area of Injectors 0.03 m?

1 i b b

0 10 20 30 40 50 60 70 80
' Height Above Lift Tube Bottom (m) .

Figure 3-2. Sample Results from Multigroup Model with Squishing
and Coalescence Efficiency Effect (Arrows Indicate Locations
at which Squishing Occurred )
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40
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Velocity (r'n/s).
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Temperature

Drop Veloci‘ty

Inlet Temperature 25°C
Condenser Temperature 8°C
Inlet Drop Diameter 0.0002 m

Inlet Pressure 5 bar
Inlet Flow Rate 946.2 kg/s
Lift Tube Diameter 10m

Total Area of Injectors 0.03 m?

Vapor Velocity

| |

—{ 10

16 20

30 40

Height Above Lift Tube Bottom (m)

. 50

Temperature (°C)

11

Figure 3-3. Single-Group Mddel Result for the Cdndiﬁons of Fig. 3-2
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Drop Velocity (m/s)

40

30

20

Inlet Température 25°C
Condenser Temperature 8°C
Inlet Drop Diameter d (m)
Inlet Pressure 5 bar
inlel Flow Rate 946.2 kg/s
Lift Tube Diameter 10m
Total Area of Injectors 0.03 m?

s/

; N

N o
TR I
e o @b.
V4 S
>/ S
o
AN 04 v}
B \
d= 0.0008
d = 0.001
a\ &
L . Wy
Ballistic Trajectory (no lift) o\©o
2|3
53 B
| 4 | | i 1 1
0 10 20 30 40 50 60 70 80

Height Above Lift Tube Bottom (m)

[y

Figure 3-4. Effect of Drop Size on Predicted Performance of

Single-Group Model for the Conditions of Fig. 3-2-
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Table 3-1. MULTIGROUP MODEL RESULTS

Condenser

Inlet Inlet Mass Area of Area of Fi '1 Liquid V. l'
Temp. Temp. Pressure Flow Rate Injector Lift Tube Lift na? lquid vel.
Run Ty 9 F, A (x A Height Minimum Maximum
Date cO e (bar) (kg/s) ) (m?) (m) (m/s)  (m/s) Comments
12/10/79 1-8 25 8 5.0 944-946.4 0.03 78.54 2.22-50.93 - - See Fig. 3-5
12/81/79  23-26 25 8 €.2 132-184.5 0.03 - 78.54 0.67- 4.78 - - See Fig. 3-5
.o 17-22 25 8 .5 294-296.5 0.03 78.54 0.67-11.08 - -
10-16 25 8 1.0 410-421.4 1.48-25.35 — -
1-9 25 8 2.0 595-598 0.03 78.54 0.29-40.73
12/14/79 1 25 8 5.0 946.2 0.03 78.54 77.60 0 0 Coalescence
efficiency model
2 25 8 5.0 946.2 0.03 78.54 76.48 0 0 Coalescence
' : efficiency =1
12/10 to 1 .25 8 5.0 946.2 0.03 78.54 78.64 . 0. 0
1/3/79 2 25 8 5.0 946.2 0.03 78.54 78.64 0 0 ~ Changes in calculation
3 25 8 5.0 946.2 0.03 78.54 77.92 0 0 of Az (velocity)
1/18/80 1-10 25 8 0.1 1135-1260 0.30 78.54 0.14-20.10 - - See Fig. 3-5
1/21/80 1-8 25 8 0.2 17501820 0.03 78.54 1.88-34.98 - —
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Lift Height (m)
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120-1

100

80+
60 -

40

Inlet Temperature 25°C
Condenser Temperature 8°C
Inlet Crop Diameter  0.0002 m
Lift T-be Diame:er 10m
Total Arez of Injectors 0.03m?

Single-Group Model
' Multigroup Model _— _

P, = 1.0 bar

P, = 2.0 bar

Po=5.0 bar
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— —————— — —
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Inlet Flow Rate (kg/s) (note discontinuous scale)

Figure 3-5. Comparison of Mist Lift Predictions of -Single-Grbup and Muitigroup
' Models for the Conditions of Fig. 2-2 (Cottec Lines Indicate Discontinuity in
Lift Height Predicted by Single-Group Model where Rainout Ceéases.)
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90 —
80 |- Single-Group Model
Multigroup Model .
Inlet Temperature 25°C
70— Condenser Temperature 8°C
: Inlet Drop Diameter 0.0002 m
Lift Tube Diameter 10m
Total Area of Injectors 0.3 m?
60—
B
= 50
c
o
T
ry N
30 N
20
ol
) P : .
0 L/L / T ! ] ) ] 1 111, 1 - 1’}( i 1

1140 1180 1220 - 1260 1740 1780 1820 1860

Inlet Flow Rate (kg/s) (noté discontinuous scale)

Flgure 3-6. Comparlson of Mist Lift Predictions of Single-Group and
Multigroup Models for the Conditions of Fig. 2-3 (Dotted Lines -
" Indicate Discontinuity in Lift Height Predicted by Single-Group Model
where Rainout Ceases)

For-the multigroup model, the growth of the drops in the spectrum causes the drops to
rain out unless there is enough flashdown at the bottom of the left tube to generate a
substantial amount of vapor to sustain the drops as they grow. The predicted lift for the
low flow rates, where the flashdown is small, is therefore much less for the multigroup
model than for the single group model. As the flow rate is increased, the amount of
flashdown and. hence the amount of vapor generated increases. Thus, the vapor velocity
mcreases, ‘and the drops are lifted more by the vapor ‘before raining out. This process
yields an increasing lift height before rainout with increasing flow rate (see Figs. 3-5 and
3-6) to.'a point at which the flashdown temperature becomes nearly equal to the
condenser témperature. At this point, the multigroup model predicts the greatest lift
height. Beyond the point of maximum predicted lift height, the predicted behavior is
similar to the behavior of the results of the single group model. The predicted lift
decreases becausé the temperature of the condenser is soon reached; however, the drops
still have kinetic energy. The lift increases with inlet pressure because injection
velocities increase with inlet pressure, and thus the ballistic helght is increased.
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SECTION 4.0

CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS FROM SINGLE-GROUP MODEL RESULTS

The most significant conclusion from the single-group model is that the predicted range
of inlet pressure/flow rate combinations is rather narrow under which the mist flow will
operate. - Within this range, the possible height of the lift may be greatly increased by
the inclusion of a coast section, which would allow a wider range of operation for-a given
height of lift tube. The current injector design causes the drops to be injected into an
almost stagnant layer of vapor, resulting in large friction losses and a sharp low-flow
rate cutoff in the allowable pressure/flow rate operational envelope. An injector de-
signed to allow the drops to be introduced at nearly the velocity of the vapor over a wide
range of flow rates would alleviate this problem. Another coneclusion is that the shape of
the lift tube has a strong influence on the performance of the mist lift.

4.2 CONCLUSIONS FROM MULTIGROUP MODEL RESULTS

The results of the multigroup model indicate that the growth of droplets by collision and
coalescence will be significant. The multigroup model also shows sensitivity to flow rate
and pressure. The growth of the drops in the spectrum reduces the lift height achieved
and the range of operation without rainout. Maximum lift is achieved when a large
amount of flashdown occurs. at the inlet, producing sufficient vapor to lift the drops
while they are still small. This suggests that large flashdowns at the inlet and a lift tube
shaped to provide a coast phase for the drops after they have grown large is the prefer-
able design for mist lift columns.

4.3 UNANSWERED QUESTIONS
The fqllowing questions remain unanswered:

e Have all of the important physical effects been considered in the injector calcu-
lation? Is there some mechanism that could be used to force the flow to corre-
spond to the pressure/flow rate characteristic that has been noted?

e The coalescence efficiency used in the analysis is based on drops falling at ter-
minal velocities in air at atmospheric pressure. Are the results applicable to
drops falling in their own vapor at low pressures and not at terminal speeds? If
not, what modifications to the coalescence efficiency model need to be made?

e Depending upon the shape of the lift tube, might drop deposmon on the walls be
a substantial problem?

e Transient response of the flow to changes in inlet parameters has not yet been
assessed. If the response time of the mist tube to perturbations is slow, the con-
trol problem might be greatly alleviated. Also, do perturbations to the flow
cause oscillations that would increase in time and cause the flow to become un-
stable?
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Are there alternatives to the present design that would make the mist lift less
sensitive to inlet parameters? A different injector might be designed that would
avoid the problems of injecting the drops into a nearly stagnant layer of vapor.
For example, vapor might be produced separately by staged evaporatlon and then

introduced with the drops at the bottom of the lift tube.

