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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 flashaown; small variations in 
inlet parameters greatly change the lift height achieved. · 

Growth of droplets by collision and coalescence is substantial as predicted 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 occurs 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. 

V 
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SECTION 1.0 

INTRODUCTION 

The mist flow concept is a promising alternative to closea-cycle and other open-cycle 
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 iri 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 thermodynamics 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 i_s 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. 

1 
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SECTION 2.0 

REVIEW OP SINGLE-GROUP MODELS AND RESULTS 

2.1 SINGLE-OROUP 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: 

• the drops are of uniform size and spherical; 

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

• no interactions between drops (collisions or wake effects) are considered; 

• 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-la) verified the basic viability of the concept by predicting lift 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 som~ 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-la), 
and considerable change in the performance with slight changes in tube shape. Lilleleht 

3 



TR-627 
S:~1,t11 -------~__;_-----------:-----------:-

co 
a.. 

~ 
::, 

"' "' Q) 

ci:: 

<I) 

E 
c 
" 0 ,., 
> 

2400.0 ------------------,-.35.0 

2200.0 

2000.0 

1800.0 

1600.0 

1400.0 

30.0 

25.0 

U) 

20.0 °e 
~ 
0 
0 

15.0 ai 
> 

10.0 

~-....... -""""T-.......,.----,.......-.,......-"T""-..... --r-o.o 

Area Constant 
Initial Temperature 295.15 K 
Mist Particle Diameter 1.8 x 10-• m 
2.0-m Step Size 
Initial Mass Flow Rate: !1.0 kg/s 

Legend 
• Mist Pressure Curve 
• Liquid Velocity Curve 
A Vapor Velocity Curve 

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 150.0 
Height above lift tube bottom (m) 

---.. Indicate Appropriate 
Scale 

a. Model Developed by L. Lilleleht 

50r-~~~~~---~---------------------.25 

40 

30 

20 

0 20 

Temperature 

40 60 

111le1 Temperaw1e 
Condenser Temi;,erat1•rf. B''C: 
1n1e1 Drop IJ,ameler 0.0002 m 
Inlet Pressure 5.0 bar 
Inlet Flow Rate 945.2 kg,s 

Lill Tube Diameter tO "' 
Total Area of Injectors 0.03 m· 

80 100 

Height Above Lift Tube Bottom (m) 

b. Model Developed at Dartmouth College 

120 

Figure 2-1. Sample Outputs from Single-Group Models 

4 

20 

15 r 
~ 
:, 

~ 
Q) 
C. 

10· ~ 
I-

5 



. · S:tl it~), -------------------------'--------T_R_-_6_2_7 
,-~-/ 

noted some difficulty in obtaining sufficient lift over a wide . range of flow rate and 
flashdown temperature combinations. 

Table 2-1. SAMPLE CONDfflONS FOR PARAMETRIC STUDY BY L. ULLELEHT 

Lift Lift Tube Final 
Tube Drop Inlet Condenser Bottom Mass Cross-Sectional Area of Lift Tubea Lift Liquid 

Height Diameter Temp. Pressure Temp. Flow Rate . Height Velocity 
(m) (m) . ("C) (Pa) ("C) (kg/s) Ao A1 A2. A3 (m)" (m/s) 

ISO.Ob 0.00018 22.0 880 19.0 8.0 0 0 0 150 · 3o.o· 
150.0 0.00018 22.0 880 19.0· 8.0 0.0500 0 0 150 2.5 
150.0 0."00018 22.0 880 21.0 24.0 0,0500 0 0 150 7.1 
150.0 0.00018 22.0 880 21.0 16.0 0.1830 -2.33_3 1.33 5 150 1.5 

X 10, X 10-
150.0 0.00018 22.0 880 21.0 16.0 0.1333 -0.001 6.67 6 95 0.7 

X 10-

a A(m 2) = A0[1 + A I z2 + A2z2 + A3z3i, where z is the height above the bottom of the lift tube. 

bconditions of Fig. 2-1. 

In the course of this study the program developed by L. Lilleleht has been modified to 
model additional effects. 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 specifying a flashdown 
temperature. 

The restriction on lift height b_ecause 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, 
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Table 2-2. SUMMARY OP SERI RESULTS FOR MODEL BY L. LILLELEHT UI 
Ill 
.-U 

Temp. at Lift Tube -Inlet Bo:tom of Condenser Cross-Section Final (-.;;;·) 

Lift Tube 
ID QI 

Temp. Temp. Drop ,/Jass Area LHt Liquid ' > 

Date Run T . T T Diain.eter Flow Rate A(z) Hei5ht Velocity 
(1979) (Kt (K) ,(K1 (m) (kg/s) ya (n,2) (r11) .(m/s) Comments 

7/12 1-3 300.0 295.0 278.15 0.0002 10.0 1.0 150'.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 ,298.15 295.15 278.15 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 !37.5 21.0 
2 300.0 295.0 285.00 0.0002 10.0 1.0 12 5..0 21.0 
3 300.0 296.0 285.0 0.0002 10.0 1.0 127.5 21.0 
4 300.0 295.0 285.0 0.0001 10.0 1.0 155..0 23.0 

8/14 1 300.0 292.6 ·280.0 0.0002 10.0 1.0 19?..0 41.0 T 1 calcula tedc 
2 300.0 295.0 . 280.0 0.0002 10.0 .1.0 204!..0 41.0 T 1 calculated 
3 300.0 293.3 280.0 0.0002 10.0 1.0 154!.0 60.0 T1 calculated 

8/24-27 1 300.0 294.0 280.0 O.OC02 40.0 0.002 1 + 0.05 z 248.0, 10.0 T 1 calculated 
2 300.0 293.5 280.0 0.0002 20.0 1 + 0.05 z 200..0, 6.0 T 1 calculated 
3 300.0 294.2 280.0 O.OC02 60.0 1 + 0.05 z 2:76.(ll 15.0 T 1 calculated 
4 300.0 294.l 280.0 O.OCOl 40.0 I + 0.05 z 286.0 10.0 T 1 calculated 
5 300.0 293.5 280.0 0.0(04 40.0 1 + 0.05 z 184.0 10.0 T 1 calculated 
6 290.0 :286.l 280.0 O.OC02 40.0 1 + 0.05 z 78.0 15.0 T 1 calculated 
7 295.0 :290.2 280.0 0.0(•02 40.0 1 + 0.05 z 152.0 13.0 · T 1 calcul11 ted 
8 . 300.0 :294.1 280.0 0.0(02 40.0 1 + 0.0 l z · 300.0 35.0 T1 calculated 
9 300.0 :293.4 280.0 0.0(•02 40.0 1 + 0.04 z 2:56.0 12.0 T 1 calculated 

10 300.0 :293.8 280.0 0.0(02 40~0 1 + 0.1 z 2:10.0 6.0 T1 calculated 
)1 300.0 :286.5 280.0 0.0( 10 20.0 56.0 8.0 T 1 calcUla ted 

8/31 1 300.0 :293.9 289.0 0.0(•02 40.0 0.002 b 19::1.0 2.0 T 1 calculated 
2-4 298.15 :293.75 283.15 0.0002 56.28 0.0027 1 + 0.053 z 160.0 13.0 T 1 calculated 

5 298.15 :292.33 · 183.15 0.0002· 56.28 0.0027 1 + 0.053 z 1:51;.0 13.0 T 1 calculated 
6 298.15 :290.0 283.15 0.0002 56.28 0.0027 1 + 0.053 z 160.0 13.0 T 1 calculated 

a Y= Injector Hole Area 

Lift Tube Cross-Sectional Area 

bA(z) = 1.0 + (O.I83)z - (0.0(123l)z2 + :1.33 x 10-5)z3. 
--3 

cAt this point, parametery 'l'as !ldded to the program for all subsequent runs. ::ti 
I 

0) 
t.:> 

• -.::i 
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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-lb). 

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 ~ea of injector holes, the inlet temperature, the condenser tempera­
ture, and the geometric shape of the lift tube. By using the inlet paramete~ 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~ 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 velocity 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 velocity 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 196 
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 st~p, 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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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 condition 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. 
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Table 2-3. SUMMARY OF RESULTS FOR MODEL DEVELOPED AT DARTMOUTH COLLEGE 

Location 
of Runs 

Da~tmoubh 
College 

SERI 

S:a::RI 

Inlet 
Temp. 

To 
(°C) 

25 
25 
25 
25 
25 

25 
25 . 
25 
25 
25 
25 
25 
25 
28 

25 
25 

Condenser 
Terrip. 

