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NOMENCLATURE
Ag pipe cross—sectional area
Co flow distribution parameter
Cy drift velocity coefficient
D pipe diameter
f frictional factor
g gravitational acceleration
h head
< (Qa + Qw)/Ad = average volumetric flux of mixture
Jg? air volumetric flux
Ty water volumetric flux
K loss coefficient
m mass flow rate
P pressure
Q volumetric flow rate
S wetted perimeter
T temperature
A% velocity
A drift velocity of gas phase relative to liquid phase
Y/ vertical coordinate
B Qa/(Qa + Qw) = flow volumetric concentration
p density
Subscripts
0',0,1,...4 boundary designations
a gas/air phase
b bubble
d down—-pipe
eld elbow
L liquid/water phase
u up-pipe

w water






A STUDY OF HYDRAULIC AIR COMPRESSION FOR OCEAN THERMAL
ENERGY CONVERSION OPEN-CYCLE APPLICATIONS

A. Golshani F. C. Chen

ABSTRACT

A hydraulic air compressor, which requires no mechanical
moving parts and operates in a nearly isothermal mode, can be
an alternative for the noncondensible gas disposal of an Ocean
Thermal Energy Conversion (OTEC) open—cycle power system. The
compressor requires only a downward flow of water to accomplish
air compression. An air compressor test loop was assembled and
operated to obtain test data that would lead to the design of
an OTEC hydraulic air compressor. A one-dimensional, hydraulic
gas compressor, computer model was employed to simulate the
laboratory experiments, and it was tuned to fit the test re—
sults. A sensitivity study that shows the effects of various
parameters on the applied head of the hydraulic air compression
is presented.

» 1. INTRODUCTION

A hydraulic air compressor is driven by a vertical downward flow of
water with an applied hydraulic head. Downward water flow entrains air
bubbles. Because of their buoyancy force in water, the bubbles tend to
rise against the flow of water, but they are carried downward when the
viscous drag force acting on them overcomes their buoyancy. Thus, air
compression is achieved as the bubbles are carried downward by water flow,
because the air pressure of the bubbles equals the hydrostatic pressure of
the water at depth.

The hydraulic air compression process is rather simple. The device
requires no moving parts; only a downward flow of water is necessary.
Therefore, a hydraulic air compressor is proposed as a candidate for non
condensible gas disposal at an Ocean Thermal Energy Conversion (OTEC) open-—
cycle power system.

Seawater is the working fluid in an open—cycle OTEC power system.

Power generation requires that ~0.5% of the warm seawater flow is flashed

jnto steam, and the rest of the seawater is returned to the ocean.




Seawater contains dissolved air that will be evolved during the flashing
process but cannot be condensed at the OTEC power cycle conditions. To
ensure efficient power generation, the noncondensible gas in an OTEC open-—
cycle power system must be removed. A common method for noncondensible
gas disposal is the use of mechanical compressors that pump the gas from
the power system and vent it to the atmosphere. Mechanical compression is
usually an adiabatic process; a considerable amount of energy is required
to operate the compressors in OTEC power systems. Staged compression with
intercooling has been proposed to save compression power. However, that
increases the mechanical complexity of the disposal subsystem for noncon—
densibles, In a hydraulic air compressor for OTEC applications, the dis—
charge of the downward flow of the unflashed seawater will be the moving
source for the disposal of the noncondensible gas, which may result in
less mechanical complexity and better efficiency.

To explore the feasibility of using hydraulic air compression in an
OTEC open—cycle power system, experimental and analytical studies of the
compressor were conducted. Test results were obtained in a bench—scale
iaboratory setup to examine the compressor concept. A computer code was
modified to simulate the experiments. Finally, an analysis is presented
that uses these results to evaluate the performance of an OTEC noncondens—

ible gas removal system using hydraulic air compressors.




2. BACKGROUND

The concept of a hydraulic air compressor is an old one. In 1877,
J. P. Frizell® applied for the first U.S. patent on the compression of air
by direct action of water. A sketch of his device is shown in Fig. 1. A
hydraulic air compressor may be described as an inverted siphon, consist—
ing of (1) an intake head where air is entrained in water, (2) a gravity-
fall pipe in which air bubbles are mixed with the water and compressed
as the water pressure increases during the fall down the pipe, and (3) a
separating chamber in which air bubbles rise to the water surface and col-
lect in the upper portion of the chamber at a pressure equal to the water
head maintained by the height of water in the discharge leg of the sys—

tem (Fig. 1). The water passes out of the separating chamber and rises up
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Fig. 1. Sketch of Frizell's shaft, St. Anthony Falls, Minneapolis,
Minn., Source: J. P. Frizell, Experiments on the Compression of Air by
Direct Action of Water, 1880.



the discharge leg to the surface, which is at some height below the level
of the intake. This height difference represents the power required to .
achieve air compression,

Many hydraulic air compressors had been constructed from 1900 through
1930 in the United States, Canada, and European countries, mainly to pro—
duce compressed air for general mine use. Some of them are still operat-—
ing. The compressed air pressures of these hydraulic air compressors vary
from 15 to 150 psig, and efficiencies vary from 40% to substantially bet-—
ter than 70%. With the advent of mechanically driven reciprocating and
centrifugal compressors, the use of hydraulic air compressor technology
slowed down.

The old type of hydraulic air compressor, which compresses air iso—
thermally and produces free—of—o0il contamination and low—moisture—-content
compressed air, could have several present—day applications as pointed out
by Schultz:2 (1) use of low hydraulic heads, which otherwise have little
commercial value, in reclamation work to supply compressed air; (2) use of
medium heads, at dam and lock installations, to produce compressed air for a
pneumatic heads of airlifts, gates, valves, and rubber gate seals; and
(3) development of a large air supply at pressures up to 150 psig, which, -
after performing work through air—turbine expanders, is available at tem—
peratures approximately —50°F for supplying dry air for process work, wind-
tunnel tests, or large air—-conditioning installations (such as ventilation
of underwater traffic tunnels). The old type of compressor may also prove
to be economic for supplying supercharged air to gas—turbine plants (Fig.

2). Lately, such a concept was put forth by Norton,?® who has reported
that compressor efficiencies of 80 to 95% are readily attained with rea-
sonable flow heads.

In a theoretical analysis of the performance of hydraulic gas com—
pressors, Rice* confirmed the performances of some of the early hydraulic
compressor installations and pointed out the potential for using hydraulic
air compressors,

Because there is a rather large water flow of low hydraulic head
source in an open—cycle OTEC power system together with a noncondensible

gas flow to be disposed of, a study of the possibility of applying the

hydraulic air compressor was initiated.
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3. TEST LOOP DESIGN FOR OTEC HYDRAULIC
AIR COMPRESSION

The major components of the test loop are described in the following

sections.

3.1 Test Setup

The test loop design, the equipment for the OTEC Gas Desorption Test
Facility, and the barometric intake system were explained in Vols. 1 (Ref.
5) and 2 (Ref. 6) of the OTEC gas desorption study. However, some modifi-
cations and expansion have taken place since then, with the addition of a
hydraulic air compressor test section to the gas desorption test loop. A
schematic of the hydraulic air compressor, including water circulation and
air injection position, is shown in Fig. 3. The major components of the
hydraulic air compression test facility, which includes a water circula-
tion and control system, a hydraulic air compression test section, and

instrumentation, are described in the following sectionmns,

3.2 VWater Circulation and Control

Flow directions for the hydraulic air compression system and the flow
path are indicated by arrows in the simplified schematic diagram (Fig. 3).
The experimental system consists of three components: a water holding
tank equipped with manual level control to maintain different water
heights, a discharge pipe (downcomer) equipped with an air injection sys—
tem, and a water recirculation system.