What shape of the lift tube will give maximum height of lift or range of opera-
tlon"

How will the inclusion of a condenser at the top of the lift tube affect the behav-
ior of the mist flow? Will it act as a sink for the mist impinging on it, or will it
greatly affect the entire flow of the mist?

Under what conditions might large-scale instabilities arise, such as annular flow
of the vapor where the vapor would flow along walls of the lift tube, leaving the
drops in the center of the tube unsupported?

4.4 FUTIURE WORK

With the questions of Sec. 4.3 in mind, the work planned for the rest of FY80 includes:

A search for further inf ormation on the collision of dropé in low—pre§ure vapor.

Continued 1mprovement and evaluation of the multigroup computer code. The
effect of varying the parameters of the collision efficiency model will be investi-
gated to determine the sensitivity of the results to the parameters of the model.

Development of a transient one-dimensional model for the mist flow process and
study of the transient response of the system to changes in the inlet condltlons.

" Start-up of the mist lift system will be mvestlgated

Investigation of alternatives to the current de51g'n of the injector. Such alterna-

“tives include staged ovaporation to produce vapor that will be introdiice] into the

lift tube, and choke flow nozzles that would inject the water into the lift tube
and would be insensitive to the upstream pressure,

Incorporation of a coast section into the smgle—group model and inclusion of the
single-group model in a system program to study the stabilizing effects of the

" . turbine and condenser on the operation of the mist lift tube.
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APPENDIX A

SINGLE-GROUP COMPUTER CODE BY L. LILLELEHT
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110 Start:

N
w
@

490 Fill:

See
LCULATE 17>
s1@
S2e
530
340
358
S60
S70 !
see
398 !
600
610 !
620 !
630
640

PROGRAN FOR MIST~-FLOK ANALYS!S

AS PROGRAMMED IN BASIC ON R {EWLET1-PACKARD $825H
DESKTOP COMPUTER..

28 AUGUST, 1979

DIM ACS)

REAL M1, MuB,MI1, Mu1, N2, HV2

'

Imax=20 IMAX IMUN JUMBER CF 1FTERRTIONS
Passe® 'FLAK FOR FIRST V1IME THROLGH
LI LINLET YAPOR MASS FLON RATE (KG/S?
Hv@=0 tINLEF VAPOR ENTHALPY 1J/kRG)>
G=9.807 {ACCELERATION OF (GRAVITY aM/542)
R=461.5 1GAS CONSTANT (J+KG/K)

Dens1=10006 !LIQUID DENSITY CKG/n~3»

w0 {HEICHT ABOVE BOTTOM OF LIFY TUBE ()

DEF FNTinit(Pres:o?333/(¢17.777-LCTiPres)>-230
DEF FNPinit(Templ®1@+117,777-75387+ "emn+230))
GCLEAR

PRINTER 1S 16

INPUT

BASE CONLITIONS
LISPLE)
R(2>=1
A(3)>=.85
3¢(4>=0-
(520
sanmas, 002
J0=.00802
nio=40
79300
~2=280

IF Pass>=| THEN GOT0 Stip
INPUT “INPUT DATE :N FDRM DD-LD/DD",Jates
Passe=] . .

]
498 Skip: INPUT “"INPUT RC1)Y 70 A8, AL, A2, AX3),AL4),R(3)

1 CONSTANT3 TO DEFINE LIFY TUBE SHAPL

IF AC1)=0 THEN STCF

INPUY “IHJECTOR ARERA-LIFT TUBE ARER =", Larma
INPUT *“DRCP DIAMETER (R> =", Nd

D=DO

INPUT *MASS FLOM RFTE (KG/SEC) =",MNE

INPUT *INLET TEMPERATURE (K) =°,T@

1

Tie=p

14PUT "FLASHDOWN TZMP. <K) = (TYPE CONT IF YOU WANT THE "PRDSRAM TU :A
T

Temp=Ti .
Flagteaop=8 IFLAG FOR WHETHEF OR NJT FLASHDOWN TEWP. IS LBPLY

IF Teap<l THEN Flagtemp=1 ~!FLASHDON TEMP. CALCULATED
tFIRST ZJESS DOF FLASHDOWN IS

IF Temp<} THEN Tenp=TO-.1
[}

iIPUT “CONDENSER TEWPERRTURE (k) =", T2
INPUT “INCREMENT Id 2 (H) =",2ce!
2del1=2

IHPUT °"CONVERGENCE LIMIT FOR PRESSURE (WH=2) =“.Jelta

Dalta=3
CCMPUTE INITIAL COMPITICNS
H10=4193+(T0~-273,159 | INLET LEOUID ENTHALPY

1 INPUT DFTE ONLY D4 FIRST TIRE THROUGH

LEGREE

1210
1220
1230
1248
1250

U13=M1@/Cllens | #ACI >3ACRI#Gamma)d 1 LIQUID VELOCITY AT INLET
vi=uvie
UusUl . } FIRST GJESS AT VAPOR VELOCITY
Uli=e t SET WP “OR ITERATION
2=2de)
Iter: Pres=FNPiriz(Temp?
GOSUB Values
Ganmal=(ATphasDens 1+C1-Alpha)+Pres/(R+Temp)d-Dens!
! MINIMUM IMJECTOR HDLE RREA/TOTRL AREA DETERMINED BY AMOUHT
! OF FLASHDOWN RVRILABLE TO FILL LIFT TUBZ WITH VRPOR
1
Initl: IF Flagteamo=! THEE LDTC Cal: {70 CALCULATE FLASHDOMWN TEMP.
L .
1 IF FLASHOCHWN TEFP. INPUT, CHECK TO SEE IF RBLE TO FILL TUBE
If Gampal>samma THEW PRINT “UNABLE TO FILL LIFT TUBE WITH VAPCR®
! 1F Gammal):amna THEW GGTO F- 11 VINFUT NEW FLASHDOWN TERMP,
! RBLE 70 FILL TLBE
GOTD Contim
[] .
Calc: IF Gammai<Campa THEM GOEO Ccniin (CONTINUE IF FLASHDOWN TEHP. 1§
! LOW ENOWGH.
Temp=Temp-.1 t15 NOT, DECRERSE TEMP BY .1 RND GO BARCK
GOTO Iter ’
!
Comin:Ti=Tenp

| CHECK TO SEE IF 5LI® ™ELOCITY IS LARGE ENOUGH TO LIFT DROFS

IF Uv>A1 THEN GOYO Beeper
Ganpal=Gamma®2

GOTC Initt t IF NOT. CD BAZK AS IF UNABLE TO FILL LIFY TUBE
]

Beeper:IF ABSCUI-UB1)>/Ui<¢=.d. THEN SOTO Begin tITERATE ON INITIAL

! FLASHDOWMN UNTIL BIFRIM 1%
BEEP

! STORE OLD “RLUE

[NREIN]

GOTO Iter

Begin:PlesPres /106

Increment: 2Z=ZeZdel

GOSUB Graph !INITIATE GRAPHICS ROUTINE
' .

THIS SECT-ON PRINTS THI INFUT OR CRLCULATED TLASHIOWN TEWF. Ou

t THE GRAPH.

MOVE 2+25, Temp-250

CSIZE 3 .

LINE TYPE 1§

LORG 2

Ls=s=“INPUT"

IF Flagtemp=d THEN L$="CPLCULATED"

ABEL USING "FK*;L$,* F_RASHDONY TEMP.:";Teap
LINE TYPE 2

!

1BEG NNING OF MRIN LOOP
Pprime=Pres+.S {FIBST GUESS AT DELTR P
1 STORE OLD JFRLUES

vi1=ul

Uvisuv

Presi=Pres

Alphal=Alpha

1=

!