'T 2 
("C) 

8 
8 
8 
8 
8 

8 
8 
8 
8 
8 
8 
8 
8 
8 

8 
8 

v2 
8h =ho+ 2g; g = 9.8066 m;s2._ 

Inlet Mass 
Press·Jre Flow Rate 

(bar) (kg/s) 

0.2 181-184 
0.5 293-296 
1.0 418-421 
2.0 595-598 
5.tJ 945-947 

5.0 946.2 
5.0 946.2 
5.0 946.2 
5.0 946.2 
5.0 946.2 
5.0 946.2 
5.0 946.2 
5.0 946.2 
5.0 945;2 

. 0.1 1120-1266 
0.2 1750-1840 

touplicated at SERI after transferring code to SERI's computer. 

Total Area Lift 
Area of of Lift Drop Height Final Liquid 

Injector Orifices Tube Diameter h Velocity v 
(m2) . ( m2) (m) ( r:!) (m/s) 

0.03 78.54 0.0002 0-78.0 
0.03 78.54 0.0002 0-112.0 
0.03 78.54 0.0002 0-131.0 
0.03 78.!i4 0.0002 0-134.0 
0.03 78.54 0.0002 0-110.0 

0.03 78.54 0.0001 36.0 39.7 
0.03 78.54 0.00015 40.8 37.8 
0.03 78.54 0.0002 45.4 35.8 
0.03 78.54 0.0004 59.2 28.5 
0.03 78.54 0.0008 70.0 17 .I 
0.03 78.54 0.001 70.6 12.5 
0.03 78.54 0.002 57.4 0 
0.03 78.54 0.005 52.6 0 
0.03 78.54 0.01 51.8 0 

0.30 78.54 0.0002 0-85.8 0-41.5 
0.30 78.54 0.0002 0-39.2 0-47.0 

Lift Height 
with Coast 

Phasea 
h 

(m) 

116.4 
113.8 
110.9 
100.7 
84.9 
78.5 
57.4 
52.6 
51.8 

0.6-169.6 
1.2-149.8 

Comments 

See Fig. 2-2 

See Fig. 2-3 

Rainout 
Rainout 
Rainout 

See Fig. 3-5 
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Figure 2-3 demonstrates the possible improvement in lift height made available by 
allowing a coast region at the condenser temperature. Figure 2-3. is a plot of predicted 
lift height versus now 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-now rate cutoff remains unchanged, inclusion of a coast 
section greatly increases the possible lift for all now rates above this cutoff. It must. be 
noted, however, that to obtain these results the shape of the lift tube was optimized for 
each now rate and that ·the optimum shape for one now rate will not be optimum for 
another. · 
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Figure 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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3.1 DESCRIP'l10N 

SECTION 3.0 

MULTIGROUP MODEL 

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 modet 

The drop spectrum is constructed by apportioning the drops irito a series of discrete drop­
sized groups. Each group consists of drops whose masses are chosen as an integral 
multiple of the mass of the drops in the smallest group; thus the mass of a drop in group j 
is taken to be (jm 1) where m1 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 in_teracting 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 constrllcted 
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 specific drop size, the smallest drop mass and the initial number 
of drops in each group of the spectrum are input. All 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 MUL'nGROUP MODEL 

When the multigroup model developed at Dartmouth was run for OTEC conditions, the 
original SO-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 SO-drop spectrum by pairs into ttte 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 t~an 1% of 
the total mass flow exceeded a value of eight. This criterion led to consistent squishing 
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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. 

1 µ 2 
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Disruption 

Bounce 

50 100 µ 200 

Large-Drop Radius 

Breakup 
3 

2 

500 

200 

a•,• 100 µ 

50 

20 

10 ,_, 

5 

500 1 mm 2 3 4.5 

(/) 

.:! . ,:, 
rel 
u; 
a. 
e 
0 
...!.. 
ca 
E 

Cl) 

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 velocity 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, including these modifications and additions, 
is listed in Appendix B. 

3.3 COMPARISON OP SINGLE-GROUP AND MULTIGROUP MODELS 

3.3.1 Individual Results 

With the improvements described in Sec. 3.2 included jn 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 t_he 
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 curves of F1g. 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 multigrotip 
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 predictions of the two models for the conditions of 
Fig. 2-3. 
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Inlet Condenser Inlet 
Temp. Temp. Pressure 

Run To T2 Po 
Date (" C) (° C) (b!ir) 

12/I0/79 1-8 25 8 5.0 

12/ill /79 23-26 25 8 C2 
17-22 25 8 C.5 
10-16 25 8 J.O 

1-9 25 8 ~:.O --.::i 
12/14/79 25 8 5.0 

2 25 8 5.0 

12;10 to I .25 8 5.0 
1/3/79 2 25 8 5.0 

3 25 8 5.0 

1/18/80 1-10 25 8 0.1 

1/21/80 1-8 25 8 •0.2 

Table 3-1. MULTIGROUP MODEL RESULTS 

Mass Area of Area of 
Flow Rate Injector Lift Tube Lift 

w 
~) 

A Height 
(kg/s) (m2) (m) 

944-946.4 0.03 78.54 2.22-50.93 

182-184.5 0.03 78.54 0.67- 4.78 
294-296.5 0.03 78.54 0.67-11.08 
410-421.4 1.48-25.35 
595-.598 0.03 78.54 0.29-40. 73 

946.2 0.03 78.54 77.60 

946.2 0.03 78.54 76.48 

946.2 0.03 78.54 78.64 
946.2 0.03 78.54 78.64 
946.2 0.03 78.54 77.92 

1135-1260 0.30 78.54 0.14-20.10 

1750-1820 0.03 78.54 1.88-34.98 

Final Liquid Vel. 

Minimum Maximum 
(m/s) (m/s) 

0 0 

0 0 

0 0 
0 0 
0 0 

Comments 

See Fig. 3-5 

See Fig. 3-5 

Coalescence 
efficiency model 
Coalescence 
efficiency = I . 

Changes in calculation 
of Az (velocity) 

See Fig. 3-5 
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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 arid hence the amount of vapor generated increases. Thus, the vapor velocity 
increases,~·arid 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 temperature~ At this point, the inultigroup model predicts the greatest lift 
height. Beyond the point of maximum predicted lift height, the predicted behavi~r is 
similar to the behavior of the results of the single group model. The predicted lift 
decreases because 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 height 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 conclusion is that the shape of 
the lift tube has a strong influence on the performance of the mist lift. 

4.2 CONCLUSIONS FROM MUL'11GROUP 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 following questions remain unanswered: 

• 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? 

• The coalescence efficiency used ih 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? 

• Depending upon the shape of the lift tube, might drop deposition on the walls be 
a substantial problem? · 

• 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 evaporation anci 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 op~ra-
tioo? · 

\ 
• 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 wili' it 
greatly affect the. entire flow of the mist? 

• Under what conditions might large-scale instabilities 1.1.r.ise, 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 FUTlJRR WORK 

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

• A sea:19ch for further information on the collision of drops in low-pressure vapor. 

• Continued. improvement 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 conditions. 

· Start-up of the mist liftsystem will be investigated. 

• Investigation of alternatives to the current de~ign of the injector. Such alterna­
. tives inolude staged ovnporntion to produce vapor that will be intl•odUl!t:!11 i11t1.1 the 
lift tube, and choke flow nozzles that would inje~t the water into the lift tube 
and would be insensitive to the upstream pressure. 