For hydraulic air compression water circulation, tank 1 (Fig. 3) was
filled with building water to the desired height. Through the use of a
vacuum system, water was pulled up into the barometric leg and entered
into the test column. The water was also deaerated because of the vacuum
effect. The deaerated water was then recirculated into holding tank 2.
Pump B forced the water to flow through the downcomer unit where air in-
jection took place. The air—-injected water then entered water storage
tank 1, and circulation continued. The flow rates through storage tanks 2

and 1 were controlled by adjusting the valve across pump A and pump B,
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Fig. 3. Schematic of gas desorption and hydraulic air compression systems.




respectively. These bypasses and manual control valves are not shown in

Fig., 3.
A manually operated valve located at the top of holding tank 1 was

used to maintain constant liquid level in the tank. Excess water enter—
ing the tank was drained through valves located in the side of the tank.

Water flow was measured by a turbine flowmeter as it entered the downcomer

pipe.

3.3 Hydraulic Air Compression Test Section

A schematic of a hydraulic air compression test section is shown in
Fig., 4. The test loop provides the vacuum pumping and liquid circulation
capability to the test section., The water pipe in the test section is a

5.1-cm—diam (2-in,) clear pipe. In a hydraulic air compression test, the
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building compressed air is measured with a calibrated ball-tube—type rota-
meter and bled (injected) into the downward water flow through air injec-
tion nozzles. Two sizes of single air injection nozzles and one multi-
injection nozzle (two 1.14-mm nozzles) were tested., The diameters of two
single nozzles were 1.14 and 0.46 mm (0.045 and 0.018 in.). Fach nozzle
was used in two injection ports located 45.7 and 106.7 cm (45.7 and 42
in.), respectively, below the free water surface in the water discharge
pipe (downcomer). When there was no air injection, the free water surface
was maintained by applying vacuum pressure at the top of the discharge
pipe. The vacuum pressure was controlled by a pressure regulator, and the
air and water mass flows were regulated by proper control valve settings

and measured by flowmeters.

3.4 Instrumentation

Instruments used for monitoring the hydraulic air compression test
loop include thermistors, well-type mercury manometers, and flowmeters.

Water temperatures are measured at four locations by means of thermo—
linear probes (Yellow Spring Instrument Model YSI 710X). The first point
is located just before the entrance of the packed column. The second
point is located below the packing in the water accumulator. The third

and fourth points are positioned to measure the air and water storage tank

temperatures.

The thermolinear probe network is a composite device consisting of
resistors and precise thermistors that produce an output voltage linear
with temperature or a resistance linear with temperature.

The temperature probe, digital ohmmeter (Data Precision Multimeter
Model 3500), and associated components were selected as a system to ensure
compatibility. The temperature range and accuracy of the system is -1.11
to 37.78 + 0.09°C (30 to 100°F)., The maximum recommended time comstant
is 1.5 s for a probe diameter of 0.397 cm (5/32 in.) with a single—hex
National Pipe Thread mounting. The probe signals are processed by a digi-
tal multimeter to yield the temperature, and a strip chart recorder is

used to record and monitor the temperatures.
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Well-type mercury manometers (Meriam, Model 30EB25) measure the pres—
sure in the hydraulic air compression system at three locations: (1) in
the vapor line (vacuum pipe), (2) above the distributor plate (packed col-
umn), and (3) above the hydraulic air compression test section.

The water flow rate into the hydraulic air compression test section
is measured by two instruments: a turbine flow transducer (Flow Tech-
nology Model FT-16) and a rotameter (Fischer and Porter Serial No. X11-
4425/2). (These two instruments are in series.) The turbine flow trans—
ducer (Flow Technology Model FT-16) was installed to facilitate operation.
The range of the meter is 18.93-189.3 L/min (5.0-50 gpm), and its accuracy
is +0.05% at all points. The flow signal is processed by flow rate moni-
tors (Flow Technology Model PRI-102D) to yield the mass flow rates.

The air flow rate into the test section was determined with a cali-
brated ball-tube-type rotameter (Brook Instrument Model No. 1110-05F1B1B).
Liquid and air volumetric calculations are shown in Appendix A,

In addition to the instruments listed, a manual needle valve (Ridge

Valve Model B18VF8-Vec) is employed to control the vacuum pressure.

3.5 Hydraulic Air Compression System Startup

A standard startup procedure was implemented for each day of experi-
mental tests, The drain on storage tank 1 was closed, and the building
water fill line was opened. After a closely estimated water level was
achieved, the vacuum valve (not shown in Fig. 3) was opened and set at its
desired pressure for that day’s run. As the barometric leg began to dis-
charge water into the test column, pump A was turned on to force the water
into tank 2. When the water level in tank 2 was half-filled, pump B was
turned on to force the water through the flowmeters, downcomer, and back

to tank 1, Tests were carried out under steady—state flow conditions.
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4. EXPERIMENTAL INVESTIGATION

In an experimental run, water at subatmospheric pressure enters the
inlet of the compressor test section via the gas desorption loop (Fig. 4).
The water in the pipe flows downward past the air injection nozzle where
air is injected into the flowing water stream. An air-water two—phase
flow mixture is created. The mixture flows down the water pipe in which
the air is being compressed and is eventually discharged into water tank 1
(Fig. 3) at the lower end of the water pipe. Through the use of a vacuum
system, water is pulled up into the barometric leg.

When air is injected into the water stream, change in void fraction
within the pipe causes the free water surface (point 0', Fig. 4) to move
upward (to point 0). The vertical change in free water surfaces with and
without air injection is the applied water head needed for the water
stream to achieve air compression. The applied head can be directly con-
verted to compressor power consumption.

Vertical distances of downcomer were (1) hy,', = 0.46 or 1.07 m, de-
pending on the location of the air injection port, (2) hy;, =0, (3) hy, =
10.06 or 9.45 m, depending on the location of the air injection port, and
(4) h,,, which varied between 0.14 and 0.88 m for each particular experi-
ment. The net applied head hyo' was measured for each particular experi-
ment.

In the test, the pressure, temperature, flow rates, and applied water
head data were recorded. The test conditions included the variation in
water flow rate, the air injection rate, injection nozzle sizes (single

and multinozzle), and locations of injection nozzles in the water pipe.

4.1 Steady—State Operation

Constant water levels were maintained in both water tanks. Tempera—
ture and vacuum pressures were monitored to determine when steady—state
conditions existed.

Steady state was assumed when there was no significant change in tem-

perature (+0.1°C) and vacuum pressure, and when flow rate change was less

than +2% throughout the system over a 10-min span. Once steady state was
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achieved, the following data were recorded: (1) water and air flow rates

through the downcomer; (2) temperatures of the air and the water in the

downcomer; (3) level of water in tank 1; (4) applied water head; and

(5) pressure of the atmosphere, air injection, and downcomer systems.
After all data were recorded, the air flow rate through the downcomer

was changed; adjustment was made until a new steady—state condition was

achieved. Experimental data were again recorded, and the procedure was

repeated.

4.2 Results of Hydraulic Air Compression Tests

Experimental results for hydraulic air compression with water were
studied in a 5.1-cm—diam clear pipe. Liquid velocity was varied from 40
to 155 cm/s, air flow from 0.7 to 37 cm/s, and the system vacuum pressure
from 1.3 to 10.1 kPa absolute. Two sizes of single air nozzles (1.14- and
0.46—mm ID) and two 1.14-mmID multinozzles were tested. The positions of
injection ports were 45,7 and 106,7 cm below the point 0', respectively
(Fig. 4).