1260 lterate: 1IF Telmax THEN ZFLL Errcé€)

1270
1280
1290

Temp=FNTinitePorine)
GOSUB Yalues
Delpe-((Alphal+Alphat 2D e CeDens|2de))

@ RES

IF NOT
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1300 Deip=Delp- Dlnle(ﬂlphA'UIOUI Alphal4Ul1#UT 1) 2
1310 P2=Presi+Lelp

1320 IF P2<@® TEEN PRINT "NEGATIVE PRESSUFE ! 1ALFHR12°; Alphal; "ALFHA="Rlpha
1338 IF P2<® THEN P2uPprime#1.02

1340 IF RBS(P2-Pprime)<=Delta THEN GOTO Convercged

1350 PprinespP2

1360 I=Zel

1379 GOT0 Iterate

1380 !

1398 Converged: Pres=P2

1400 PRINT USING *DDD,2X,DDD.D,2X,.DDDDD,2X,DD.DD,2X, DD DD, 2X, . PDDDD";2: Te
ap;Garas;Ul;Uv;Alpha

1410 1F Pr.s(-? THEN CRLL Err(S)

1420 [}

1430 Pi=Pres-/i€e@

1448 Tenp@sTenp-273.15

1430 PLOT 2,Yenp®

1468 PLOT 2,P)

1470 PLOT 2,1

1480 PLOT Z,Uv

1490 | 5
1500 IF Temp<=12 THEN GOTO Finish 1STCP WHEF TEMPERATURE 1S THRT
1518 ' SPECIFIED FOR CONDEWSER.

1520 1

1538 GOTO Increment -{END OF MAIN LOCP

1548 v,

1550 Finish:LINE TYPE 1}

<1568 BEEP

1578 LDIR ©

1580 LORG 2

1598 CSIZE 2

1608 21=2

1610 IF 2>250 THEN 212250

1620 MOYE 21+5,Pt

1638 LABEL USING "K";*“PRESSURE"

1640 MOVE 21+43,U1

1630 LRBEL USING “K*;"LIQUID VEL.™

1660 MOVE 21+5,Uv

1670 LABEL USIMNG *"K";“VAPOR VEL." -
1660 MOVE 21+35,Tenp@

1698 LAJEL USIHG “K*;"TEMPERATURE"

1700 '

1710 - HB=4583+(T0-T2-T2#LOCCTO/T2I)/C

17220 | THEORETICAL LIFT HEIGHT FROM RDR FINAL FEPORT. 3EFT.,1%7¢
1730 EffeZ/HO ILIFT EFFICIENCY

1740 MOYE Xmax~-5,Yoax-2

1750 CSI2E 3

1760 LORG 8

1770 LABEL USING *K,2.DDD"; "LIFT EFFICIENCY ="Ef(
1768 1

1790 INPUT "DO VDU WANT NRRDCOPV? TYPE YES OR NO.",HS
1880 IF H$<>"YES" THEN GOTO Fini

1818 1

1828 Finis:DUMP GRRPHICS

1830 PRINTER IS @

1840 GOTO Output

1850 Fini: PRINTER 1S 16
1860 Output:PRINT "AL1),AC2),A(3),A4), R(SJ,D NLO,TO,T1,T2,DELTA, GANNAR®
1870 ‘ PRINT AC15; ﬁ(2) ﬂ(3)' $ACS)H; DO N10; TO Tl T2;Delra;Canna

1880 PRINT *INLET VELOCITV =*;U10

1890 PRINT "FIMAL DROP DIAMETER =";D

1908 PRINT *LIFY HEIGHT, NEGLECTING FINAL VELOCITY =";2

1910 PRINT “THEORETICAL LI‘T HEIGHT NEGLECTING IMITIAL VELOCITY =";H0
1920 . GOTD Start

1930 "END

1948

1950
1966
1978
1980
1990
2088
2018
2020
20830
2040
2030
2060
2070
2880
2096
2100
2110
2120
2130
2140
21350
2168
2170
2160

219¢

2200
2210
2220
2230
2240
2250
2260
2270
2260
2290
23080
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2418
2420
2438
24480
2430
2460
2470
2460
2490
2380
2310
2520
2330
2540
2538
2560
2578
2388
2590

!
Graph!

t INITIATES GRAPHING ROUTINE
PLOTTER IS 13, *GRAPHICS"
GRAPHICS
DEG
LINE TYPE 1
LOCATE 15,95,18,95

Xnin=8
Xmax=230
Xstep=50

Yain=0
Ymax=50
Ystep=3

SCALE Xmin,Xmax,Ymin,Yonax
RXES Xstep,Ystep,9,0,5,5
FRAME

GOSUB Lx

GOSUB Ly

LDIR ©

LORG 5

CSIZE 3

HOVE Xmax-2,Ymax+1

LABEL USING *K*; *MIST FLOW OPEN CYCLE OTEC - “;Dates$
LINE TYPE 2 )

Teapd=Tenp-273.15
PLOT 2,P1

PLOT 2,01

PLOT Z,Uv

PLOT 2, Tenp®
RETURN

S%BROUTINES TO LABEL AXES

!

CSIZE 3

LDIR 90

LORG 8

FOR Xi1=Xmin TO Xmax STEP Xsteg
MOVE X1,Ymin

LRBEL USING *"M4DX" ;X1

NEXT Xt

LORG S

LDIR @

MOVE Xoax~/2,Ymin-6

LABEL USING "K*;"2(METERS)>"
t

LINE TYPE 3,13

FOR IaXasin+Xstep TO Xoax-Xstep STEP Xstep
MOVE I,Ymin

DRAW I, Ymax

NEXT 1

LINE TYPE 1§

RETURN

!

CSI2E 3

LDIR 8

LORG 8

FOR Yi=Ymin TO Ymax STEP Ystep
HOVE Xmin,Y1

2
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Vv

2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2760
2710
2720
2730
2740
275e
2760
2770
2780
2790
2800
2810
2820
2830
2840
2830
2860

LABEL USING “M4DX"3:Y1

NEXT Y1

LDIR 9@

LCRG S

MOVE Xmin-25,Ymaxs2

LFBEL USING "K";“¥ ansSx, P (162 PR), T «CI*

t

LINE TYPE 3,15

FCR JoYamintYstep TO Ymax-Ystep STEP Ystep
MCVE Xmin,J

DRAN Xwnax,J

NEXT J

LINE TYPE 1

RETURN

values: | COMPUTES VALUES OF YARIABLES, ITERATES TO CONVERGE MLFPHA

Hi=41930(Teap-273.15)
Hus2.501E6+1.834E34Teng~-273.15)
AreasR(1)#CAC2) +AC3IBZ+ACAI$ZH2+R(SI 24242
Visvap=(,407¢Teap-3% B)%1E-?

Alpha2=Alpha | ST UP ITERRTION

Here: MusMIB#CH18-H1~ UIOUIJZOUIBOUIB'Z ~G#2Z) A< Hu-K ) =U] #U1 2+Uu-Usr 2]

MI=M10-Nv
D=DOS (N1 /M1@)~C1/3D ' RECOMPUTE DROP SIZE

1
! SOLVE QUADRATIC FOR ALPHA

2870 !

2880
2890
2900
2910
2920
2930
2940
2950
2969
2978
29880
2990
3060
30106
3020

3110
3120
3138
3140
3150
3160
3170
3180
3150
3200
3210
3220
3230
3240

¢ CALCULATE SLIP VELOCETY 2ASED ONM FLOW REGIME
Reyn=Press(Uv-U1)#D-CR&TempsVisvap)
IF Reyn<=® THEN Reymns=l
1IF Reyn>=S08 THEN CR.L Errc4)
IF Reyn>=S THEN GOTS® Transition

Fe24/Reynt(1+3¢Reyn-16) tOSEEN RPPROXINATION (ZF.SCHLICHVIKG.