• Incorporation of a coast section into the single-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 th~ mist lift tube. 
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SINGLE-GROUP COMPUTER CODE BY L. LILLELEHT 
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AS PROGfi'RMl'IED IH .BASf.C OH A :tEWLET,1-P!ICIO:ARD 99,sn 
DESKTOP CO"PUTER •. 
28 AUGUST, 1979 

DI" ACS) 
REAL N19,Nv0,Nll .... vl,~12,Nv2 
I 
laax•20 INAX:'1UN <{U"BER QF lfE~n:OHS 
Pass•e !FLAlfi FOR FIRST lll'IE T~OLGH 
"v0•0 ! JHLEr VAPOR f'IASS FLOW -~RlE <KG,...S) 
Hv0•0 ! I NL[ r YRPOR ENTHALPY : J .,~ > 
C•9.807 !ACCCLERAilOH Of 1CRAYJTI' cail/S..,.2> 
R•461. 5 ! GAS COHS':AHT <J,oKG.tlO 
D•ns1•1080 ILJQL!ID D[HSITV CKC/M""3• 
Z•0 !HEJCHT A•OYE BOTTON OF LIFT TUBE 
DEF FHT i nit (Pl"'•s !m7538/C 17. 777-LCT (Pres) >-230 
DEF FHPi ni \ (Temp)m 10"" 117. 777-7S38/• -elll0+230)) 
~CLEAR 
PRINTER IS 16 

INPUT 

BASE CONCITIOHS 
AO )•I 
A<2>•1 
q(J)•.05 
q(4)•0· 
:\(5)•0 
,:am•aa, 002 
)B•. 0882 
N10•40 
i0•300 
""2•280 

("I 

:F Pa51)al THEN GO"TO St;p ! lHPUl DFTE ONLY O·I FIRST T :r-.E iHRf•UG.H 
.lHPUT •IHPUT DATE :H FDR" DD/Cl'.1/DD•.)at.-f 

f'••••l 
I 
INPUT ·INPUT R<l>" ro A15):·,R<1>,R(2•,AC3,,R<.4),IH5> 
• CONSTRHT3 TO DEFINE LIFT TLIS::: SHAPC 
l!F AC l >•0 THEN STOF 
LHPUT "JHJECTOR ARER,·L?FT TUBC. AP.EA .., .. , ~a.Nada 

l)(PUT "DRC•P DJANETER <rn a",I•0 
O-D0 . 
tHPUT "l'IASS FLOW R:FTE O<:C,SEC) i:", "l\E 
INPUT "INLET TEl'IPE:cflTUP.E CK> • ", T0 
I 
T1•0 
1-IPUT "FLRSHDOWH T~P. (K) • C"YPE con IF You WAH! THE'PP'Ot;RFU1 H ,.,:i 

490 Fi 11: 
580 
LCULATE 
518 

ITP,TI 
T,,ap•T 1 
Flagtemp•0 !FLRI;: FOR WHETHEF OR tO'T PLASHDOWt,i TE"P. IS lllPl. l 528 

530 
548 
550 
560 
570 
580 
,9e 
6BB 
61B 
628 
63B 
648 

IF Teap(l THEN Fla,;temp,·111 !FL·ASHDOolH iENP. CALCULATED 
IF Te11p(I fHEH Temp•T0-.1 !FIRST ~£55 OF FLAS"IDOWH JS 
! 
IIPUT •tDH.DEHSER TCl'IPERRTURE Oc> a·•, r2 
IIPUT "IHCREl'IENT IK Z (I) •.",Z06'1 
Zdol •2 
IKPUT "CONYER,ENCE Ll"H FOR Pl<ESSURE <""'"·'2) •".:,el\a 
Dt 1 \ a•5 

CCKPUTE INITIAL CO~)ITIOHS 

K18•4193•<.J8•273.15! I I HLET LIQUID [HT"~ALPV 

• : IEGP.EI: 

650 
668 
670 
688 
698 
700 her: 
710 
728 
730 
740 
750 
760 Jnl\ 1: 
770 
788 
790 
800 ! 
818 
828 

u1·3•1'118-'< I•ens 1 •R<:t HAC 2HCamma> 
Ul•Ul8 

I LIQUID VELOCITY t;T INLET 

Uv•UI. 
UI J•0 

I FI ~ST C .'ESS ·AT VAPOR VELOC IT\' 
! SE.T Lfl 'OR ITERATION 

Z•Zdel 
Press=FNP ir t ~(Temp• 
COSUB Yah.es 

~&~~~~~~= ~=~;~;~; l~t;At~!;6~~~.,~=;~e~:~~;~~~:ri BV AMOUtlT 

! OF FLAS!aJOWH AYIILUCE TO FILL LIFT TUB, WITH VAPOR 
I . 
IF Flagtee:,-=1 THEm t;i)TC Cal•: !TO CALCULATE FLASHDOIJH TEMP, 

: IF FLASHOCWH THP. IMPUT, CHECK TO. SEE IF ABLE TO FILL TUBE 
·.IF Cam11al >:a,111& n-EH PJ;iJNT ""UNABLE TO FILL LIFT TUBE WITH Vl,F'C,F:·· 
IF Gammal):amma THEN GG'TO F· 11 ! IHF'llT NEW FLASHDOWH TEl'IP. IF HOT 
! ABLE TO FILL TLJIE 
COTO Cont iii 

830 ! 
840 Cale: IF ,:;ammal<i;amma Tl£H 1COIO Cent In !COHTJNL1E IF FLRSHDOUH TEMP. IS 
858 LOW EH011G1l. 

Te111p•Te•p-. l 
COTO J1.er 

11 =' M)T • DECREASE TE"P BY • 1 AND CO. BACI:( 860 
878 
see 
890 Con'\ ;n:Tia'!emp 

! CHECK TO SEE IF :;LI~ -ELOClTY IS LARCE ENOUGH TO LIFT QROF·S 
IF Uv>AI TJ,:£11 COTO Blttpt"r 
Camraat•Ca1111a.Y-2 
COTC· Jnt\1 ! IF IDT. CO BA:K AS IF UNABLE TO FILL LIFT TUBE 

900 
910 
928 
930 
940 
950 
968 
978 
988 
990 
1008 
1010 
1020 
1838 
1040 

Beepe-r: IF ABSCUI-UI J)/UI<•. i!J. lHEH 
I FLASHDOWNI l 1HTIL l,Jntit- 1).:: 

t;OTO B11gin I ITERATE OH IHJ-TIAL 

· 1030 
1060 
1070 
1880 
1098 
1100 
1110 
1128 
1138 
1140 
1150 
1168· 

I 

BEEP 
! STORE OLD \iiRLUE 
UI t•UI 
COTO h11r 

Be, i n:Pl •P,..••-' I 88 
CDSUB Craph !JNITJ_ATE IGR·!l!PHICS ROUTINE 
! 
: THIS SECT:O~ PRIH'J!: iH: IHF,UT 01-' CRLCUL~TED •LASH!IO~Jll TEMF'. iJI~ 
! TH[ GRAPH .. 
"DYE Z+25, Tem,p-250 
CSIZE 3 . 
LIHE TYPE l 
LORC 2 
Lt•• JHPUY-
JF Flag\e•paJ THEN lS•·CPiLCUL!l!TED• 
,_ABEL USING •t,:•;LI," F_A5J.1D0W~ TEl'IP.:";T11111p 
LINE TYPE 2 

1170 Inc,-e•ent: Z•Z+Zd'tl IIEC Nl'INC OF "AIH LOOP 
1180 Ppria.•Pre5-t.S 
1190 1 STORE OLD JF.LUES 
1209 U11•U1 

Uvl•Uv 
Preal•Prea 
Alphal•Alph• 
1•8 
I 

! FIEST CUESS AT DEL TA P 

1219 
1228 
1238 
1248 
12'8 
1269 
1278 
1288 
1298 

Hera,•: lF l•l•Lw THEH :F.LL 5rr<E> 
Te•p•FNT t ni \ •P,,r i •• > 
GOSUI Yalw•• 
Delp•-< (Al phi ltAI pha• ... .2)• :t•Dffla 1 •Zde 1 > 

UI 
Ill 
N -.-~ 

II I 
~-v 



1309 De ii p•De I p-D•ns I• (RI pha•UI •UI -~ I phaUU 11 •Ur 1 >,·2 
1318 P2•Preal•I•lp · 
1329 lF P2<9 Tl-:EH PRlHT •NEGATIVE PRESSUfiE! !ALFHRlc";Alphalj "ALFliA .. •·;"fllpha 
1338 IF P2<8 Tt-.EH P2•Ppr i me*1, 02 
1340 IF ABS<P2-Ppri 1111t )(aDe It a. THEH COTO Conv&rc;;ed 
1358 Ppr i cae•P2 
1368 ·-~•1 
1378 GOIO lterue 
1388 I 
1398 Conv1rrg•d: Pr1r1•P2 
1488 PR]NT USU•'.G ·»DD, 2X, DDD. D, 2X,. DDDDD,.2X~ DD • .'DD, 2X, DI', DD, 2X, • DDDDD"; Z; TE 
ap;Guma.; UI ;uv;Alpha. 
1418 IF Pres<•E· THEH CALL Err<S> 
1420 I 
1438 P1•Pr•a,U8 
1448 Teap8•Tem,:-273.15 
1458 PLOT Z, Teap8 
1468 PLOT Z,Pl 
1470 PLOT Z,Ul 
1488 PLOT Z,Uv 
1490 I 
1588 lF Teap(c12 THEH COTO Finish !STC•P WHEt- TENPEi;;:ff':'URE JS THAT 
1510 ! SPECIFIED FOR COHDEHSER. 
1528 
1538 COTO lncrttr11rnt · I EHD OF NAIH LOC•P 
1548 I J 