Six series of tests were completed. In the first series of rums, a
single air injection nozzle was used., The nozzle opening was 0.46 mm in
diameter and was located 45.7 cm below the water surface (point O0', Fig.
4), The second series of runs was identical to the first series, but the
air injection nozzle was located 106.7 cm below the water surface. The
only difference between series 3 and series 1 was the air injection nozzle
size; the nozzle for series 3 was 1.14 mm in diameter. In the fourth se-—
ries of runs, a single air injection nozzle, 1.14-mm diam, was used. The
nozzle was located 106.7 cm below the water surface. Series 5 was a multi-
nozzle (two—nozzle) test, with the air injection nozzles located 45.7 cm
below the water surface and nozzle diameters of 1.14 mm, Test series 6
was similar to series 5 with the only difference being the location of
aeration. In series 6, the air injection port was 106.7 cm below the water
surface. Data obtained in this investigation are presented in Tables 1—6.
Data on the hydraulic head requirement for all series of tests are shown
in Figs. 5710. As shown in all these figures, for a fixed air flow rate,

the applied head decreased as the water flow increased. The applied head




Table 1. Test series 1 (single nozzle, 0.46-mm diam)

Run T Ja> <I> h,, h,, P, ?tm P, Fest T, test 8 AH FI?W
(cm/s) (cm/s) (cm/s) (m) (m) (psia) (psig) (°F) (m) regime
100 40.54 1.27 41.8 10.1 0.86 14.24 -13.9 65.3 0.03 0.2 B
101 40.54 2.53 43.1 10.1 0.86 14.24 -13.9 65.3 0.06 1.22 S
102 40.54 8.68 49.2 10.1 0.86 14.24 -13.9 65.3 0.18 1.6 S
103 56.8 1.43 58.2 10.1 0.79 14.25 -13.94 61.0 0.02 0.01 B
104 56.8 3.96 60.7 10.1 0.79 14.25 -13.94 61.0 0.06 0.37 R
105 56.8 10.10 66.86 10.1 0.79 14.25 -13.94 61.0 0.15 0.84 B
106 56.8 11.70 68.7 10.1 0.79 14.25 -13.94 61.0 0.17 1.4 B
107 72.97 1.38 74.4 10.1 0.71 14.26 ~13.92 60.5 0.02 0.02 B
108 72.917 4.15 77.1 10.1 0.71 14.26 -13.92 60.5 0.05 0.23 B
109 72.97 10.42 83.4 10.1 0.71 14.26 -13.92 60.5 0.13 0.65 B
110 72.97 12.67 85.65 10.1 0.71 14.26 -13.92 60.5 0.15 1.1 B
111 89.2 1.5 90.7 10.1 0.51 14.3 -13.92 61.1 0.02 0.013 B
112 89.2 4.65 93.8 10.1 0.51 14.3 -13.92 61.1 0.05 0.16 B
113 89.2 10.9 100.1 10.1 0.51 14.3 -13.92 61.1 0.11 0.47 R
114 89.2 13.4 102.6 10.1 0.51 14.3 -13.92 61.1 0.13 0.82 B
115 105.4 0.97 106.4 10.1 0.48 14.3 -13.91 59.4 0.01 0.01 B
116 105.4 4.61 110.0 10.1 0.48 14.3 -13.91 59.4 0.04 0.13 B
117 105.4 10.88 116.3 10.1 0.48 14.3 -13.91 59.4 0.09 0.36 B
118 105.4 13.80 119.2 10.1 0.48 14.3 -13.91 59.4 0.12 0.59 B
119 121.6 1.54 123.2 10.1 0.38 14.3 -13.98 58.9 0.01 0.01 B
120 121.6 5.03 126.6 10.1 0.38 14.3 -13.98 58.9 0.04 0.13 B
121 121.6 11.4 133.0 10.1 0.38 14.3 -13.98 58.9 0.09 0.30 B
122 121.6 14.5 136.1 10.1 0.38 14.3 -13.98 58.9 0.11 0.52 B
123 137.8 1.57 139.4 10.1 0.33 14.3 -14.02 59.6 0.011 0.01 B

£T




Table 1 (continued)

Run Ty T {I> h,, h,, P, ?tm P, Fest T, test 8 AH Fl?w a
(em/s) (cm/s) (cm/s) (m) (m) (psia) (psig) (°F) (m) regime
124 137.8 4.98 142.8 10.1 0.53 14.3 -14.02 59.6 0.03 0.14 B
125 137.8 11.64 149.5 10.1 0.33 14.3 -14.02 59.6 0.08 0.27 B
126 137.8 14.58 152.4 10.1 0.33 14.3 -14.,02 59.6 0.10 0.51 B
127 154.1 1.4 155.6 10.1 0.28 14.3 -13.9 62.3 0,01 0.01 B
128 154.1 5.0 159.1 10.1 0.28 14.3 -13.9 62.3 0.03 0.07 B
129 154.1 11.5 165.6 10.1 0.28 14.3 -13.9 62.3 0.07 0.21 B
130 154.1 14.7 168.7 10.1 0.28 14.3 -13.9 62.3 0.09 0.40 B

a

B = bubbly flow,

and § = slug flow.

14 ®



Table 2.

Test series 2 (single nozzle, 0.46-mm diam)

Run Twd Ja> T by, by, P, atm P, test T, test 8 AR Flow
(em/s) (cm/s) (cm/s) (m) (m) (psia) (psig) (°F) (m) regime
150 40.5 1.3 33.72 9.45 0.88 14.2 -13.87 65.0 0.04 0.25 S+B
151 40.5 1.4 41.94 9.45 0.88 14.2 -13.87 65.0 0.03 0.24 S
152 40.5 3.3 43.82 9.45 0.88 14.2 -13.87 65.0 0.075 0.71 S
153 40.5 9.5 50.01 9.45 0.88 14.2 -13.87 65.0 0.19 1.14 S
154 64.9 1.11 65.98 9.45 0.77 14.2 -13.83 63.7 0.02 0.015 B
155 64.9 4,56 69.43 9.45 0.77 14.2 -13.83 63.7 0.07 0.184 B
156 64.9 10.75 75.62 9.45 0.717 14.2 -13.83 63.7 0.14 0.50 B
157 64.9 13.42 78.30 9.45 0.77 14.2 -13.83 63.7 0.17 0.79 B
158 89.2 1.07 90.26 9.45 0.66 14.2 -13.89 62.7 0.012 0.009 B
159 89.2 3.24 92.43 9.45 0.66 14.2 -13.89 62.7 0.035 0.12 B
160 89.2 7.71 96.9 9.45 0.66 14.2 -13.89 62.7 0.079 0.27 B
161 89.2 10.2 99.4 9.45 0.66 14.2 -13.89 62.7 0.103 0.60 B
162 113.52 1.8 115.3 9.45 0.51 14.3 -14.,01 65.1 0.015 0.006 B
163 113.52 5.3 118.8 9.45 0.51 14.3 -14.01 65.1 0.045 0.09 B
164 113.52 11.9 125.4 9.45 0.51 14.3 -14,01 65.1 0.095 0.22 B
165 113.52 15.2 128.7 9.45 0.51 14.3 -14.01 65.1 0.12 0.38 B
166 137.8 1.7 139.6 9.45 0.41 14.3 -14.03 63.6 0.012 0.006 B
167 137.8 5.2 143.0 9.45 0.41 14.3 -14.03 63.6 0.036 0.06 B
168 137.8 12.2 150.0 9.45 0.41 14.3 ~14,03 63.6 0.08 0.18 B
169 137.8 15.5 153.3 9.45 0.41 14.3 -14.,03 63.6 0.10 0.34 B
170 154.06 1.74 155.8 9.45 0.33 14,3 -14.05 61.9 0.011 0.006 B
171 154.06 5.44 159.5 9.45 0.33 14.3 -14.05 61.9 0.034 0.047 B
172 154,06 12.46 166.5 9.45 0.33 14.3 -14.,05 61.9 0.075 0.15 B
173 154,06 15.96 170.0 9.45 0.33 14.3 -14.05 61.9 0.094 0.29 B

a

B = bubbly flow,

and S = slug flow.