GOTO Skipl
Transftion: Fe18,5/Reyn~.€
Sk'ipl:Dod=D/SOR(4%Rreas3

4
! CORRECTION TO DRA§ DUE TO OTAER DROP_ETS, cf., MA_LIS

Ncorrs(4.45+18¢Dod)"Reyn-.1

1F Reyn<1 THEN Ncorrs(4.35+17.5+Dod>7Reyn~. 33
IF Reyn<.2 THEN Ncorr=4.85+19,.5+¢Dod
FeF/(1+RIpha)~Ncorr

'

A1e50R(4+DeGoDens I ¢F+Tens/(3¢PraseF:) 1S_I2 VELOCITY

BlesMueReTenp/(AreasFres)

Cie-M1/(Dens)tAread

IF Bis@ THEN GOTO Biero

1IF C1+8 THEN GOTO Caero

Bi=B1-C1-A1

Gi=B1#Bl1-42A1eC)

IF G1<@ THEN CRLL Err(1)’

Alphas(-B1+SQAR(G1)) -+ 28A1)

AIE=(-P1-SQR(G1) )7 (G+AL)

1IF Alphad@ THEN CALL Err<2)

IF R1f<=d THEN GOTO Final

RAlgha=R1(

GO0 Final
Bzero:Righa=Cl/RA}

GOT0 Final
Czero:Rlghas(A1-B1>/R1

'

| CHECK CONVERGENCE,PAKE FINAL CRLCULRIIONS
Final:1F (R1pha>.3> AND (Z:2del)> THEN CALL Errcd

UvativeReTenp/(Pressfreati-Ripha¥)

Ultel /(Dens | ¢AreasAigha)

3250
3260
3270
3280
3290
3300
3318
3320
3338
3340
3350
3360
3370
3380
3398
3400
3410

IF UIKB THEN CALL Err(3¢

1F ABSC((Atpha2-Rlpha  #Atprad<s=,81 THEN REIURN
Alphaz=Alpha

GITO Here 4 IF KD™ Z)NVERGED, YRY AGATN

SUB Errcl)

PRINTER IS 16&

IF 1o1 THEN PRINT °GFRD ENT FOB ALPHA NEGATIVE®

IF I=2 THEN PRINT "AUPHE LESS “HAN ZERO®

IF I=3 THEN PRINT "L3QU.D VELOEITY LESS THAN ZERO"

IF 1=4 THEN PRINT "REYHELD’S NOMBER GREATER THAN 588:

IF 125 THEN PRINT "PRES:URE LESS THAN 8.*
IF 126 THEN PRINT “FFILID TO CONVERGE"

IF 127 THEN P2INT "ALPHR GREATER THAN .5*
PRINT "PROGRA!} RBORTED®

STOP

SUBEND

le

1]

N =-

w
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S=RA.

Sl
LI 1]
S

TR-627

APPENDIX B

PRESENT MULTIGROUP COMPUTER CODE

Bl




¢d

00080
00090
0c100
00110
00120
00130
00140
00150
001460
00170
00180
00190
00200

PRINT "™
PPINT = ©
PRINT “POOCRAN MISY - 56 GOQUP AFGEL CF MIST FLOW CTEC®

PRINT "CUTFUT PO[NTEN FNR C2CUPS WITH =1 PEICENT LF THE PA3S FLOw "

PRINT "SOUISHING fICCUS WHFN MORZE THAM 7 HRIUPS FLCH HAVE®
PRINT WIZE THAN | PFPCENT GF THE FLOW."

PRINT = .

DIM 4150, 5C)HoP(3,31,0C50140080)1803)0k:5C53),6(5C1,HII,3).0(3)

OTM MLSO)sN(SC)N(50)SIACY U050, VIS0
LET Z:C,

LET P3=3,1¢€1%9)}

LET G*9.£066

REM 4 IS WATEP FLOW PATE (XG/S)

210 LET ws124C

00220

REM 20 IS THr INITIAL PRESSURE *RAR)

230 LET PO=).1

00240
00250
00260
€o270
00280
00260

-003C0

00310
00320
00330
00340
00350
00360
00370
©0380
003¢0
00400
00410
00420
00430
00440
00450
0C4e0
00470
00480
00490
005C0
00510
00520
00530
60540
00550
00560
00570
00580
00590
00600
00610
00620
00630
00640
00650
00660
00670
00680
00690
00700
Q0710

RFM  TO TS INITIAL TEXPERATURE (1)

LET TJ=25,

LET TO=704273.15

REM 4G IS TOralL CRCST SECTION AF alL ORIFICES
LET a)s,2

REM  83,A4,A500%,A7 oFE CONSTANT. THA™ DFTERMINE THE SHapt (F THF

RPEM LIFT TURT = AsAD 48657 4AS#:%2 4.,¢2%3 487¢7%6,
LET A3=P9e_0,#10./4.

LET aesQ,

LET A520,

LET A%=0.

LET AY=C,

LET 2aFNA(21000,83984s45,ub047) .
PRINT “Am™1A3;™ 478 ;245" 42729%3a5;" #273em Ak +Z76em ;a7
PRINT = =

LET V3sFNT{0)

REM 11 SPLCIFIES THE NUMBEP NF -IDRNFLET STZES,

LET 11«5 * :

LET P1=FNP{T140+0,0+Cs0+0.0s0+Cs2s31

LEY V1=FNWIPIsT1,00Crts0s8,Cp0,0:Cr0s3002020,0,0,0)
LET V2=FNVIP1+T1+050s0+Cs01000+040+053¢040»0+0+0+0,C1
LET E1sFNNIT140+0¢0+C10+0-0,0+0+3,050.2}

LET SaFNS(T15,0+C+0+C»0,0,,0.0)

LET SO=(1-x)#Slaxes2

LET R1=1/V1

LET R2e17v2

LET w2exeyw

LET WleW-w2

LET A2e]

LET A=FNA(7,0s0,43,A4.25,4h,47)

LET VéoW2/32/A742

REM DO IS THE BASE CPOPLIT DIAMZTER 8T "HME INLET (M)

LET DO=1,5:-4

REM MOsMASS OF BASE 5I7F DROP
LET M9=R1$PGe(NQ~3)/¢€.

FOR I=1 TN 50 .

LET D{I)=DI*(I" (173N}

LET M(1)=1srg

LET v(I)=v3

LET uil)=vil)

NEXT 1

PEM INITIALIZATION G# DRIP SIZL DIST2IAUTION

REM DRNP STZFS INPUY AS B DISTRIBUTION WITH SPALLEST SI1ZF 9(1)
REM  AND NUPER OF LI2FS 1V,

LET v4=0,

FOR [=1 TO 11

PEAD NILT)

LET Némva 4 POON(II®4I(TI" )/,

00720
00720
00740
00750
007¢0
00770
00780
00790
00e00
00810
coa20
008120
C0B&O
00850
006860
oce70
00BRO
00890
00900
00910
00920
009130
00840
00950
00960
0C970
0c980
00990
c1¢00
01010
01020
01030
01040
01050
01060
01070
01080
01090
01100
01110
01120
01130
C1140
01150
01160
01170
01180

<01190

01200
01210
01220
1230
01240
01250
01260
01270
01280
01290
01300
01310
01320
01330
01340
01350

REM  VOLUME OF INPUT DESTTFUTICN OF DROPS

NEXT )

PEM V4wOATIO NF PEOUTRE) TH INPUT MASS FLOW

LET Vérgl/versot’ -

FOR I=1 TQ I1 ’

REM CORRECT N(I) SO THAF CONTINULITY IS SATISFIEC

LET N(I)=N(I)4Ve

NEXT 1

DATA 37.91C6es6Pur70r7a

FOR fs11¢} 10 SC

LET N(I)en,

NEXT 1

PRENT ® »

PRINT ®Z (MI™3"F [RAR)",™5 C)"s"X","vDID FRACTICN"

PRINT "V=STEAM CUrS)I™,"C IN S)I"a"S0 {KJ/KG K)"p"S (KJ/KG KI"s®
PRINT "I%,"N (1aSI"s"4&55 ™ »V CM/S)","D (M)"

PRINT ¥ "y AEICEN] "

PRINT " v
LET T=T1
LET P=P)
LET Wir1)
REM  BECTINNING CF MAIN LD)P 43000 e ettt sds00esa0ssaser
RPEM SET UF STEF S512F

LET Z9=100.

FOR =1 1O 11 .

LET ZQeMINCZO,vEI))

NEXT 1

IF 16<10., THFN (1020

LET 29=2.0

GO TE 0106C .

1F -26¢5 THEN 0150

LET 29=.5 .

GO TC 0106C

LET Z9%79%29/2.46

LET 21¢79

LET 21=MAXEZ1,.C1)

LET A=FNA(2+050s83,48,455086.47)

LET Né&eD

FOR 1+1 TN I

LET N(T)=UtD)

IF vCII>.1 THEN 0119C

PRINT "QAINDUT 8OR DFNFLET :ROUE ™51;"90IAN.=";0{1)
PRINT " 14 2 v

PRINT Z,P,T1=273,15,%avr1) .