1558 Finhh:LIHE TYPE 1 
-1568 BEEP 
1570 LDIR 0 
1580 'LORC 2 
1590 CSIZE 2 
1680 Zl•Z 
1610 IF Z >258 THEN Z I •250 
'1628 KOYE Zl+5,PI 
1638 LABEL USIHC "K"; "PRESSURE" 
1648 KOYE 21+5,UI 
1658 LABEL USIHC "K"; "LIQUID YEL."" 
1660· KOYE 21+5,Uv 
1678 LABEL US I HG • K •: • VAPOR YEL. "' 
1688 KOYE Zl+S, T•mpB 
1698 LABEL USIHC "K"; "TENPERATURE" 
1780 I 
1710 H8•4183• <TO-T2-T2•LOG< T0,T::>) # G 
1720 ! THEORETICAL LIFT HEIGHT FROl1 RDA FI HAL FE PORT, ~fF 1. , 1 ~;-:;: 
1730 Etr•Z/HB !LIFT EFF'JCJEHCV. 
1748 KOYE >C•a.x-5, Yma.x-2 
1758 CSIZE 3 
1768 LORC 8 
1778 LABEL USIHG "'K,Z.DDD•;•LJFT EFFICJEHCV •";EH 
1788 I . 
t 798 INPUT •DO YOU WANT HARDCOPY? TYPE >"ES OR HO.•, Hf 
1880 IF Ht<>•YES" THEN C.OTO Fini 
1810 I 
1820 Fints:DUKP (;RRPHICS 
1838 PRINTER IS 8 
1848 GOTO Ou\pu·t 
1850 Fini: PRINTER IS 16 
1860 Outpu\: PRIHT •Au>, R(2), A(3) 1 A<4), A(5i, D, "LO, re, T 1, T2, DEL TA, GAKNA .. 
1870 PRINT A<l); A(2); A<3.>; A<4); A($); DB; Kl 0; re; TI; T2; D• 1 La; G61111D6 
1888 PRINT "INLET YELOCiTY •";U18 
1898 PRINT •Fl"AL DROP DlA~ETER •";D 
1900 PRINT •LIFT HEIGHT, HECLECTIHC FINAL VELOCITY •";Z 
1910 PRINT •THEORETICAL LIFT HEIGHT HEGLECTIHC INITIAL VELOCITY =";HO 
1928 COTO Slart 
1938 . EHD 
1948 

Gr6ph: ! INITIATES GRAPHING 
1958 
1960 
1978 
1988 
1998 
2000 
2818 
2828 I 
2838 
2848 
2858 
2860 I 
2878 
2888 
2890 
2188 I 
2118 
2128 
2130 
2148 ! 
2158 
2160 
2178 
2180 
2190· 
2280 
2218 
2220 
2230 ! 
2240 
2258 
2268 
2270 
2288 
2290 
2380 ! 
2310 ! 
2320 I 
2330 Lx: 
2348 
2358 
2360 
2370 
2380 
2390 
2488 
2418 
2420 
2438 
2440 
2458 
2468 
2478 
2488 
2490 
2588 
2518 
2528 
2538 I 
2548 Ly: 
2558 
2568 
2578 
2588 
2598 

ROUTINE 
PLOTTER IS 13, "CRAPHICS" 
CRAPHICS 
DEC 
LINE TYPE I 
LOCATE 15 1 95, 15, 95 

>Cmtn•8 
>Cmax•259 
>Cs\ep=50 

Yain•B 
Yaa.xc58 
Vst•pc' 

SCALE >Cad n, Xma.x, Yai n, Vmax 
AKES >C&t1rp, Ystep,e, e, 5, 5 
FRAN£ 

COSUB Lx 
COSUB Ly 
LDIR 8 
LORC 5 
CSIZE 3 
KOYE Xma.x/2, Y111a.x+l 
LABEL USJHG "K";•"JST FLOW OPEN CYCLE OTEC - "';Da~eS 
LINE TYPE 2 

T•mp9°Te11p-273. 15 
PLOT Z,Pl 
PLOT Z,UI 
PLOT Z,Uv 
PLOT Z, lt'mp9 
RETURN 

SUBROUTINES TO LABEL AXES 
·1 

I 
CSIZE 3 
LDIR 90 
LORC 8 
FOR XJc~min TO XcoaJ<. STEP X&tH 
KOYE XI, Vmir~ 
LABEL USJHC "'K4DX"; Xl 
NEXT XI 
LORC 5 
LDIR 0 
NOYE Xe&>V2, Yei n-6 
LABEL USING "K";•Z<KETERS>-
1 
LINE TYPE 3, 1:5 
FOR l•Xcain+kat1rp 
NOYE l,Y•in 
DRAW I, Yea,c 
HEMT I 
LINE TYPE I 
RETURN 

I 
CSIZE 3 
LDIR 8 
LORC 8 
FOR Yl•Yain TO Yau STEP Yuep 
NOYE k•ln,YI 

UI 
Ill 
N ---~ 11.,1 
'-~ 



2688 
2618 
2628 
2630 
2648 
26,0 
2668 
2678 
2688 
2698 
2788 
2718 
2728 
2738 
2748 

LABEL USIHG ""4DM·~~·1 
HEMT VI 
LD1R 99 
LORC S 
ftC•YE katn-25, V1r1axol"2 
LF,BEL USIHC •te•i•y Gft/S), P (16e PA), T (C:" 
I 
LIHE TVPE 3, 1, 
FC;R JaVain+V&tep TO Vmax-Ysi.ep STEP 'rstep 
"CYE >Catn,J 
DSiAW >Cmax, J 
HEMT J 
LIHE TVPE 
RETURN 

27'8 
2760 Values: ! COl"IPUTES VRLUE:i OF YRRlABL.~, JTEJaATES TO CON'¥ERGE lllf'H':l 

2770 Hl•4193• <Teap-273.15> 
2780 H...-2. :501£6+1. 834E3•CTemJ:-273". 15 > 
2799 AreaaAC L >•<R<2>+AC3W.Z+AC4 >•Z•Z+rHS>•z.+Z•Z) 
2800 Vis11a.p•C. 407•Temp-33. B>•IE-7 
2810 Alpha2aRJph& I S~ UP ITERRTIJH . 
2820 Here: N-.-"I B•<Hl 0-HI -UI •UI .,2+UI B•Ul 9 .... 2-C•Z>.....C:H..,;-HI -U I •U1/2+Uv··Uv/ 2: 

2830 NI •NI 0-N"' 
2840 Da00HN1 /N18)A( l/3) I RECO"PurE DROP Sl21E 
20,0 , 
2868 ! SO,..YE QUADRATIC FOR ~LPH.a 
2870 ! 
2880 ! CR~CULATE. SLIP VELOCITY 3RSED ON FLOW ~EG11'£ 
2890 Re.,n•Pr.-sHUv-UI >•D-"'CR•T,.mp•V i S'-' ap> 
2900 J F Reyn< •0 THEH ReyD• l 
2918 lF Reyn>•500 THEN CII-L ErrC4) 
2920 IF Reyn>•S THEN COTI TrUlsh ion 
2930 F•.24/Reyn•C1+3•Reyn.·t6) IOSEEH APP~OXJN~TIOH C:F.SCt,LJCHltt;G; 
2940 co·ro Sk t pt 
2950 Transi',t.,n: F•18,5/Reyn"•' 
2960 Sk't pl: Do,:t•D/SQR<•ORrea/3.: ·116> 
2978 ! CORRECTION TO DRA, DUE TO OTREI DROP-ETS, cf, WA_Ll~ 
2980 Ne orr• < 4. 45+ 1 B•Dod > .·1~eyn ... 1 
2990 IF Reyn< 1 THEN Ncor .. =•<4. J5+1 "f. 5•Dod)/R tyn", :13 
3000 IF Reyn<.2 THEN Hco .. r•4. '5+19.5•Dod 
3010 F•f/( l+Alpha)"'Hcorr 
3020 I 
3030 AJ111SQR(4•D•C•Dens1•F·•Te•.,/\J•Pr11s.•F:> !S_I:, YELOC[TY 
3040 Bl •""•R• remp/(Area•F-r•• > 
3950 Cl•-"1 /(liens I •Area> 
3060 IF 81•0 THEN COTO BJP.r"O 
3070 IF C1•0 THEN COTO C:aP.ro 
3888 Bl•BI-CI-AI 
3090 Cl•Bl•Bl-4•A .. CI 
3188 IF Gl<8 THEH CALL Err< I>• 
3110 Al ,ha•<-Bl+SQR<CI > >, • 2•A I> 
3120 Alf•<-81-SQR<Cl >)/<~•Al> 
3138 IF Alpha<8 THEH CALL Err<2> 
3140 JF A1f<•0 THEN COTO il'tnal 
3150 A1Fh&•A1f' 
3160 C010 Final 
3170 Bzero:AIFha•Cl/Al 
3188 G010 Final 
3190 Czero:A1Fh&•(A1-Bl>/AI 
3200 ! 
3210 I CHECK COHYERCENCE, PAKE F 1 HAL CF.LCULAl l OIIS 
3228 F;nal:JF <Alpha>.5> AND CZ!Zdel> THEN CALL Err<7> 
3230 Uv~v•R•Te•p/(Prea•Ar•a•t:1-AI ph&)) 
3240 Ul~l/<D•na1*Area•AIFh&> 