ST



Table 3. Test series 3 (single nozzle, 1.14-mm diam)
AH AR,
Run Tw> Ja> J> h,, hy. P, ?tm P, Fest T, test B te;t comp;ter Fl?w
(cm/s) (cm/s) (cm/s) (m) (m) (psia) (psig) (°F) (m) (m) regime
200 56.8 2.21 58.97 10.1 0.74 14.3 -14.08 61.9 0.04 0.08 0.28 B
201 56.8 4.43 61.18 10.1 0.74 14.3 -14.08 61.9 0.07 0.36 0.62 B
202 56.8 6.23 63.0 10.1 0.74 14.3 -14.08 61.9 0.10 0.78 0.93 B
203 56.8 8.23 65.4 10.1 0.74 14.3 -14.08 61.9 0.13 1.02 1.3 B
204 73.0 2.06 75.03 10.1 0.66 14.3 -14.05 60.7 0.03 0.06 0.124 B
205 73.0 4.61 77.58 10.1 0.66 14.3 -14.05 60.7 0.06 0.27 0.325 B
206 73.0 7.07 80.04 10.1 0.66 14.3 -14.05 60.7 0.09 0.51 0.55 B
207 73.0 9.81 82.8 10.1 0.66 14.3 -14.05 60.7 0.12 0.72 0.83 B
208 73.0 12.81 85.8 10.1 0.66 14.3 -14.05 60.7 0.15 0.99 1.2 B
209 89.2 2.1 91.3 10.1 0.56 14.3 -14.05 59.2 0.02 0.03 0.09 B
210 89.2 4.7 93.9 10.1 0.56 14.3 -14.05 59.2 0.05 0.16 0.22 B
211 89.2 7.6 96 .8 10.1 0.56 14.3 -14.05 59.2 0.08 0.34 0.38 B
212 89.2 10.9 100.1 10.1 0.56 14.3 -14.05 59.2 0.11 0.48 0.61 B
213 86{2 13.4 102.6 10.1 0.56 14.3 -14.05 59.2 0.13 0.83 0.80 B
214 113.5 2.01 115.6 10.1 0.36 14.4 -14.15 61.2 0.02 0.02 0.06 B
215 113.5 4.8 118.4 10.1 0.36 14.4 -14.15 61.2 0.04 0.11 0.15 B
216 113.5 8.1 121.6 10.1 0.36 14.4 -14.15 61.2 0.07 0.24 0.28 B
217 113.5 11 .4 124.9 10.1 0.36 14.4 -14.15 61.2 0.09 0.32 0.42 B
218 113.5 15.4 129.0 10.1 0.36 14.4 -14.15 61.2 0.12 0.53 0.62 B
219 137.8 2.2 140.0 10.1 0.24 14.4 -14.24 57.8 0.02 0.01 0.01 B
220 137.8 5.7 143.5 10.1 0.24 14.4 -14.24 57.8 0.04 0.1 0.13 B
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Table 3 (continued)

AB, an,?
w0 e DL R D Gant Tent p e comer (0
221 137.8 9.7 147.5 10.1 0.24 14.4 -14.24 57.8 0.07 0.2 0.25 B
222 137.8 13.75 150.7 10.1 0.24 14.4 -14.24 57.8 0.09 0.3 0.39 B
223 137.8 17.05 171.1 10.1 0.24 14.4 -14.24 57.8 0.1 0.5 0.44 B
224 154.1 2.15 156.2 10.1 0.23 14.4 -14.2 59.1 0.014 0.01 0.04 B
225 154.1 5.12 159.2 10.1 0.23 14.4 -14.2 59.1 0.03 0.08 0.11 B
226 154.1 8.7 162.7 10.1 0.23 14.4 -14.2 59.1 0.05 0.19 0.20 B
2217 154.1 13.1 167.2 10.1 0.23 14.4 -14.2 59.1 0.08 0.30 0.33 B
228 154.1 17.4 171.2 10.1 0.23 14.4 -14.2 59.1 0.1 0.48 0.46 B
229 40.5 2.1 42.6 10.1 0.66 14.4 -14.2 58.2 0.05 0.15 0.98 S
230 40.5 5.1 45.6 10.1 0.66 14.4 -14.2 58.2 0.11 0.24 2.07 S -
231 40.5 5.6 46.1 10.1 0.66 14.4 -14.2 58.2 0.12 1.0 2.2 S ~
229.1 48.6 1.06 49.17 10.1 0.71 14.4 -14.1 60,2 0.02 0.01 0.22 B
230.2 48.6 2.04 50.7 10.1 0.71 14.4 -14.1 60.2 0.04 0.11 0.11 B
231.3 48.6 3.14 51.8 10.1 0.71 14.4 -14.1 60.2 0.06 0.31 0.72 B
232.4 48.6 3.9 52.5 10.1 0.71 14 .4 -14.1 60.2 0.07 0.51 0.92 B
233 48.6 4.8 53.5 10.1 0.71 14.4 ~14.15 60.2 0.09 0.7 1.16 B
234 48.6 5.8 54.4 10.1 0.71 14.4 -14.15 60.2 0.11 0.9 0.88 S
23S 48.6 6.6 55.2 10.1 0.71 14.4 -14.15 60.2 0.12 1.09 1.09 S
236 48.6 6.0 54.6 10.1 0.71 14.4 -14.15 60.2 0.11 1.6 1.44
237 48.6 1.05 41.6 10.1 0.74 14.4 -14.15 59.1 0.025 0.01 0.58 B
238 48.6 2.01 42.5 10.1 0.74 14.4 -14.15 59.1 0.05 0.22 1.05 B
239 48.6 2.5 43.1 10.1 0.74 14.4 -14.15 59.1 0.06 0.48 1.3 B
240 48.6 3.5 44.1 10.1 0.74 14.4 -14.15 59.1 0.08 0.81 1.7 S

%n computation, Vr (drift velocity) was a constant (45.7 cm/s) for all tests.
b

B = bubbly flow, and S = slug flow.




Table 4. Test series 4 (single nozzle, 1.14-—mm diam)
Run Twd e <> h,, By, P, atm P, test T, test 8 AH Flow
(cm/s) (cm/s) (cm/s) (m) (m) (psia) (psig) (°F) (m) regime

302 56.8 1.54 58.3 9.45 0.61 14.5 -14.2 58.2 0.03 0.07

303 56.8 3.53 60.3 9.45 0.61 14.5 -14.2 58.2 0.06 0.39 B
304 56.8 6.06 62.8 9.45 0.61 14.5 -14.2 58.2 0.1 0.80 B
305 56.8 18.62 75.4 9.45 0.61 14.5 -14.2 58.2 0.25 1.44 B+S§
306 72.9 0.79 73.8 9.45 0.74 14.2 -13.9 62.0 0.01 0.003 B
307 72.9 1.7 74.7 9.45 0.74 14.2 -13.9 62.0 0.02 0.025 B
308 72.9 2.7 75.6 9.45 0.74 14.2 -13.9 62.0 0.03 0.10 B
309 72.9 3.9 76.9 9.45 0.74 14.2 -13.9 62.0 0.05 0.3 B
310 72.9 6.3 79.3 9.45 0.74 14.2 -13.9 6.20 0.08 0.4 B
311 72.9 8.1 81.1 9.45 0.74 14,2 -13.9 6.20 0.1 0.56 B
312 72.9 10.2 83.2 9.45 0.74 14.2 -13.9 61.2 0.12 0.67 B
313 72.9 23.1 96.1 9.45 0.74 14.2 -13.9 61.2 0.24 0.85 B
314 72.9 22.4 95.4 9.45 0.74 14,2 -13.9 61.2 0.23 1.03 S
315 72.9 24.3 97.3 9.45 0.74 14.2 -13.9 61.2 0.25 1.31 S
316 97.3 0.76 98.1 9.45 0.62 14.2 -13.95 60.0 0.01 0.013 B
317 97.3 1.65 99.0 9.45 0.62 14.2 -13.95 60.0 0.02 0.05 B
318 97.3 2.7 100.0 9.45 0.62 14.2 -13.95 60.0 0.03 0.1 B
319 97.3 3.99 101.3 9.45 0.62 14.2 -13.95 60.0 0.04 0.16 B
320 97.3 5.5 102.8 9.45 0.62 14.2 -13.95 60.0 0.05 0.25 B
321 97.3 7.5 104.8 9.45 0.62 14.2 -13.95 60.0 0.07 0.36 B
322 97.3 9.6 106.9 9.45 0.62 14.2 -13.95 59.4 0.09 0.47 B
323 97.3 20.6 117.9 9.45 0.62 14,2 -13.95 59.4 0.17 0.74 B
324 97.3 23.2 120.5 9.45 0.62 14.2 -13.95 59.4 0.19 0.74 B
325 97.3 25.15 122.5 9.45 0.62 14.2 -13.95 59.4 0.21 1.02 B
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. .
Table 4 (continuned)
Run T Ja> J> h,, hy, P, ?tm P, test T, test B AH Flow a
(em/s) (cm/s) (cm/s) (m) (m) (psia) (psig) (°F) (m) regime