PRINT “RAINOUT ©S ASSURFD I= ONI' DROPLET SEZE™

PRINY "VELCCITY BECONES LESZ THaN .1 M/S™

sTop -

REM

REM CALCULATICF OF ORWG COZFFICIENT OF INDIVIDUAL DROPLETS C(I)
LET C(I)=FNCUD(I),0)

IF Vil)=C THEN #1240

SLET NasNGgam(TI#R(T)I/NV(])

NFXT 1

REM A2sNOTD FR&CTION

LET A2=1-N&/R1/,

LET V6eW2/R2/A4i2

REM R=AVERAGE BENSITY

LET P=R24424P19:1-42) .
REM  NUMBFR OF 1DALESCINGE F(1,3)
FOR T=1 1O I1

FOR Je1 1O 11

REM  A(T,))»COLLISIDN <RCSS, SECTICN
LET ALT»J)ePGeqn{I)+DC1IN 244,

ERROR™

REM -FUT,J1=COLLISTON FREQUENCY BETWEEN SPECIES 1 AND J /UNIT LENGTH

("]

] 0

g,

1

Zfzi
=
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tq

01360
01370
013H0
01390
01400
01410
01620
01430
01440
01450
01460
01470
01480
01490
01500
01510
01520
01530
015¢0
01550
01560
01570
01580
01590
01600
01610
01626
01630
01640
01650
01660
01670
01680
01690
01700
01710
01720
01730
01740
01750
01760
01770
017680
01790
01800
01810
01820
01830
01860
01850
01860
c1870
01880
01890
01900
01910
01920
01930
01940
01950
01960
01970
01980
01990

LET F(14J)=0

IF (VII1#V(J 130 THEN 01400

LET FUI540=N TIENGII/CARVETIOVIIIIOAESIVIT ~VII) %L1, )
LET FUIoJYef 100)4FNELDCT),000),103s000)

NEXT J

NEXT I

REM  S{K)=MATS SOURCE OF SPECIES K PER UNI™ LENGTH FROM COLLISIONS
LET S(1)=0.

LET S(2)=0.

IF 11<3 THEN 01530

FOR K=3 7O T.

LET S(KYs0

FOR Ta1 10 INT(K/2.)

LET JaK-T

LET SUK)=S(K1eE(],])

NEXT 1

NEXT K

PEN

PEM SET UP "aXIMUK STEP SIZE VARTABLE

LET 27%29

REM G(K)=RUZAER NF CILLISTONS PEP UNTT LEWGTH BETWEEN K AND ALL OTHERS
FOR Ke1 TO It

LET G6(X)=0

FOP Jel TC Tt

LET GIKI=GIKI+FIK,J)

NEXT J

NEXT K

FOR K=1 TO 11

IF G(K)*Z1<e4(X) THEN 01690

LET Z0=N{K}/5(X)

IF 20522 THE 01690

LET Z2+19 .

REM FIND MACIMUM ALLOWARLE STEP SIZE

NEXT K

IF 22>+21 THIN 01730

LET Z1e22

60 TO 01630

REM

FOF K=1 TO 10

REM CALCULATION OF NEW DROPLET NUYRIRS N(X) CF SPECIES K
LET O(K)xN(K)

LET N(K)=C{KI-G(K)*Z]

IF NUK)>=0 THEN 01810

LET NiK)=0,

LET W3=w3+e]

LET N(K)eN(KD+S(K)®7] ~
NEXT K

REM CALCULATION OF NEW DROPLET VELOZITY WI(K) GF SPECIES K
FOR K=1 TO ID

LET T22(0U(KI=G(KI+Z1)#VI(K)ON(K)

LET 1520

IF VIK)e0 THEN 1993

LET TS=P1eN(K)#PI# (DIKI"I)/ 16, 0VIK))

LET T3=0

FOR el TO TNT(K/2.)

LET Jek-]

LET T3=T4FCT 0% (VIIIONITI4VIIIONTI) )92

NEXT 1

LET T4=0

IF VIK)e0 THEN 02120

LET TasN(KISZ1#CK)9PO#R2¥IVE-YIK) PPABSLVO-VIKI)#(DIKI"2) 7 {VEKI¥EL)
LET T4sT4=NEKI/VIKISZ1oN(K) 4G

IF N(K)C=0 THEN 02120

LET ULKI=(T24T34T6=T5) /(N(KIN(K))

02000
02010
02020
02030
02040
02050
02060
02070
€2080
02090
02100
02110
02120
02130
02140
02150
02160
02170
02180
02190
02200
02210
02220
02230
02240
02250
022¢0
02270
02280
02290
02300
02310
023120
02330
02340
02350
02360
02370
02380
02390
02400
02410

.02420

02430
02440
02450
02460
02470
02480
02490

02500

02510
02520
02530
02540
02550
02560
€2570
02580
02590
02600
02610
02620
02630

REM
REM :

PEM  IF CHANGE IN VELOCITY IS TOC LARGF, PECUCE CELTA 7
TFCBBSUIK)I-VIK)I/VIKIC,?) O (VIKI<2.) THEN 0212C

LET I1=21/1.5

REM RESET N(K) AND VIK)

FOR Ke1 T0 I

LET N(X)=0(K)

LET UlKI=V(K)

NEXT K

€0 10 0174¢

REM

NEXT X

REM CALCULATION OF NEWLY CREATED DPOPLET SPECIES -
IF 11=1 THEN 22390
LET (321141

LET I1=2¢11-1

If 11<=50 THFN 02190
LET I1=50

REM

FOR KaI3 TP I1
LET MIK)=KOM(])
LET N(K)=0

LET Ul=C

FOR [=(K-13¢1) TD INT(K/2.)

LET Jak=1 .

LET N(KIZN(K)+F (T, 00871

LET U1aUi+F (1,310 (A ITI0UCTIoR(IIeULID)

NEXT I

LET D{K)=(M(K)/R1%6./P9)~(1/3)

IF N(K)=D THEN 02220

LET ULK)=UI#21/7NEK) /LK)

NEXT K . R

PEM SET UP 11 BY FINDING FIRST NON-ZEPN SPECIES
RPEM COUNTING DPWN FRTIM S50.

FOR K=50 T0 1 STEP -1

TF N(K)I>O THEN 02380

NEXT K

LET Il

REM  MATOIX SNLUTION OF CONSERVATION ECUATIONS

LET PeFNP(T,0,050:0+0,0,050,050,0)

LET P2=FNP(T=1,C»0,0500C»0s0s0500s050)

LET V3FNWIP2,T=15050+0,0,0,0+050005000,050505C0050)
LET H3sH]

LET $3+51

LET V1=FNW(P,T,0505Cs0rGs00Cs0p0sCoCys0s0s0s0,C,0}
LET VB=FNVIP2,T~150,0,05050,0,0504C, o,c.o,o,o.o.o,o o)
LET HB=HZ

LET $8=S2

LET V22€NV(P,T,05090,050s0s000p05050sGCe0s0s0yCs0,C)
LET M52 (H1=H3)/(P~P?1$0.01

REM  COMPUTE DH2/0P

LET Ho=(M2-HE)/(P-P2)%0,01

PEM COMPUTE D@2/0P .

LET 96=(17v2=1/V8)/(P=P>)%] ,0E-5

LET 0120

LET 0220

LET 0320

LET 0420

LET 05+0

LET 0640

LET 07%0 ‘

FOR t=} TN 11

LET Ql=Q1+0(I)eMtI)evVI])

-

1e=S

RS
@
A
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142!

62640
02650
02660
02670
02680
€2690
02700
c2710
02720
02730
02740
02750
02760
02770
027e0
02790
0280¢
02810
02820
02830
02840

.02850

€2860
02870
02680
02890
02900
02910
02920
02930
02940
02950
029¢0
02970
02980
02990
03000
03010
03020
03030
€3040
€30%0
03060
03070
03080
03090
03100
03110
03120
03130
03140
03150
031¢0
€3170
03180
03190

*03200

03210
03220
03230
03240
03250
03260
03270

LET 0220240011 #%(1) .
LET €3303 «Q({I)¢M0I)#(H1¢1000.4V(II2VLEEN/2.)
LET O4aQasr{IIS(NIL)=DUINIS(VCII"2}/2.