3258 
3268 
3278 
3288 
3298 I 
3388 
3318 I 
3328 
3338 
3348 
3358 
3368 
3378 
3388 
3398 
3488 
3418 

IF Ul (0 THEN CALL Er,-< 3 • 
IF ABS<<Alpha2-Rlpha:/A!pt,a)(o,01 THEN RElURU 
Alpha:i•Alpha• 
COTO Here ;! IF Ho· ,:)H'.ERCE), TRY ACAJH 

SUB Err Cl> 
PRINTER IS 16' 
IF l•l THEH Mn<T "GFA) E~'T For ALPHA NEGATIVE" 
IF l•Z THEN P~IHT "AL'PHo LESS -HRH ZERO" 
JF 1•3 THEN Pil:JNT ''LI.QU~D '1EL0C:JTY LESS THAN ZEP.Ob • 
IF 1•4 THEN PUNT ·REYlfllLD .. S HOftBER GREATER THAH see· 
IF JaS THEN PUNT "PliES!,URE LESS THAN 0." 
IF 1•6 THEN PRINT "FFIUD TO COHYERGE" 
IF J•7 THEN P!:IHT ·AL.PH~ CREATER THAN .5" 
PRINT "PROGRA,I ABO~TED" 
STOP 
SUBEHD 

Ill 
Ill 
N -(·;;·-:­

ID OJ 
( =;, 

.,: 



,' $:~I('-~, ________________________ T_R_-_6_2_7 
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APPENDIXB 

PRESENT MUL'ftGROUP COMPUTER CODE 

Bl 



oooeo P•INT ·• " 
OOOQO PPINI 
00100 PRINT "POIJf.OA:"1 "'TST - i;i:. 1:;onuo 14rtF.l Cf f"lST FU'a, CTEC" 
00110 PQJ.\IT "r'JTFUT ttor~T~O J:r.'0 C'1('UPS i.lTH :-1 9E;.f(E:~T LF THE "A)S fLO\il " 
00120 PRINT ")OUI'il-'l:,,lf. nccu~s w1,.r~ "!QCl'.E THAt- 7 /:RJl.iPS ft.Cl-' 1-'AVF" 
00130 P•INT" ~~•E THAN l PFPCENT GF THE Fl.llW." 
00140 PRINT . 
00150 DIM A:50,l:C•),P(3,31,t(:5Clti0(~0),1(3),fi!'){""5:1,G(5(.J,H13,3J.J(:,I 
oot6C'I 0111 f'!C50l,t.·c~,i:1,ncso1 .. 5ci;c1,uc~·J: ,-vcsr:: 
00170 lET l •C. 
00180 LE-T P·~•3,l'l~'l3 
OOlQO lET G•Q.e06b 
00200 Pflll ,1 l~ \l'AT"P FLO\i DATE (ICC/S) 
210 LET W•\!40 
OOZZO RF• '0 IS THC INITIAL PPESSUOf ·~ARI 
230 LET PO• J.1 
00240 PFH ro IS IN(TTAL Tf .. PfR,TUQI: (1) 

00250 LET TJ•?5 • 
002b0 Lfl T)•TO+Z73,\5 
C0270 REN •n IS TOIAL CRCS~ SECT!r.N nr ALL OHFins 
OOZP.0 lfT Al•,:' 
002QO llE'1 63,At.,At;,A',,A7 A.l=E Cr'-'STANT. U-A- OFTEP!"PH "::HE- 5f-fAPE (F Tl-'F 

-003CO Pf"4 !.HT <ilJ(H - A•A:J +A4•=7 +A~•:.,.z ••o:>•i!""l, +A7t[ .. 4. 
00310 LET A3•Pq•:O.•JO,t•• 
003l0 LET ... 0, 
00330 LET A5•0, 
003•0 LET A~•O. 
00350 LET A7•C. 
003b0 lFT 6111f..,AU,0,('l,A),At.,A5, .. b,li7) 
00370 PRINT "A•"IAJ;• •Z•";a4;" +Z"'7t":Ai;; 11 •Z .. )t:'"jAf:-; 11 •z"t.•";A7 
C03BO POINT"" 
00300 LET V3•FNJiOI 
oo•oo PfN 11 SPCCIFHS THE NUMlfP SF ·)P."FLO ~IZJES, 
00,10 LF.T 11•5 
00420 LET Pl•FNP1Tl,O,f\,O,C,0,0. 0,0,C, :>,:>I 
OO't30 l F.T Vl •FNW I Pl, Tl, C\ ,G,.c•,O, e ,C ,O ,0 • C, 0 ,,),01 0 ,,o ,O, 0, C) 
001t1to LET v2•FtJV IP 1, T 1,0, o.c.,C', tJ,o,o,o. o,o ,•J.O. o ,,o, o, o, o,c 1 
00"50 LET El•FN~ITl,O,O,O,C10,0•0,o,o,:,,o,o.)} 
OC"t:0 LET 5 .. FN~ITt,6,r,o,c.11,0,•:,o.o, 
00'70 LFT SO•ll-<ltSl+x>SZ 
oo•eo LET Rl•I/Vl 
oo,go LET •2• l/V! 
005CO LET W'2•x>W 
00510 lfT I<! •W-W?. 
00520 LET "-2•! 
00530 LET ,l•J:l•UC 7,0,l,Al,.&.li, .at;, •'>,A7) 
005•0 LET V6•W?l'Z/A/AZ 
00550 REM 00 IS Tk' RASE cr~Pl(T OIAN:TEP •T ""< INLET '"' 
005b0 .LET DO•l.5,1-• 
00570 REM NO•rAiS OF qosE ~,z, DP.OP 
00580 LET ""•R\OQtl~c·311e .. 
005QO FOR 1•1 TO 50 
OObOO LET Olll•O·J•ll•ll/311 
OOblO LET "111•1•"'9 
00b20 LET Ylll•VJ 
00bl0 LET l!lll•VIII 
Oob•O NfXT I 
00h50 PEM I•JTIHIZATION G•' O•JP Sill DISl'IR'HION 
OObbO PE~ OROP SIIF~ JNPUI AS I OIHl>'3BUTI~ •IJlH S~ALLEST SIZ• 0111 
00b70 P.EM ANO Nll~HR Of HZFS II, 
OObBO LfT ~4•0. 
Oobqo FOP [•l TO 11 
00700 PEAD Nill 
00710 L!T ~hV• + POtNlll~/.)111•~)/~,· 