326 121.6 0.76 122.4 9.45 0.36 14 .4 -14.15 61.3 0.01 0.01 B
327 121.6 1.64 123.3 9.45 0.36 14.4 -14.15 61.3 0.013 0.04 B
328 121.6 2.7 124.3 9.45 0.36 14.4 -14.15 61.3 0.02 0.09 B
329 121.6 3.9 125.5 9.45 0.36 14.4 -14.15 61.3 0.03 0.14 B

: 330 121.6 1.15 122.8 9.45 0.36 14.4 -14.15 61.3 0.01 0.16 B
331 121.6 2.64 124.3 9.45 0.36 14 .4 -14.15 61.3 0.02 0.28 B
332 121.6 4.26 125.9 9.45 0.36 14.4 -14.15 60.9 0.034 0.42 B
333 121.6 10.5 132.1 9.45 0.36 14.4 -14.15 60.9 0.079 0.52 B+S
334 121.6 23.2 144.9 9.45 0.36 14 .4 -14.15 60.9 0.16 0.67 S
335 121.6 24.9 146.6 9.45 0.36 14.4 -14.15 60.9 0.17 1.1 S
336 137.8 0.75 138.6 9.45 0.28 14.4 -14.2 59.4 0.005 0.01 B
337 137.8 1.61 139.4 9.45 0.28 14.4 -14.2 59.4 0.01 0.04 B
338 137.8 2.66 140.5 9.45 0.28 14.4 -14.2 59.4 0.02 0.08 B
339 137.8 3.92 141.8 9.45 0.28 14.4 -14.2 59.4 0,03 0.14 B
340 137.8 5.87 143.7 9.45 0.28 14.4 -14.2 59.4 0.04 0.15 B
341 137.8 7.7 145.5 9.45 0.28 14.4 -14.2 59.4 0.05 0.27 B
342 137.8 9.9 147.7 9.45 0.28 14.4 -14.2 59.0 0.07 0.36 S
343 137.8 21.1 159.0 9.45 0.28 14.4 -14.2 59.0 0.13 0.44 S
344 137.8 23.5 161.4 9.45 0.28 14.4 -14.2 59.0 0.15 0.61 S
345 137.8 25.1 162.9 9.45 0.28 14.4 -14.2 59.0 0.15 1.1 S
346 154.1 0.92 155.0 9.45 0.14 14,0 -12.5 66.9 0.006 0.006 B
347 154.1 2.03 156.1 9.45 0.14 14.0 -12.5 66.9 0.013 0.038 B
348 154.1 3.4 157.4 9.45 0.14 14.0 -12.5 66.9 0.02 0.072 B
349 154.1 4.9 159.0 9.45 0.14 14.0 -12.5 66.9 0.03 0.13 B
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Table 4 (continued)

Run Twd e J> by, By, P, atm P, test T, tost 8 AH Flow
(cm/s) (cm/s) (cm/s) (m) (m) (psia) (psig) (°F) (m) regime
350 154.1 7.75 161.8 9.45 0.14 14,0 -12.5 66.9 0.05 0.15 B
351 154.1 10.1 164.1 9.45 0.14 14,0 -12.5 66.9 0.06 0.2 S
352 154.1 12,98 167.0 9.45 0.14 14,0 -12.5 66.9 0.08 0.34 S
353 154.1 26.5 180.6 9.45 0.14 14.0 -12.5 66.9 0.15 0.42 S
354 154.1 29.8 183.8 9.45 0.14 14.0 -12.5 66.9 0.16 0.54 S
355 154.1 32.1 186.2 9.45 0.14 14.0 -12.5 66.9 0.17 0.7 S
356 40.5 0.7 41.3 9.45 0.69 14 .4 -14.15 63.7 0.02 0.08 B
357 40.5 1.45 42.0 9.45 0.69 14.4 -14.15 63.7 0,03 0.29 B
358 40.5 2.26 42.8 9.45 0.69 14.4 -14.15 63.7 0.05 0.49 B
359 40.5 3.2 43,7 9.45 0.69 14.4 -14.15 63.7 0.07 0.7 S
360 40.5 2.9 43.5 9.45 0.69 14.4 -14.15 63.7 0.07 1.6 S
361 73.0 1.9 74.9 9.45 0.84 14.15 -13.76 68.0 0.025 0.08 B
362 73.0 5.6 78.5 9.45 0.84 14.15 -13.76 68.0 0.07 0.67 B
363 73.0 15.7 88.7 9.45 0.84 14,15 —i3.76 68.0 0.18 1.51 S
364 73.0 1.9 74.9 9.45 0.74 14,15 -13.76 65.8 0.025 0.08 B
365 73.0 5.6 78.5 9.45 0.74 14.15 -13.76 65.8 0.07 0.67 B
366 73.0 15.7 88.7 9.45 0.74 14,15 -13.76 65.8 0.18 1.5 S
367 105.4 1.82 107.2 9.45 0.66 14.2 -13.77 65.8 0.02 0.05 B
368 105.4 6.01 111.4 9.45 0.66 14.2 -13.77 65.8 0.05 0.5 B
369 105.4 15.6 121.0 9.45 0.66 14.2 -13.717 65.8 0.13 1.6 S
370 121.6 1.93 123.6 9.45 0.43 14.4 -14.01 66.6 0.02 0.06 B
371 121.6 6.2 127.8 9.45 0.43 14.4 -14.01 66.6 0.05 0.5 B
372 121.6 15.8 137.4 9.45 0.43 14.4 -14.,01 66.6 0.11 1.6 S
373 137.8 1.8 139.6 9.45 0.36 14 .4 -13.9 63.8 0.01 0.04 B
374 137.8 6.4 144.2 9.45 0.36 14.4 ~13.9 63.8 0.04 0.39 S
375 137.8 16.02 153.9 9.45 0.36 14.4 -13.9 63.8 0.10 1.8 S
376 137.8 16.04 153.9 9.45 0.36 14.4 -13.9 63.8 0.10 1.6 S

a

B = bubbly flow,

and S = slug flow.
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Table 5. Test series 5 (multinozzle, two 1.14-mm diam)
. AH, AB,“
Ran (O (el (e (e s l();)s;:? I(’Ls::;t Tom B e conpyter ri;(i,;e
400 73.0 2.2 75.1 10.1 0.71 14.3 -13.9 65.0 0.03 0.04 0.13 B
401 73.0 4.6 17.6 10.1 0.71 14.3 -13.9 65.0 0.06 0.34 0.30 B
402 73.0 8.8 81.8 10.1 0.71 14.3 -13.9 65.0 0.11 0.84 0.71 B
403 73.0 10.0 82.9 10.1 0.71 14.3 -13.9 65.0 0.12 1.53 0.91 S
404 89.2 2.2 91.4 10.1 0.60 14.27 -13.9 63.7 0.02 0.025 0,087 B
405 89.2 4.8 94.0 10.1 0.60 14.27 -13.9 63.7 0.05 0.22 0.23 B
406 89.2 10.4 99.6 10.1 0.60 14.27 -13.9 63.7 0.10 0.76 0.58 B
407 89.2 11.4 100.6 10.1 0.60 14.27 -13.9 63.7 0.11 1.21 1.29 S
409 105.4 2.2 107.6 10.1 0.48 14.3 -14.02 64.1 0.02 0.01 0.07 B
410 105.4 5.1 110.5 10.1 0.48 14.3 -14.02 64.1 0.05 0.16 0.20 B
411 105.4 8.2 113.6 10.1 0.48 14.3 -14.02 64.1 0.07 0.68 0.83 B
412 105.4 11.6 117.0 10.1 0.48 14.3 ~14.02 64.1 0.1 1.2 1.23 B+S
413 105.4 32.7 138.1 10.1 0.48 14.3 -14.02 64.1 0.24 1.7 2.01 S
414 121.6 1.99 123.6 10.1 0.39 14.3 -14.01 62.6 0.02 0.01 0.06 B
415 121.6 4.96 126 .6 10.1 0.39 14.3 -14.01 62.6 0.04 0.12 0.15 B
416 121.6 9.83 131.4 10.1 0.39 14.3 -14,01 62.6 0.07 0.65 0.75 B
417 121.6 12.3 133.9 10.1 0.39 14.3 -14.01 62.6 0.09 1.05 1.13 B
418 121.6 33.0 154.6 10.1 0.39 14.3 -14,01 62.6 0.21 1.49 1.67 S
419 121.6 35.2 156.8 10.1 0.39 14.3 -14.01 62.6 0.22 1.66 1.79 S
420 137.8 2,01 139.8 10.1 0.33 14.3 -14.02 62.1 0.014 0.013 0.05 B
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Table 5 (continued)