LET C5205+C(IIs¥(INevIII®IUCIV-VIL))

LET 062064CU1)OMIT)O(UIII=VII))

LET Q707+M{T1SV{T}I6(NIT}=N(1))

NEXT 1

REM PLACENG THE COFFFEICIENTS [N THE MRTRIX
LET B(1,1)=-1/X

LET B(1,2)21/02804

LET BU1,3)31/v4

LET E{1)e=81/4

LET B(2,1)2We(v5-01/02)

LET B(2,2)=4

LET B(2,3)=XeW

LET E(2)=-R¥Goa421-06-07

LET BU3,1)=we(HM2%1000.4(VA"2)/2.-03/0Z2!

LET A(3,2)sXenuspss{1=0)awens

LET B{3,3)=X0usVe

LET F{3)=-Gtws21-05-0%

MAT H=INV(R)

FAT IsHee

LET X1aI(1)

LET Plaft2)

LET v8o1(3)

LET T6s(V2-V1)/(52-510%P]%1,0%-3

LET T=T4T6

LET x=x4x1

LET Vb=Ve+Vs

LET w2=Xew

LET V9sW2/R2/8/A2

LET vés=ve

LET Wl=(1-X)#y

LFT P=FNP(750,04050,000,050,0,0,C)

LET VIsFNW(P,T,0,0,0¢200+C+0+05020,0+C40,0+9,0,0)
LET V2=FNV{P,1,050,0,2050+0+0,040+0,C40,0,9,0,0,C)
LET E1=FNNI(T,0,0,0,0,240sCs050,05040,C!

LET SeFNS(750,0+0+05,000,0,0,0}

LET PLre1sV]

LET RP=1/V?

LET 222421

FOR Is] TO N

LET M1=-M(1)/02%W*x1

LET M{I)=M(T)eM)

LET DUI)a{MITI®6./P1/29)% (173!

NEXT |

REM CALCULATE ‘EPRQR [N MASS FLOW.

LET w4n0

FOR K=1 TO 50

LET Waawé ¢N{KIIM(K)

NEXT K '

LET Wex100%(1 =(W& 4XOW) /W)

1F ¥3<8 THEN 03450

REM OON™T SOUISH IF SPECTRUM HAS REACFED FULL DEVELDPNENT.
IF FNE(DU1Y+D(50)51,520,0)1<1.€~7 THEN 03550
REM SQUISH PPESENT D2IP SPECTRUF INTC I=1-25, OCUBLING THE MASS INCREMENT
REM CONSERVE MASS ANY MOMENTUM

LET MQaM(2)

FOR J=1 TO 25

LET 1=2%y

LET Kel-1

IF (N{K)+N(I))=0 THEN 03270

LET UGJ) = (MIK)IENIKISULKI4MITIONCTISUCTI)/IMIKIONCKI4MIT)I*N D))
LET NCJI=NCII4N(K) NI /MIT)

03280
03260
033¢0
0331¢
03320
03330
03340
03350
03360
03370
03380
0330¢
03400
03410
03420
03430
03440
03450
03460
03470
03480
03490
€35¢0
03510
03520
03530
03540
03550
03560
03570
03580
03560
03600
03610
03620
03630
03640
03650
03660
03670
03680
03690
037¢0
03710
03720
03730
€3740
03750
©3760
03770
c37€0
03750
03800
03810
03820
63830
03840
03850
03860
03870
03860
03890
03900
03910

LET MUJ)=ysM0

LET DOJI=(6.0%(J)/RI/PC)TEYI)

NEXT J

PEM  CLEBR TKWF SPRCTRUNM Z20F J2f6 T0 50
FOP J=26 TN 50

LET NCJ)=D,

LET M(J)=J¢Mo

LET DOSI=(62¥(J)/PO/RTINL/3)

NEXT J

PEM QESFY 11 TN FIRST MGN-ZFON GROUP FROM TOF
FOP J=25 TO 1 STEP -1

TF N(JIDO THEN 03420

NEXT ¢

PRINT "CSPPLR-~ NN NCN-Z2FP5 SROUFS™

LET 11=0

REM

PRINT “SOUISHFN SPRCTRLM - NMEW M455 INCOFMENT ="ivg

PEM  PRINTOUY

PEM CCNTINUE TO PRINT REFULTS

PRINT 24P, T-273,15,%,4A7

LET C63SORIR2/93/782/(1=A201)PSCRE569,92¢T)
PRINT VEsCesSO,(1=xD0ST44E52,w4

PPINT " =

FOP 1=1 TD T1-}

PEM CONTOOL IF WEBFRNULMBIR EXCEEDS 12
LEF W5=R2$DCI)e(ve-V(IN}*2/3

IF W5¢=12 THEN 03560

PRINT "WED12, CORUP™;I -
IF N{II#M(T)1C,010% THEN 03590

PRINT EoNAT),NUTISM(L) 10, (L) ,D(E)

LET w3=1
NEXT 1 i
PRINT "LAST GPAUP IN SEECTRYM™

PPINT T1,NCT1),N(T1)#MCI1N/%*100,U(T1),0(11)
LET J4=0
PRINT ™ =
PRINT " »
REM  STOP WHEN T<8. CELCINS
IF T-273.1%CP. THEN C3690
REM DIHEPWISE,A0 3ACK TN I0P OF LCOP
6G TC 00910
PRINT “TFMPEPATURE LESS THAN & CFLCIUS--PROGRAM STLP®
s1op :
DFF FMC(D,R)
RFM CALCULATION 0F DRAG CNEFFICIENT
LET PaR2O(FRSIVA-V(T)))#DIC2
IF R>1000 THEN 03770
LET D=24.¢(1.+.1542% 67010
60 TO 03720
LET D=0,40
FNC=D
FNEND
DEF FNA(ZoD1,Dsa0s22,83045,45) :
RFM  CALCULATION OF CROSS SEZTION AS A FUNCTICN GF LENGTH
REM' AO=AREA OF LIFT TUBE ROTTOM (4°2)
REM DI1=DIAMETER AT LIFT TUBE BOTTIONM (M)
LET D1=502(4,%40/3,1615031
PEM A1=DB/0Z
LET AlwA? 288307 430A4A727 44485922
FNA=(AD #8207 +83¢7°2 wA427%2 44542%¢)
FNEND
CEF FNPIT,T2,YoKya0E,CoDokyFoXyAal)
REM CBLCULATION NF THE TFMPERATURE PPEZSSUFF @7 LATION OF WATER/STEAM
REM AT SATUPATION LIRE

1RES

)

{fii
=7
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03920 LET T2=2740.01
039130 LeT ¥=3764.11-(7-272,15}
03940 LET X=2,537¢45

03950 LFT A25,426551

03960 LFY 82-2005.1

03970 LET C21,3869F=¢

0139g0 LET De1,1665F=11

€3990 LET Ex-0,C044

0400C LEY F==0,C057148

04010 LET x2T12%2 - K

04020 IF 83S(Y)>210 TUEN 0404D

04030 LET x=0

04040 LET TaT/647.3

04050 LET 81xa 4B/T2 +CoxsT2¢#(107(DOXXI=1,)et®1C(FPY 1,25}
040¢0 UET A121,C1325%1G%A1 #(T= 42208 ST7-TIVEXP(=12.¢6T%4)%9,80665E-2
04070 LET T=Teke7,3

040F0 FNPaa)

04090 FNEND .

04100 DEF FNVIP . T,POsRIAsAsCoCoEsF oVl VIoVEIHOILsH1S0»S15»53+54)
04110 REM  STFAM TARLE OF SATURATED AND SUPERHEATED STEAM
04120 REM ALL VALUES 4RE GIVEN IN SI-UMITS