00720 RF• VOLll•f OF J,iPUT QJ:\l"l'IITICJ< nF OOOPS 
007!0 NE1T I . 
00740 P'f'l1 V4,•0ATI0 'JF Pf.OUflc:f) rn INPUT 11ASS FLCW 
00750 Ler V4•iril/V4/Pt 
007t0 FD• l•l TO 11 
00770 REM CCTPRECT NI bl SO It-Al CCNTl~UITY IS SAT!SFIEC 
007PO LfT NII l•Nlll•V~ 
007QO NEXT I 
ooeoo DATA 31.,tct..,c.11 •• 1.,1. 
008\0 FD• l•l\+l TO 5C 
OOP20 LF.T NII)•!), 
Ooe?o NEXT I 
00640 POINT 
00850 PPINT "Z (14·1",~F lfURJ'',"W CJ"~"X","VOlD FRACTICN" 
OOEl60 PPINT "V-SHA_,. c,-,s1",'"C :"."SJ",."S0 (l<J/KG Kl","S ()(J/KG Kl"•" ERPOP" 
OCB70 PRINT "I","N (l~St","~~ss " "V G'1/S)",''0 CM)" 
DOBRO PPINT II .. , •• ","AF.~CE~I" 
00800 PRINT 
OOQOO LET T•TI 
OOQlO LF.T P•Pl 
OOQ20 LET W~• 11 
00 1BO RFN BE~IN~JN(; CF 11.a[N L~1P ••••••••••••••••••••••••••••••• 
OOQ•O PEN SF.T UP STEF SIZF 
00050 LF.T ZQ•\00. 
OOQbO FOR I• I TO 11 
ocq10 LFT ZQ•~INCZ~,v,11) 
OCQBO NEXT I 
OOQQO IF ZS<IO, 1Hr• CJC20 
ClCOO LF.T ZQ•2.0 
01010 GO TC Oll)bC 
01020 IF ·lS(5 THEN 0JC50 
01030 LET zq.,~. 
010,0 GO TC DlOb~ 
Ol050 LET zq.7qtzq17.1G 
OlOtO LET Zl•IQ 
0\070 LET Zl•NUIZl,.CII 
01080 LET 6•fNAl2,0,0,A3,A',•·~111,6,A7l 
O\OQO LET N••O 
01100 FOR l•I TO 11 
01110 LET /,lll•UIII 
01120 IF V!ll>.1 THF.~ 01\QC 
01130 PRINl '"QAJNC!UT SOP oi;;ril'lEiT ;RQU&' "H ;",OIAM.•";DC [) 
Cll'tO PRINl" Z T V" 

~!!:~ :::~! !::;~~~~ 3 :~ 5 ~;;~~~~ I' ONI OROPLfT SIZE" 
01170 .PR!Nl "VfLCCITY BECONF., us; TH•N ,\ ~,s• 
01180 STOP . 

.Q11QO REN 
01200 REN CALCULATIC• OF OR.~ C01FFl<IENT OF INDIVIDUAL OROPLfTS Cl!) 
01210 LET Clll•FKCIDC:l,Ol 
on20 IF VI 11 •C THF.N "1240 
01230-lET M••N4+Klll•~IIIIVl:I 
012•0 NFXT I 
01250 REM A2•VOIO FR,CTION 
Ol2b0 LF.T A2•l-N.,Pl/, 
01270 LET Vb•WZ/R2/AJ.? 
012eo REN ••AVEPAf., •e~strv 
Dl2QO LET O•R2tAl+Pl•,I-A2l 
01300 PF.~ ~UKBFR OF IOALESC,hC'f :11,.il 
01310 FOR 1•1 lO 11 
Ol3ZO FOR J•l TO 11 
01330 REM All,Jl•COLI.ISION ~~l!:sS, SECHON 
01340 LH All,J l•Pq•U!ll+Ol lll<"Zl4. 
01350 REN -Fll,Jl•COL'.151.0N ,•E-O~NCY BETWEEN SPECIES I AND J /UNIT LENGTH 



01360 LET FCl,Jl•O 
01370 IF CVl!l+VIJ 1•0 T~fN 01400 
013HO LF.T FCl,Jl•N 11•NCJ)/(A•v111•v(JII .. E-SIV(I -V(JIJ•AC!,JI 
Ol3QO LF.T f{l,Jl•f 1,JJ•Ft~f{O(l),OCJl,I,J,(,,O} 
01400 NEXT J 
OHIO NEXT I 
014ZO OE" StKl•MASS SOURCE OF SPECIES K PER UNI- LENGTH FPON COLLISIONS 
O!HO LH Sil l•v. 
0)440 LfT SC?l•O. 
01450 IF 11<3 T~[N 01530 
014b0 FOO K•3 TO I. 
01470 LH S 1K l•O 
014PO FOO l•l TO JrHIK/2.J 
014qo LET J•K-l 
01500 LET SIJOsS(K1+qJ,Jl 
01510 NEXT I 
015ZO NfXT K 
01530 HN 
01540 PfH SET UP •AXINUr. STEP SHE VARIABLE 
OIS50 LET z7.zq 
015b0 REH GIKl•NU-.SEO OF COLLISIONS PEP urur LE'<GTH Sf.TWEE• K A>ID"ALL OTHEOS 
01570 FOR K•l TQ It 
01580 LF.T GIKl•O 
015qo FOP J•l TC l! 
OlbOO LET GIKl•GCKl+FIK,JI 
Olb!O NFXT J 
OlbZO NEXT K 
Oib30 FOR K•l TO II 
Olb40 !F G(KJ•Zl<••IKJ THEN OJhqO 
01650 t~T ZO•NIK)/;CK) 
OlbbO IF ZO>ZZ THE-i Olbqo 
Olb70 LET ZZ•Z, 
Olb80 PEN FIND r.A<!~UM ALLOWAPLE STEP SIZE 
O!bqO NEXT K 
01700 If ZZ>•ZJ TH,N 01730 
01710 LET Zl•ZZ 
017ZO GO TO Olb30 
01730 REN 
01740 FOR K•l TO 1m 
01750 RFN CALCULA~IQS OF NEW DROPLET NU•B:RS Nl<J CF SPECIES K 
017b0 LET OIKl•NCK' 
01770 LET NCKJ•CCK,-GCKl•Zl 
01780 If NCKJ>•O T-iEN 01810 
OJ7qo LET NCKl•O. 
01800 LET WJ•W3tl 
01810 LET NCKl•NCKJ+SCKJ•71 
010zo NEXT • 
01830 REN CALCULA-l!ON ~F •iw DROPLET VELO:ln UCKI OF SPECIES ' 
01840 FOR K•l TO I~ 
01850 LET TZ•COCKJ-GCKl•Zll•VCKJ•NCKJ 
01860 LET TS•O 
Cl870 IF YIKJ•O TI-S:'i Cl~Q: 
01880 LET 15•Pl•NCKJ•pq•cDCKJ.31/(b.•VIKJI 
010qo LET 13•0 
01qoo FOR l•l TO TNT(K/2.J 
01q10 LET J•K-l 
01qzo LET ll•TJ+FC"!oJl•IVl!l•Hlll+VCJJ•NCJJJ,Zl 
01q30 NEXT I 
01q40 LET 14•0 
01950 !F VCK I •0 Tl<FN_ OZlZO . 
01 q6o LET 14•"1 K J •.Zl•C CK J •P•••z• I V6-VCK I IUBSC Vb-VIK 11 • CD I K 1•21 IC VIK 1•0.1 
01970 LET T4•H-Nlll<I/VCKltZlt~(KJtG 
01980 IF NIKl<•O TllF.N OH~O 
01990 LET UCKl•IT2+13+14•15J/INIKJ•HCKIJ 

02000 P[N 
02010 OEH 
O?.O?O PF'1 If Cl-'ANr.1: l'I vF'LIJCITY IS TOC LAPC.F, ?~CU("f rELTA 
02030 IFIABSIUl'1-VC.ll/VIKJ<.>1 OP IVCKl<Z.J THEN Oll2r 
02040 Lfl Zl•Zl/1.5 
02050 REN RESET NCKJ ASD VIKI 
020~0 FOR K•l TO 11 
02070 LET NC~l•OCKI 
C?.oao LET UlkJ•Vl'-1 
ozoqo NEXT • 
02100 re TO 0114r 
02110 R'EM 
0?120 NEXT K 
0Zl30 REN CALCULATION OF NEWLY CREATED CPOPL~T SPHIE5 
0211t0 IF 11•1 T~~N (1?3'!1':' 
02150 LET 13•!1tl 
02160 LET 11•>•11-1 
02170 If 11<•!0 THf"l ,021QC 
021eo LET !l•SO 
02190 P~P4 
02200 FOR K•!3 Tr 11 
02210 LET MIKJ•K•"Cll 
0ZZZO LF.T NIKI•~ 
02230 LF.T Ul•C 
02240 FOR l•IK-13+11 TO IN!CK/~.J 
02250 LfT J•K-l 
022t-0 LFT NCK)~NIKJ+F(J,JJtl\ 
02270 LET Ul•Ul+FC!,Jl•l"lll•UIIIHCJJtUCJII 
02280 NEXT l 
022qo LET DCKl•CM(Kll•l•6./Pq1•n,31 
02300 IF NIK 1,, THEN 0?37.0 
02310 LET Ul"l•UJ•Z!INCKl/'-CKI 
0l320 NEXT K 
02330 PEM S~T UP 11 BY FINDING FTP.ST ,o,-·zE•n SPECIES 
02340 PEN C~U•TING DOW• FR~a 5~. 
02350 FOR K•50 TO I STfP ~1 
02360 IF NCKJ>O THfN 01.Jeo 
02370 NEXT ~ 
0?380 LET 11•K 
02390 PEH MAT•IX SOLU!ION OF CO~SE•VAT-ION ECUAT!ONS 
OZ'tOO LET P•FNPCT,0,0,0,0,0,0,0,0,0,0,0J 
02"10 LET PZ•FNPCT-1,C,O,O,O,C,O,O,O,O,O,OJ 