AR AR,

Run Twd T > a> h,, hyq P, atm P, test T, test 5 tent computer Flow

(cm/s) (cm/s) (cm/s) (m) (m) (psia) (psig) (°F) (m) (m) regime
421 137.8 2.4 140.2 10.1 0.33 14.3 -14.02 62.1 0.017 0.095 0.07 B
422 137.8 8.4 146.2 10.1 0.33 14.3 -14.02 62.1 0.057 0.6 0.67 B+S
423 137.8 12.04 150.0 10.1 0.33 14.3 -14,02 62.1 0.08 0.98 1.07 B+S
424 137.8 9.34 147.2 10.1 0.33 14.3 -14.02 62.1 0.06 1.63 1.58 B+S
425 137.8 1.96 156 .02 10.1 0.32 14.2 -13.9 62.3 0.013 0.006 0.044 B
426 137.8 5.73 159.8 10.1 0.32 14.2 -13.9 62.3 0.036 0.038 0.140 B
427 137.8 8.85 162.9 10.1 0.32 14.2 -13.9 62.3 0.054 0.55 0.69 S
428 137.8 12.64 166.7 10.1 0.32 14.2 -13.9 62.3 0.076 0.89 1.14 S
429 137.8 35.01 189.1 10.1 0.32 14.2 -13.9 62.3 0.18 1.19 1.31 S
430 137.8 36.14 190.2 10.1 0.32 14.2 -13.9 62.3 0.19 1.5 1.63 S
431 154.1 1.93 58.7 10.1 0.84 14.2 -13.9 60.4 0.03 0.08 0.18 B
432 154.1 4.42 61.2 10.1 0.84 14,2 -13.9 60.4 0.07 0.32 0.51 B
433 154.1 6.85 63.6 10.1 0.84 14.2 -13.9 60.4 0.01 1.05 0.97 S

%n computation, Vr (drift velocity) was a variable for each test.

b

B = bubbly flow,

and S = slug flow.
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Table 6. Test series 6 (multinozzle, two 1.14-mm diam)
fon Ty T o> > h,, h,. P, atn P, test T, test 8 AR Flow ,
(cm/s) (cm/s) (cm/s) (m) (m) (psia) (psig) (°F) (m) regime

450 56.8 1.76 58.5 9.45 0.85 14.3 -13.97 64.2 0.03 0.10 B
451 56.8 5.02 61.8 9.45 0.85 14.3 -13.97 64.2 0.08 0.86 B+S
452 56.8 15.9 72.7 9.45 0.85 14.3 -13.97 64.2 0.22 2.0 S
453 73.0 1.76 74.7 9.45 0.67 14.3 -13.95 62.4 0.02 0.051 B
454 73.0 5.7 78.7 9.45 0.67 14.3 -13.,95§ 62.4 0.07 0.61 B
455 73.0 15.8 88.8 9.45 0.67 14.3 -13.95§ 62.4 0.18 1.76 B
456 89.2 1.8 91.0 9.45 0.6 14.3 -13.96 61.5 0.02 0.04 B
457 89.2 5.85 95.0 9.45 0.6 14.3 -13.96 61.5 0.06 0.56 B
458 89.2 15.8 105.0 9.45 0.6 14.3 -13.96 61.5 0.15 1.7 B
459 105.4 1.82 107.2 9.45 0.4 14.4 -14.15 63.0 0.02 0.04 B
460 105.4 6.02 111.4 9.45 0.4 14.4 -14.15 63.0 0.05 0.5 B
461 105.4 15.9 121.3 9.45 0.4 14.4 -14.15§ 63.0 0.13 1.6 B
465 137.8 1.82 139.7 9.45 0.27 14.4 -14.15 59.6 0.013 0.04 B
466 137.8 6.34 144.2 9.45 0.27 14.4 -14.15 59.6 0.04 0.43 B
4617 137.8 15.9 153.7 9.45 0.27 14.4 -14.15 59.6 0.10 1.55 B
468 154.1 1.74 155.8 9.45 0.18 14.4 -14.15 61.4 0.01 0.006 B
469 154.1 6.4 160.5 9.45 0.18 14.4 -14.15 61.4 0.04 0.43 B
470 154.1 15.7 170.0 9.45 0.18 14.4 -14.15 61.4 0.09 1.50 B

% = bubbly flow, and S = slug flow.
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26

ORNL--DWG 82-15018

2.2

I ! | | {
SERIES §
20 COMPUTER MODEL —
WITH VARIABLE V,,
o= ——— EXPERIMENTAL
18 t— () =322-36.2 —
MULTINOZZLE (TWO 1.14 mm DIAM) .
16 — h0,1 =457 cm A\\ 1
J, = VOLUMETRIC FLUX OF AIR (cm/s) h
O 14 - _]
o
I
£ ;) = 103-1265
812 — s —
L
=
<
w
T 10— —
Q
w (J)=82-983
-4 a
&
% 08 [— —
\\é
0.6 |— ~~2_ —
il VY
= 4.42—5.73\
0.4 |— —
0.2 (— ]
(J,) = 1.93-2.41 ==
\A“‘w- ==
0 | l | el A — ] I
0 20 40 60 80 100 120 140 160 180 200

AVERAGE VOLUMETRIC FLUX OF AIR-WATER MIXTURE (cm/s)

Fig. 9. Performance of hydraulic air compression for test series 5
and comparison of test results with computer simulation,



27

ORNL—DWG 82-15017

30 1 l l 1 l l
SERIES 6

25 |- MULTINOZZLE (TWO 1.14 mm DIAM)
o, J,=1560-160 Mot = 1067 cm
T N J, = VOLUMETRIC FLUX OF AIR (cm/s)
E 20 — .\ —
° L 4
o \.\.
g 156 — ———
g .= 50-6.4
[a]
w10 — —
J
a
a
<

05 [— —

J, =1.75-1.80
0 ! l el [
0 20 40 60 80 100 120 140 160 180

AVERAGE VOLUMETRIC FLUX OF AIR-WATER MIXTURE {cm/s)

Fig. 10. Performance of hydraulic air compression for test series 6.

also increased as the air injection rate increased. Computer data on the
hydraulic head requirements (which are explained in detail in Sect. 5 of
this report) to simulate the experiments are also shown in Tables 3 and 5.
A reasonable agreement between the test results and the simulatijion is
shown in Figs., 7 and 9.

In these two cases, a constant drift velocity (water velocity less
air velocity) of 0.45 m/s was used in the computer model to simulate the
test data of the series 3. However, a variable drift velocity was used to
obtain the computer simulation results that match the experimental values

of the test series 5.
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5. COMPUTER SIMULATION OF HYDRAULIC AIR COMPRESSION

An analytical model was developed for the hydraulic air compression
process, and it was implemented for calculation on a digital computer. *
The analytical derivation of the model is based on a similar application
developed by Rice,* but it differs from his model in the numerical imple-
mentation scheme of the analytical results., The analysis of the hydraulic
air compression process is one—dimensional. Average velocities across the
pipe cross section are used. The flow is assumed steady and the liquid
incompressible. A two—phase flow model is employed where air and water
are present. The air is treated as an ideal gas. A schematic of a hy-
draulic air compression test section is shown in Fig. 4. Four control
volumes are drawn and shown (Fig., 4) to simulate the hydraulic air com—
pression: (1) the flow above air entrainment zome, (0) to (1); (2) air
entrainment zone, (1) to (2); (3) two—phase air compression zomne, (2) to
(3); and (4) an air-water separation zone, (3) to (4).