04130 REM  221.287«CRITICAL PRFSSURE (&AR)

04140 PEM  £47.3=CPIT7CAL TEMPFRATUPE 1K)

04150 LET T=T/b47.3

041¢0 LET P=Pr221.207

04170 LET POe2,768=9

04180 PEM CCNSTANTS FDR SPEC.VOLUME

04190 LET R21,34992E-2

04200 LET 424,7331¢-3

04210 LET B92.93945¢-3

4220 LET C=4.35507E~-6

04230 LET D=6.70126k-4

04240 LET E=3,17362E-5"

04250 LET F=B.0GRSTF=5

04260 REM CALCULATION OF SPEC.VNLUME OF STZAd4

04270 LET Vispel/sP ,

04280 LET V2=(E-E*{1.55108-P)*T"(2%2.82))1/1%2,82

04290 LET V3e(3=(1.265914P-T"3)8DeP)/T 14 ¢ /7732

04300 LET Vasy3spep

04310 LET Va={1-1,32735¢P)¢F*T

04320 LET V2=V1-V2-V3-v4

04330 RFM  CALCULATION OF SPEC.ENTHALPY OF STEAM

04340 LET HO=2D.03327E2 ¢11.698648E2¢T +(~8.0D553¢€¢T"2)
04350 LET HOaHD +73,765R10T"3 4(-13,02568¢T%%)

04360 LET I1=34.1R62%647.13

04370 LET H1e(3.82¢A/7°2,82 ¢-1.82%E#(1.55108=P/2.,)19T%2,82)9P
04380 LET M2e(9.9R=3,%(1,265910P=T"3)¢23%P)/T 14

04390 LET H2=(H2 +11.%C/T"32)#pP"3

04400 LET M2eHD ~11¢{H1+H2)

04410 REM CALCULATINN OF SPEC.ENTROPY

04420 LFT S021.,807299%L0G(T) +10.696236 -2.488G14E=2¢T +,17C9387¢Te7
04430 LET $0=5C =2,683287E~2¢1"3

04440 LET I1=11/567.3 .

04450 LET S1=11#°¢L0G(P/PO)

04460 LET S362.B29A/T"3,32 42.R2%E+{1.55108-P/2,)1%7"1,82
04470 LET S4=Fe(1-1.32735%P/2)

04480 LFT $3s(S2-S4)ep

04490 LET S4=0140/3,48 —(14.7/5.%1.26591%P =11,/4.*T"3)9D¢P)!T"15
04500 LET S4=(S4 +32.40/3./7733)4p"3

04510 LET S?2S0-S1-11%(53+54)

04520 LET T=2T%647.3

04530 LET P=P¥221,287

04540 FNV=V2

04550 FNEND '

04560 DEF FNW(O ToHsKoLoMolosLloNLoUsWoV2oVIsVeVIsh0,H2,50452)

04570
04580
04590
04600
04610
04t 20
04630
04640
04650

. 0sbh0

04670
0400
04690
04700
04710
04720
04730
04740
04750
047860
04770
04760
04790
04800
04810
04g20
04830
04840
04850
048¢0
04870
04R80
04890
04900
04910
04620
04930
04940
04850
04960
04970
049¢0
04990
05000
0t010
05620
05030
05040
05050
05060
05070
05080
05090
05100
05110
05120
05130
05140
05150
05160
05170
05180
05190

REM
tcw

STFaM TARLE OF SUBCOOLED AND S&TUPATED waTe?
221.287=CRITICAL PPESSUPE 1AAR)

FEM  £47.3%CPITICAL TFMPEPATUEE (M)
LEY T=T/647,3
LET P=P/221,247
REM  CONSTANTS FOK SPTC.VOLUME
LET H=1,13870hE=¢
LET K=G,Q96400275-¢
LET L=7.261145E~5
LET Me7,076521°~1
LET N=21,052358¢-11
LEYT Hlw1.GQ0850F ¢5
LET 11=1.362926E415
LEY Nlwf,5371547=1
REM CALCULATION OF SPEf.VILUME
LET Us3, 767 -3,122160628T¢1 ZR1#T7(-6)
LET M=) +(1.72%U%U +L1%(P=~1,5C07CETHII"(.5)
LET V1e,817/8%(1/3.4) ~H 4Ke7
LET V1sVE $(N1=T)®2¢(L +(NL-T)" 2%M)
LET V1sV1 =(N¥(£2,5 ¢13.10268¢P +PeP})/(1.51CRE=5+T"11)
OFM  CONSTANTS FCR SPEC.ENTHALPY
LET HOx=1,76448892E6 +4,6645335RE5¢T =2,646R76T7F5¢TeT
LET HOsHO +9.03027153€6%T"3 -1,97694002E7¢T % +2,8G462399E7+T"5
LET HO=HC =2.83099327576T%6 +1.780BQ426E74T"7 ~5H.53467601E6%T 0
LET poep0 +1,06519653E6¢7%0
. LET V=-2.43,12219Q0R¢T 2 ¢£,¢H1/T S
REM CALCULATION GF SPEC. ENTHALPY
LET Mla(,50420680¢0=,41544507%(3,6%U=V]})%yu
LET HI22.9.417/L0/0%01/3.6)%(HL4L1#1,5007C5/2.4T -.724VeU)
LET HP2=-H +(N1=T)#{Lo(N1+T) +Me(NLI-T)I B¢ (N]1¢G.*T))
LET HlxH24P +H]
LET H2=(N#(1,5109E=5 +12.¢T7110)/01,.5108E-% +T*11)°"2
LET H2=H24(62.54(13,1026R/24P/3)4p)¢P
LET H12KO434,1562%647,3%{H1-H2}
REM CONSTANTS FCR SPEC. FNTRIPY
LET S0#7,20613887E2¢L0GIT) +2.20637861E3 -8,24000235E3+7
LET S0=S0 ¢2.0626N1F4¢T#T -4,07217676E4¢T"3 ¢5.9G03E325E4%T%
LET SCsSO ~5.24824963E4¢T%5 ¢3,20030903E44T%¢6 -1,15374651F4*T"7
LET SC=S2 ¢1,751392p5%37%¢
REM CALCULATINN DF SPFC, ENTICPY
LET S1=,416666HT0VEN4L1%1.500705/2.9T-0,72¢Vey
LET S1=S182.%.417/L1/T/¥ (17344}
LET S2=(L +S5.#M#(N1-T)" ) (N1-T)*2, -K
LFT S1=52¢P 431 .o
LET SP=)1.0T LOMN/(1.5108E-54T"11)"2
LET S2wS2%(62,54013,10268/24P73)%P)0p
LET S1s50434,1862%(51-52)
LET T=Te647.3
LET P=P#221.297
ENWeV]
ENEND
DEF FNN(T,81,A2,A3,81+82,R3,C1,C2,03,T15V1,v,53)
REM  CALCULATION OF DYNAXIC. VISCASITY
REM FOR WATER AND STESM
REM CONSTANTS?
LET A1=241.4
LET 8220.39292(949%
LET 4322,162830212€-1
LET B1=263.4511
LET B290,4219836243
LET R3er0.4
LET C1=586.1198738
LET C2+1204,753943

-,
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0%52€0
05210
05220
05230
05240
05250
05260
05270
05280
05290
05300
05310
05320
05330
05340
05350
053¢0
0%370
05380
05390
054C0
02410
05420
05430
05440
05450
05460
05470
05480
05490
05500
05510
05520
05530
05540
05550
05560
05570
05580
05590
05600
05610
05620
05630
05640
05650
05660
05670
05680
05690
05700
05710
05720
05730