.021t20 LET V'3•FNWIPZ, T-1,0,0,0,C'l,0,0,0,0,0,0,0,0,0,0,C,.0,0) 
02430 LET H3•".1 
02440 LET S3•Sl 
021t50 LF.T Vl•F~Wf P, T, O, O,C, O,G, 0,0, O, O,.C, C, 0,0, O, 0, C,OJ 
02 4f:O l ET VB•FNV( PZ, T-1, 0 ,O ,O ,0, 0, 0, 0, 0 ,C, 0 ,C,0,0,0, O, O, 0, OJ 
OZHO LET H8•HZ 
02460 LET SB•SZ 
0Zlt90 LET yz .. ~NV C P, T, 0, O, O, 0, O, 0, 0, O, O, O, O, O, O, O, 0 1 C, O, CJ 
~2500 LfT H5•1"1-N)J/(P-P7J•O.Ol 
02510 REM CO~PUTE ONl/OP 
02520 LET ".b•CN2-HF.1/IP-PZJ•O.Ol 
02530 PEN COHPUTE 002/DP 
02540 LET •b•l11Vl-\lVSl/(P-P>J•l.Of-5 
02550 LET 01•0 
02560 L fl O?.•O 
C2570 LE! 03•0 
02560 LET OhO 
ozsqo LET 05•0 
02600 LET 06•0 
02610 LET 07•0 
02620 FO~ l•I Tr. 11 
02630 LET 01•01 •OI 11'"1 I J•VI II 

UI 
Ill 
N -



C2b•O 
02b50 
02bb0 
02b70 
OZbeO 
02~qo 
02700 
02710 
02720 
07.730 
027'0 
02750 
02760 
02110 
oneo 
027qo 
0280c 
02e10 
02020 
02830 
025,0 

,02850 
czs~o 
02870 
028ij0 
02890 
02qoo 
02910 
02q20 
02q30 
02q•o 
02950 
029t0 
02070 
02980 
029qo 
03000 
03010 
03020 
03030 
030,0 
03050 
030b0 
03070 
03080 
03oqo 
03100 
03110 
03120 
03130 
03140 
03150 
03lt0 
03170 
03180 
031qo 

·03200 
03210 
03220 
03230 
03240 
03250 
032b0 
03270 

LET 02•02+1:ITl•"lll 
LET C3•0~ +O(J)t~(J)t(~t•tOOO.+Vll)tVCill?.·I 
LET 04a~4+"'(J)O(N(f)-l)(J)!O(V(l1'"2)12. 
lfT C5•05+r(tJ•!"'(JJ•VII)•tU(l)-Vllll 
LET Ot;;aOb+Cll)*M(J)O(U(l)-VIJ)) 
LET 07o07+Mlll*VITl*l'llll-111)1 
NFXT 1 
REM PLACING PH ,:QFFFJCIENTS I~ TH[ 1-,!TP[X 
LET 811,11•-l/X 
LF.T l!Cl,?1•1/0?0ti~ 
LET 011,31•1/V~ 
l(T f(l)•-Alfti 
LF.T ecz,1 ;.w•cv~-0110?1 
LET scz,,l•A 
LET PC?,'.\}:XOW 
LE.T U?l•-R•t;tA+Zl-'lb-<>7 
lf.T e.·1 3, 1 J •W• I M?tl ooo.+ I v-='""2) I Z. -:03/CC 1 
LET Al~,ZJ•Jt'tWtl-'~+lt- .. ·1•we:\.f'5 
LET BC3,31•>1tWtVb 
LET f(JJ•-G•~•Zl-05-0+ 
MU H•TNVIPI 
l'\AT l•t.it!= 
LET Xl•J!ll 
Ln Pl•1121 
LET V8•1131 
LET H•IVZ-VIIIIS2-SID•Pl~l,0,-3 
LET T•T+H, 
LET .hX+Xl 
LET Vb•H+Vil 
LET W2•UW 
LET VQ•W2/R2/A/A2 
LET Vb•VO 
LET Wl•ll-Xl•W 
LFT P•FNP(T,0,0,0,0,0,l'),0,-0,0,0,CI 
LET Vl •FN\,I( P, T, 0,0, O, )., O, C, 0,0 ,010, 0, C, 0 ,O, •), 0 ,O) 
l ET VZ•FNVf P, T, 0,0, O, :.., 0, O, 0 ,o ,0,0,0 ,C,O, O, tJ, 0, O,C) 
LET E lsFNN( T ,O, 0,0, 0,)., 0, C,O, 0,0,0,0, CJ 
LFT S•FNSCT,O,O,O,o,o,o,o,.o,o. 
LFT Pl•l/Vl 
LFT R?•!IV? 
LET Z•Z•Zl 
FOO l•I TO II 
LET "l•-M(II/02•W•Xl 
LET ~IIl•"lll+HI 
LET Olll•IMl!l•b,IPl/>~1•1113: 
NEXT I 
PEH OLCULAH ·EPOQO IN -~ss FLO•. 
LET w••O 
FOR K•l TO 50 
LET W"•Wlt +N(Kl.,,UK) 
NEXT I( 

LET wc.-100•11 -nu, +x•w11~, 
IF W3<8 THEN 034~0 
OF" OON"T SOUISH IF 5PECTRU" HA~ REAffEO FULL OE~ELOPH~T. 
IF FNEIOl!),Q(50l,1,5).,0,0l<!,E-, THE• OH50 
REM SOUIS" PPEHNT O~JP s0 ECTRU~ INTC !•!-!~• ooveL!NG lHE MASS INCPENENT 
RfM CONSF.Q.Vf MASS AN~ M~N~NTUM 
LET MQ•N121 
FOR J•I TO 2, 
LET 1•2•J 
LfT K•l-1 
IF CNCKl+Nllll•O THEN 032?0' 
UT UC J 1• IM(K ltNIK 1 •UIK l+HI I ION( I 1•u1 DI 111 MIKI tN( Kl +MC I l•N ;J 11 
LET N(Jl•Nlll+NIKl•MIO/Hlll 

03200 LET MIJl•J•M9 
03?GO LF.T D(J)•{t..• 1,qJ)/Q.J/PCl"!.l/31 
03300 NEXT J 
03310 Pff'I cu=iQ nu: ~?~CTPUI'" =~n,.. J•i'b rr ~(I 

03320 FOP J•?6 Tn 5~ 
03330 LH NIJl•r, 
03340 LET MIJl•J•Mo 
033~0 ltT OCJ)•{~.•~CJI/PQfQDl""1:1131 
03360.NE>T .J 
03370 PE,-. Qf.:"SFT 11 TO FIi.ST r-r.:-.-ZF"fJ C:'tOUP FQQ/'\ TOF 
033P0 FOP J•?, TO I ST~P -l 
0330C IF N(JI)' Tee, 03420 
03400 NfXT J 
03410 PQ.INT "~?PCR-- ~n NCN-Z~PJ ;ROUFS" 
03,20 LET ll•J 
0'3,.30 Q FP1 
034«.0 PRINT "SOl!ISt-lFO S?F:f.H'L·"" - "IE\.° l"t.~5 ltvCOf!"E"JT ,.,,;.,.q 
03,50 Pf.H PR INTQUT 
034t0 PEM CGNTTNUE TC POINT ?[;IJ!TS 
0'31t70 PQINT Z,P,T-?73,l~,1,A? 
03'80 LET C6•S~Ol•Zl•ll62/ll-A211tSC0(5~Q,Q?'11 
031tQO PRINT Vt-,Ct,S!'l,(l-)J•SD+·ct~?.,1,1«, 
C35CO PPJNT 11 " 