Flow above air entrainment zone, (0) to (1). Water is fed from point

(0') in Fig., 4 into a down pipe. The incompressible form of energy equa-—

tions applied between (0-0’) and (0'-1) with V0 = 0 and the free surface

at the elevation datum (0’) are

P P,
> + gh . (1)
— + g = ,
¢ oo’ Py
and
2 2 2
A\ P, P, vy \,
[ 1 1
+ — = — + + - +
2 Py P (Ko'1 Kelb) 2 gho'1 2 (2)
where K;,, is the friction loss coefficient, Kelb is the elbow coefficient
(Kelb =0.9), and V,, = V,. Considering that h,, = h,,, + h,,, and sub-

stituting Eq. (1) in Eq. (2),

gh - (K +0.9)?— . (3) .
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Air entrainment zone, (1) to (2). In this zone, boundaries (1) and

(2) are assumed close together; fluid friction and the weight of the fluid
within the control volume are neglected. Air enters across area Aa’ and
liquid enters across the cross—sectional area (Ad - Aa)' At (2) the air
bubbles will have a relative velocity Vr with respect to water flow be-
cause of buoyancy. With given state variables at point (1) and air mass
flow rate éa’ the state variables at point (2), namely, V;,,, P,, and T,,

can be solved algebraically from the conservation of mass, momentum, and

energy equations shown by Rice.*

Two—phase air compression zone, (2) to (3). After the air leaves the

entrainment region, an air-water mixture is created that flows downward

in the pipe where air bubbles are being compressed. The two—phase flow
model in this zone assumes that each phase is one—dimensional in the pipe
cross section, In the air compression zone, the volumetric change of air
is significant, and it cannot be assumed constant throughout the control
volume. To obtain the state variables at point (3), the conservation
principles are applied to a differential control volume. A set of three
differential equations with unknowns P, V;,, and T as a function of z is
obtained. A coordinate system is needed in this zone where z represents a
positive downward distance from point (2). After some algebraic manipula-—
tion, the conservation of energy, mass, and momentum equations take the

following forms:

m
. . . /
[(m) +m )V, —-m V]dv, + — dP
£ a~ ! a T £ P,
+ (mng‘7 + mana)dT = g(mp + ma)dz , (4)
my 1 dP 4T
+ +— - — =
: v, —vy| % Ty TT 70
VoA - —
Pe ¥y
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and

- . 2
v m, m - m g m g fprgs
A = + - dz
A [} - .
Ad(VF Vr) AdVF 8Ad

(6)

Starting from the values of Vy,, P,, and T, for z = 0 at point (2), Egs.
(4)—(6) can be solved by a forward-marching scheme using a small value of
Az to result in values of Vy;, P;, and T, at the bottom of the down pipe,
point (3).

Air—water separation zone, (3) to (4). VWhen the air—-water mixture

exits from the down pipe and enters the separation tank, the kinetic
energy contained in the mixture will be dissipated if the tank is suffi-
ciently large in volume. The air bubbles rise and enter the surrounding
atmosphere above the water surface at atmospheric pressure, while the
water is discharged to ambient. Therefore, the pressure balance in this

zone is

= = - . (7
P P a P3 pﬂghs‘

5.1 Computation of Hydraulic Head Requirement

In the computer simulation of the analytical results, computation
requires data on (1) pipe sizes, (2) geometrically fixed heads (excluding
hoo,), (3) fluid properties, (4) frictional parameters, and (5) air and
water mass flow rates at point (2) (Fig. 4)., An arbitrary value for the
applied (hydraulic) head required to compress the air through the pipe is
assumed, and the program calculates other values of the compressor (e.g.,
pressure and flow rates) using this value. The value for pressure at
boundary point (4) (Fig. 4) should be equal to the atmospheric pressure.
If the value calculated by the program is different from the atmospheric,
a new value for applied head is tried and the calculations are repeated.
The iteration scheme is continued until the calculated final pressure is

the atmospheric pressure within an error bound.
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The input data that vary from run to run define the area of the gas
pipe, the values for liquid flow rate, air flow rate in terms of volumet-
ric concentration (f), and the value of h,,.

To compare the computer—generated values of the applied hydraulic
head with experimental values, test series 3 and 5 were chosen, and their
applied hydraulic heads were compared with those generated by the computer
model. The same experimental parameters were applied to numerical computa—
tion, Computer programs necessary to compute the applied hydraulic head

are presented in Appendix B.

5.2 Theory for Bubble Velocity

In fully developed slug flow, the bubble velocity relative to the
flowing mixture depends on the bubble shape and the distribution of void
fraction and flow velocity across the pipe. A frequently used expression

for upward gas—liquid mixture is

+
Q Qw gApD

V, =C —— + C ’ (8)
b 0 Ad 1 Py

where Vb is the absolute bubble velocity, C, is a distribution parameter
that reflects both the flow and concentration distribution across the
pipe, C, is a factor that depends on the fluid properties, and Qw and Qa
are the volumetric flow rates of the liquid and gas phases, respectively.
Furthermore, Ad is the cross—sectional pipe area, g is the acceleration
caused by gravity, D is the pipe diameter, and Py is the mass density of
the liquid phase. The density difference Ap = p - P, can be approximated

w
by Py for gas—liquid mixtures, allowing Eq. (8) to be rewritten as

Vb=Co<J>+C1VgD, ' (9)

in which ¢ J > is the average volumetric flux for the entire mixture.
For a downward flow of the liquid, the bubble may either rise or de-

scend, depending on the relative magnitudes of gas and liquid velocities,

Equations (8) and (9) are valid, but the coefficients C, and C,; would only
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be expected to be identical to the values for upward flow if the slugs
remain centered on the pipe axis., If the bubbles migrate off center, C,
would be expected to decrease because the bubble is traveling relative to
a fluid velocity less than the maximum on the pipe axis. An eccentric
bubble location would cause C, to increase because the drift velocity in-
creases as the bubble comes closer to a boundary. Martin? concludes that
downward flow can be represented by Eq. (9) but that the values of the
coefficients C, and C; differ from those for upward flow. Thus, in his
study of downward flow for D = 14 ¢cm, C, = 0.86, and C, = 0.58; for D =
10.16 cm, C, = 0.90, and C, = 0.66; and for D= 2.6 cm, C, = 0.93., Appar—
ently, the magnitude of the pipe diameter becomes unimportant once a cer—
tain value of D is exceeded.

Based on Martin’s investigation, we have correlated the coefficients
Co and C; for the pipe diameter of our test section; that is, for D =
5.08 ¢cm, C, = 0.924, and C, = 0.642. Substituting these values in Eq. (9)
yields

V. =0.924 <J > + 0.642 vgD .

b

5.3 Analysis of Hydraulic Air Compression

A computer model developed by Rice4 was modified to simulate the non—
condensibles disposal through hydraulic air compression. An example is
presented here to display the characteristics of the air compression pro—
cess, It is assumed that noncondensible air at 6.90 kPa (1 psia) will be
compressed to atmospheric pressure by the downward water flow in a 5.08-cm—
diam pipe. Other data follow: air temperature = 21.1°C, water tempera—
ture = 15.6°C, h,, =0, h,; = 914 cm, h,, = 45.7 cm, Vr = 24.7 cm/s, Pa =
101.4 kPa, ky; = 0.20, and V = 183 cm/s (6 fps). The air mass flow m
and, consequently, the volumetric flow J are varied in the calculation.
The resulting applied head as a function of J and air injection flux Ja is
shown in Fig. 11. The dashed curves in the figure are the constant ini-
tial volumetric concentration (B) lines. When Fig. 11 is compared with
Fig. 12, the characteristics of the computer simulation results remarkably

resemble the test data, even though the geometric and physical parameters
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of these two cases are not entirely the same. The computer simulation
model is derived from phenomenological equations involving empirical con—
stants, notably the drift velocity. Information concerning the bubble
drift velocity for air in water is scarce. Fine tuning of empirical con-
stants in the model is needed to produce the best agreement between the
calculated and experimental data.