* 05740

05750
057¢0
05770
05780
05790
05800
05810
05820
05830

LET C3=02
LET T1e=£470)
LET T=T/T)
LET V1»0.00317
PEE  CALCULATION CF DYN.VISCESUTY OF WeTER
LET E1=22/(T=-43)
LET E1=21%107E1¢1.¢=7
REM CALCULATION OF DYN,VISCGSOTY BF SVEAM
LET F2=P1¢(T-P2)48%
LET vsv2/vl
LET E32E2-1/Ve(Cl~ c'ttr €31)
LET €2=£3#1,0F-7
LET TaTsT1 -
FNN=EL
FNEND
DEF FNS(T,a1,82,43,860a5,R,T1,72,50)
PEM CALCULATION OF SURFACE TENSIRN
QEM  VALIDITY CEGIGA UP TR CRINLTENI,
LET A1=1,160936807E-1
LET A221.121404688E-3
LET A3=-5,75?80518CE=6
LET A421,294274650E-2
LET 852-1.14971926Ck~11
LET 820,83
©LET T1=647.3
LET T2=T1-T
LET SO=A1¢72%2
LET SO+S0/(1,43¢T2)
LET SO=S0¢A2472%2 +A3472%3 +A48T2%% +A352T2%5
FNSeS0%*1,f=~3
FNEND
CEF FNT(P,P1,T,J)
REM CALCULATION OF THE PRESSUPE TEMPERATURE PELATION
REM OF WATER/STEAF AT SATURATION
LET J=0
LET Plep
1F P1<0.1 THEN 059C0
IF P1¢0.2 TYEN 0SREL
IF P1<0.5 THEN 0586&C
IF P1<1.,0 THFN 0584C
IF P1<2.0 THEN (582C
1F P1<5.0 THEN 058CC
IF P1<10.0 THEN 05760
IF P1<20.0 THFN 057€¢C
IF P1¢50.0 FHEN 05720
IF 21¢100.0 THEN 05320
IF 21<200.0 THEN 05300
LET T=638,85
LET T=T+4273.15
60 0 05910
LET T=584,11
GO ro 05910
LET T=537.0%
G0 0 05910
LET T=685.52
60 0 05910
LET T=453,03
69.,I0 05910
LET T=424.99
GO 10 05910
LET T=393,38
GC TO 05910
LET T=372.75
60 TO 0%910

QL840
05P50
05860
05870
0c880
05890
05900
05910

LET T23564.49
60 T 95012
LET Te323,2¢
G0 TO 35910
LET T=3)£.98
60 TD 95914
LET T=273.15

LET P=FNPIT,Cs0,Cy0,2:

05920 IF J»1 THIN 05990

05930
C5940
05950
059¢0
05970
5980
0599¢

" 06006

0¢010
06020
06030
06040
060%0
06060
06070
ceoe
06090
06100
o6ll0
06120
06130
06140
06150
06160
08170
06180
06190
ot200
06210
06220
06230
06240
06250
06260
06270
062R0
06290
06300
0€310
06320
06330
06340
Qeldse
063¢0
06370
0s38n
06390
06400
0€4l0
06420
06430
06440
06450
06460
06470

IF
LET
60
LEY
LEY
60
IF
LET
60
FNT
ENF
DEF
RE
LET
LET
LET
LET
LET
LET
LET
LET
LET
1F
1133

P>P1 THFEN 05440
T=T40,1
T0 0%91¢C
TeT-0.1
Jel
TO e591¢C
P>>1 THEN 04020
Ts74C.CY
TC 05910
=7
ND
FHI(MO)

©4Co0s040,0)

M CALCULATINN OF INFEZNCF CONDITIONS
VO=FNWIPO«TO0,0,0sDs 3¢ CoC1%9000+Cr09000+(+0+CeC)

HOa M1
$6=51
UN=w/a0evo

P1=PO =,5#U0%UO/VD*1.E-C

T1eFNT(P1+040+0)

VI=FNW(P1+T71+05053534C»0:CsCe0+05C50595,C,C,0,0)
VImFNVIPL,T1,0,090039Cs0,050:000,8+0,2,0,0,0,0,0)

Xe {HO~K1) 7 {H2=H1}
X>0 THFN 06170
NT "xco »

LFT BRFNAIZs0»0,A354805A508L047)

LET
PRI
PRI

1F

sTol
FNI
FNE
DEF
REM
IF

REM
LET
LET
LET
REM
LET
LET
LFT
RENM
LET
LET
1F

PEM
LET
(1]

REM
LET
1F

1F

VoxX#WIV2 /A
NT "Wa®;W,"40=";4A0

NT ®PO=3PC, MTCa"3T0-273.15, ¢ (F )" ;U0 :

PRINT 'Pl-";P].“Tl-"Tl ~273.15,"9(G) =

X>0 THEN C6240

P

=U0

N0
FNF{D1,02,1,0s50,%9

CALCULBTES CDALESCENCE EFFICIENCY BASED ON. OPCP DISKMETE®S

01>D2 THEN 061370
MAKE SUFF D1 IS THI
F9=n2
02201
DI=ES

LARGFR aROP

MAKE SURF I IS THE INDF)Y COFRESPONDING TOD THE LARGFP DROP

E9=)
Jal
19

CHANGE TO RADII IN“MICFINS

DlaD1*1,ER/2,
Cz=D2%1.E6/2,
D13N2 THFN Qke50

EF D1=D2s» RETUSN MITH E3s1 SINCE THEY WONT CCLLIDE ANYWAY

€620,
T0O 07080

GRANCH TN DIFFERENT
RQ=D1/02
20>3, THEN 06960
R0>2.5 THEN (6R10

CALZULATINONS DEPSNDING ON RATIC OF DROP RADI{

%
n
7

N

~

12=ES
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064R0
06490
06500
06510
06520
06530
06540
0¢550
0e560
06570
0¢5€0
06590
06600
06610
06620
06630
06640
06650
06660
0e670
0¢680
06690
06700
06710
06720
06730
06740
06750
06760
06770
06780
06790
06800
06810
06820
06830
06840
06850
06860
06870
06880
06890
06900
06910
06920
06930
06940
06950
06960
06970
06980
06990
07000
07010
07020
07030
07040
07050
07060
07070
07080

"IF RO>2.0 Y4ER 05700
IF RO>1.5 THFN 06590
REM ROw1,0-1.5
IF D1¢R0, T-EN 04570
If D1¢6DO. THFN 0655C -
LET €9%.7¢(31-600,)1/2090,
GO TO 07060
LET E9=0.
60 10 07960 .
LET EG=.1
G0 TO 7060
REM  R0«1,5-2.0
IF D1<80, THFN 06570
IF 01<200, [HEN 06550
IF D1€4Q0, THEN 0&580
IF D1<Y30. IMEW C5660
LET €92,2 + .,6¢(01-700.1/230C.
GD TO 07060
LET E9=,2
GO TO 07060
LET E9=,2¢(F1-200)r200,
G0 TO 07060
REM R082,0-2.5
IF D1<70. TWEN 06570
IF D1<200. “HEN 06550
IF D1<350., “HFN 06790
IF D1<1000. THEN 06770 :
LET £9a,5%(01-1000.)/2000, + .3
‘60 10 0706C
LET €9s,3
60 TO 0706C .
LET E9=,3#4(01-700.1/150,
GO TO 07060
REM P0=2,5-3.0
IF D1<70. THEN C5570
IF D1<18), VHEN CAS550
IF D1<250. THEN 06540
IF D1<600, 1HFN 06770
IF D1<B00. THEN 06920
1F D1<2000., THEN 16900
LET E92.6 ¢ ,24(01-2000,)/1500,
G0 TO 07060
LET E92.2 ¢ ,4#(D1-000.)/1200.
GO TD 0706C
LET E92,3 = ,1%(DI-600.)/2nC,
G2 TO 07060
LET E9=,3¢{[1-180.1/70,
GO TO 07060
REN RO®3.C=4.0
IF D1<80. THEN 06570
IF DIC180. THEN 06550
IF 01<400, WHEN CT7C50
IF D1<E00. THEN 07€30
LET €9=.1 ¢ ,7¢(D1-800,)73200.
GO TO 07060
LET EQ=.5 - ,4*(D1-400,)/400,
G0 TN 070KC )
LET F9=.5¢{C1-180.)/220,
REM  FINTSH uP -
IF ((D1"3 + C2°3)%(1/3)) < 2%00. THEN 071€0
REM ALLOW NN GROWTH PAST 2,5MM BECAUSE FUDW 1S TURBULENT

7090 LET EQ=1,

e71C0
orn1o

LET D1=D1¢2.E~5 -
LET 022024265

07120
07120

07140

071%0
07160
07170
07180
07190
07200
07210
07220
07230
07240
07250

LET FS=1-EQ
60 TC 07730
REM CALCULATE COLLISION EFFICIENCY GUE TO STCKES FLOW

LET RO=D2¢ABSIVA=V(J))I/F2

LET SOsRI#02¢D29ARSIVITI=V(J))/(1E#E24R24D))

IF 50=0 THFN 07200 Y

LET RO=1e/(1s +11.2615 +.04571%RO™(,781B)I#EXP(=2.94LGT(50)))
60 T0 07220

PEM

LET RO=1,

REM

FNE=E9

FNEND

END
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