03510 FOP l•l TC 11-1 
03520 PEN COST•Ol IF wF.BF°"t.M~,~ !XCF.EOS 12 
03530 LET W5•R2•0111•1Vb-VIIII•~,; 
03540 IF W5(•12 THfS 03560 
035~0 PQJNT "WF>l7, (.Qn!JP"il 
035b0 IF N(J)t."'fJl<.OltW Tt-l~/1,: 03'"l,~0 
031}70 PJ.IINT 1,NCJJ,t..l{J)tl'l(J)fW•IO•),IJCU,OCIJ 
03580 LET W3• I 
03500 NFXT I 
03b00 P11INT "LASl GO!JUP IN S?.E{IIHJ:-t" 
03t::10 PP[NT 11,~(11),N(llJ•~Clll/•~•lOO,Utlll,Olll) 
C3b20 LET J4•0 
03630 PRINT"" 
0361i,O PPINT " " 
03b50 OlN STOP ~HE"l T<8, nLCI•JS 
03bt0 IF T-273;I~<P, TH[< C3t<IO 
03670 REN (lJ ... FP\iJSF.,r.r. aACK m l!'JP ?F l.l~OP 
03b80 GG TC ooq~o 
036qo PPINT "Tf~P~PATUQE LESS lHAN e OFLCIUS--POOGRAM ST(P" 
037CO STOP 
03710 D~F HlC(O,J..J 
03720 Rfl'I CALCULATl!"!t\ ac O.Q:llG •:nEFFlC:IENT 
03730 LF.T lhl12t(IPSCV~-V1IJIJ:t~)t.':2 
C3740 IF P>IOOO THFN 03770 
03750 LET D•l,. ... ,1.•.1!'.t~"'.bl:l'?J IQ 

03700 GO TO 037RO 
03770 LET O•O,•• 
037PO FNC•O 
037~0 FNENC 
03600 DEF FN/I.CZ,Ot,0,40,t.?.,4)..a-i,J!jJ 
03810 PF" CALC!JLATl~N OF .CQO!S~ SCT!c.< AS A FUNCTICN GF LENGTH 
03820 OE"' AO•AaEA OF LIFT TU'lE "-OTTO~ (M.21 
0383.0 RF• 01 •DIAMETER AT LIFT 1URf B'JTTOM 1~1 
03840 l[T Dl•SO>l•,•A0/3,1•15"31 
03850 PEM Al•DAlrZ 
03ll:t,0 LF.T Al•A? +20A3tl +1tA,...~ 111 Z +t,t6!5tz"'~ 
03e7o FNA•IA(' +a?,tZ +A3•Z""?. t-Ati 11 z•3 +45•Z""4) 
03eeo FNEN~ 
03eqo CEF FNPCT,T2,Y11C,A,F!,C,D1F.:,F,11:,A.J,) 
o,900 Pf• CILCIILATION nF T~i: H•P!UTU~F PP"5SUFF OfLATION OF WATE~ISTEAM 
03910 RE• II SATUPATION L.H,E 

... 



03920 
03Q30 
03q,o 
03Q50 
03QOO 
03Q70 
03qeo 
03QQO 
0,000 
0,010 
0,020 
04030 
040,0 
040!-0 
040t0 
0•010 
O•OPO 
O•OQO 
04100 
0,110 
04120 
0,130 
0,140 
04150 
04lt0 
04170 
041eo 
041QO 
0HCO 
04210 
04220 
04230 
04240 
04250 
04UO 
04270 
04280 
04200 
04300 
04310 
04320 
04330 
04340 
04350 
04300 
04370 
oueo 
043QO 
04400 
04410 
04420 
04430 
0itCt40 
04450 
044b0 
04HO 
OHPO 
044QO 
04500 
04'10 
04520 
04530 
04540 
04550 

lfT T?•T+O.()l 
Li.T Y=:374.ll-(T-273.151 
lfT l(.;,.q31c+<; 
LrT A•5.42t.:':151 
lrT Q•-?OC"!l.1 
LF..T C=l.31:'.bQF-4 
LET O•l,1Sb5'-11 
LIT F.•-O,C044 
lfT r,-r.,co5714p 
LlT X•TZ'2 - K 
IF t,qS(YJ)lO Ta.,~:,., 040CtlJ 

L F.1 X•O 
LEI T•l/b47,3 
L[T A\•A 4£1/TZ +C•x,r2•11o"'co•••x)-1. )HtlC"'lFtY"'t.25) 
l "l A\ •1.C·1 "H'it lo"' A 1 +CT- .4?2 J t ( • ':77-TJ •·e lCP 1-12. •1"'41 tq. 80bb5E-3 
l f T T• ftf;'- 7 • 3 

FNP•A 1 
FNl;NO 
DEF FNVIP,J,PO,R,A,~,C,C,E,f,Vt,V1,V',t-i0,[:,Hl,SO,SL,S3,S4) 

Pf.S 51FA~ TAHE OF SATUOATEO AeO SUPEQYEATED STfAS 
PEN ALL \IALUES ,q~~ GIVfN TN sr-u,.nt~ 

PF.M 22J,'l:l,7•CPITJCAL PPFliSURE Cf.A~) 
Pf"' ~4?~3=CDJfj(AL TEMPFl1ATUPE IK) 

L[T T•TIM7,3 
LET P•P12Zl,ZP7 
LET PIJ•Z,'.'~1:-~, 
PfH ~C~SiANTS FOR ~PEC,VCLUNE 
LET ••l,340QZf-Z 
LET A•4,733lf-J 
LET th2,q)Q4,~-3 
LET C••, 35507E-b 
LET D•b,7012bf-4 
LET E• 3, l 73b2E-5. 
lfT F•8.06Flt,7f-5 
RES CALCULATION OF SPEC.Vr.LUNE OF STEA1 
l(T Vl•P•r,P 

LET V Z• ( •-E • ( 1, 55108-P 1 •T" ( 2··2, Bl 11/ T'2, 82 
LFT Y'J•l3-Cl.lt,5QltP-T"'3,•D•P>tT .. 14 • :tT"32 
LET V3•V3•P•P . 

LET V4•(1-l ,32735*Pl•F•T· 
LET V7.•VJ-V2-V3-V4 
flFl'I CALCUL"-TIDN OF SPfC.':NTl-!ALPY OF ST:'.Af"I 

LET H0•20,03327f7. +ll,bQ8b48E2H +(-8,0553t•T"21 
LET HO•H:> ·+73.7b5Rl•T"'3 +1-13.02,:>bS•T"''t) 

Lf.T 11•34,1At2*6<7,1 
LET 1-11•(3.82tA/1"'2.87 +·l.8Ztftll.~5108-P/2.)tT"'2.8Z)•P 
l£T l-l?.•l~.•R-3.*ll.265ql•P-T"")lt)t?)/T ... 14 
LF.T H2•1H2 +11.•CIT"'3Z)tP"'3 
LET ~7.•HC -tlt(~l+H21 

PF.• CALCULATl~N OF SPEC,ENTROPY 
LFT SO•l,807?Q<>•LOGITI +10,bQt23b -2.~AP~l•E-2H +.17CQ387•HT 
LF.T SO•SC -2,b83287E-2•T'3 

LFT ll•l!/S'7,l 
LET Sl•ll•••Lr.GIPIPOI 

LET S3•2,A2•AIT'3,d2 +7.,P2•E•tl,55108-P17.,l*T'l,82 
LET S4•F•I l-l,3Z735•Pl21 
LFT S3•(S~-S41•P 

LF.T S4•(14./3.*B -(14.l5.•l.2b)Q}tP -11.14.•r•31•o•Pl!T'""l5 
LET S4•(S4 +32,*Cl3,/T"33l•P'3 

LET S?•S0-Sl-ll•IS3+S4 I 
LET T•Ttt,47.3 
LET P•P•ZZl,287 

FNV•V?. 
FNEND 

045(',0 
04570 
045~0 
Q45QO 
04b00 
04bl0 
041 zo 
04~30 
04b40 
04b50 
04t,f:,Q 
04b70 
CHOO 
04b00 
04700 
04710 
04720 
04730 
04740 
04750 
047b0 
04770 
04780 
047QO 
04800 
04810 
04e20 
04830 
048•o 
0•85o 
04800 
04870 
04APO 
048QO 
04QOO 
04010 
04q20 
04030 
04Q•O 
o•~5o 
04qto 
04Q70 
D•QBO 
o,qqo 
05 000 
oio10 
05C20 
05030 
05040 
05050 
050b0 
05070 
05080 
05000 
05100 
05110 
05120 
0~ 130 
05140 
05150 
05lb0 
05170 
05180 
05190 

DEF J:~1,i(D,T,t-J,K,L,M,tloll,NlolJ,\./,V2,\11,V,\'Q,l1('i,HJ.,~1~,S2) 
QP,1 sn·i1~ Tl>RLE OF sueCIJ(lLEn AN9 S6TlJi>AUC 1o•.HCQ 

CIC!" ?71.~1)7:CCIITJCAL POfSSIJO~ I.II/IQ) 
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