A sensitivity analysis was carried out to test the effects of the
bubble drift velocity and volumetric concentration variations upon the
applied head. The results of the analysis are shown in Fig. 13; the base—
line conditions are those specified in Fig. 12, and the volumetric concen—
tration is assumed to be B = 0.20. As one can see in Fig. 13, lowering
the drift velocity reduces the applied head. For a given volumetric con—-
centration, the drift velocity can be reduced by dispersing smaller air

bubbles in the water stream.
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5.4 Hydraulic Air Compression for OTEC Applications

Because the warm seawater discharge stream in an OTEC open—cycle
plant design can be used as the moving source for air compression, the
possible applications of the hydraulic gas compressor were assessed. In
an open—cycle plant design, such as the Westinghouse study,® the pressure
at the free water surface in the warm seawater discharge pipe will be
around 2.97 kPa (0.43 psia). Air pressure at the air compressor injection
point has to be equal to or greater than the local water pressure so that
the gas could be discharged into a water stream. If a barometric intake
deaerator is employed in an open—cycle plant design, the hydraulic air
compressor can be used to dispose of the noncondensible gas removed at the
deaerator. No additional gas compression is required because the gas
pressure at the deaerator is around 11.8 kPa (1.71 psia).

To dispose of the combined noncondensible gas from a deaerator and a
condenser through a hydraulic air compressor, the pressure of the con-—
denser vent gas stream needs to be brought up by mechanical compressors be-—
fore the gas can be injected into the warm seawater stream. Two competing
power consumption mechanisms are involved. To reduce the mechanical com-—
pressor power consumption, the mechanical compressor should be used only
to raise the gas stream pressure to the minimum acceptable injection level
in an effluent water stream. However, the minimum gas pressure would lead
to a high volumetric concentration of the air-water mixture at the injec-
tion point, which would cause a high water operating head for the hydrau—
lic air compressor. From the hydraulic air compression viewpoint, a small
operating water head requires a small initial volumetric concentration of
the mixture, which implies a high gas injection pressure and more mechani-
cal compression work., The net power consumption of a combined mechanical
and hydraulic air compressor will vary with the noncondensible gas injec—
tion pressure and may be calculated from the hydraulic air compressor com—
puter code together with a staged mechanical compressor computation
scheme. The result of a sample calculation is shown in Table 7, in which
no minimum power consumption is reached among the three different gas in-

jection pressure cases. However, the change in net power consumption at

high gas injection pressure is small.
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Table 7. Performance of a combined mechanical

and hydraulic compressor at different

air injection pressures

Air injection pressure

(kPa)
11.8 21.17 36.4
Initial volumetric concentra— 0.19 0.087 0.044
tion of the air—water mixture
Mechanical compressor power 2.54 2.74 2.90
(water head equivalent, m)
Hydraulic air compressor 1.16 0.50 0.28
(applied head, m)
Net compression power com 3.70 3.24 3.18

sumption (water head, m)

9Basis: 100-MWe OTEC plant; warm seawater flow = 357
m3/s, discharge velocity = 1.83 m/s; dissolved
air content = 17.2 ppm; multistage mechanical

stage compres—

compressors with intercooling,
sion ratio = 1.83, and efficiency = 0.80.

b1~m water head equivalent = 3.6 MW.
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6. CONCLUSIONS

The following conclusions were drawn from the feasibility study of

hydraulic air compression for OTEC open—cycle applications:

A hydraulic air compressor is a simple machine, and cost savings will
be realized if a mechanical compressor is replaced by a hydraulic air
compressor,

A hydraulic air compressor is environmentally more acceptable for
OTEC applications because it may improve the effluent water quality
by redissolving the noncondensible air into water during the compres-
sion process.

The conversion of part of the kinetic energy contained in the warm
seawater effluent flow (which is otherwise wasted in previous design)
into air compression and the capability of direct—contact condensing
of steam in the noncondensible gas stream make the hydranlic air com—
pressor a promising device for OTEC open—cycle applications.
Additional experiments need to be conducted to confirm the design
performance of OTEC hydraulic air compressors.

The OTEC applications of hydraulic air compressors need to be ana-—

lyzed through the power system cost—optimization methodology, where

both cost and power consumption are taken into account.
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Appendix A

FLOW RATE CALCULATIONS

A.1 Calculation of Volumetric Air Flow

The calibrated ball-tube—type rotameter measures the amount of air
flow in standard condition STP (P = 14.7 psia, T = 70°F). The following
method is established to evaluate the volumetric air flow at testing con—

ditions, as the test conditions are generally different from STP condi-

tions:
Q 3, (A.1)
STP PSTP
or
Q E§IE ( )
= s A.2
QT.P STP PT,P
where
Q = (% scale)(0.633) (A.3)

STP

for the ball-tube rotameter used in the experiment.

Substituting Eq. (A.3) in (A.2) and replacing P with 14.7 psia,

STP
14.7
QT p = (% scale) (0.633) P (A.4)
! T,P
. . )
where QT,P and PT,P are the volumetric air flow (cm?/s) and the measured

air pressure (psia) before entering the test section, respectively. The
test pressure is always in vacuum condition, and it is different from
PT,P' Therefore, the actual air flow into the test section, which is en—
trained by water down flow, is Qa:

Opp Prp=Q P
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or

~ Pr,p
% = O,p P, ) °

Referring to Fig. A.1 and Fig. 4,
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and

P, = 0.0361 (h, + h,) . (A.8)

Equations (A.7) and (A.8) and their associated conversion factors can be

substituted in Eq. (A.6):

P, = 0.0361 (h, + h,) +0.491 (P, —P,) . (A.9)

The values of Eqs. (A.4) and (A.9) are substituted in Eq. (A.5):

(% scale)(2.427)\/PT P

a [0.491 (P. - P ) + 0.0361 (h + h )]’
bar 4 1 2

Q (A.10)

where

% scale = rotameter reading when air injection is in place (the scale

has been calibrated between 0 to 100),

PT p= measured air pressure (psia),
»
bar barometric pressure (in., Hg),
P, = vacuum pressure of the test setup (in. Hg),

h, = the distance of the air injection port from 0' (Fig. 4)
(in.),

h, = level of water in the pipe after air injection (in.),

= volumetric air flow into the hydraulic air compression test

section (cm3/s).

A.2 Calculation of Volumetric Water Flow

The water flow rate into the hydraulic air compression test section
is measured by a turbine flow transducer (Flow Technology Model FT-16).
The rotation of the turbine rotor generates electrical pulses in the pick-
up, which is attached to the flowmeter, The frequency or pulse repeti-

tion rate represents the flow rate., When the flowmeter is in place, the




42

water flow rate is expressed by

Qw = (turbine reading)(1.75545) , (A.11)

where the turbine reading is the pulse read by the flow rate monitoring

device, and Qw is the water flow rate in cubic centimeters per second.
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Appendix B

. COMPUTER PROGRAMS

The following computer programs were developed to calculate the ap—
plied head requirement for the hydraulic air compression process. Com—
puter programs developed by Ricel! were modified for this investigation,

A schematic diagram and symbol definition of Rice's studies is shown in
Fig. B.1. The system vacuum pressure is the pressure at point '0', P,,
and the barometric intake is eliminated for this modification. When P, =
P, =Ps =P, =P

and h,, = h,, = hy, = 0 in the computer programs, the

o atm

up pipe is eliminated.
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B.1 Program Listing

1 //FATROAIR JOE (17997),'Y-12 $204-1 GOL', JOB 5293
Y7 PASSWORD=
***CLA5S CPU91=1505,REGION=270K,10=001

2 4/ EXEC FORIQCLG, pafin. FORT=-NonAP',TlﬂE.uo (5,10},
Y7 REGION.GO=9

Y PARM.GOzvzu——ﬁ DUSP=1"

3 ¥XFOKTOCLG PROC CLSIZE=270K,LKSIZE= 15ox PLOT=DISS, CONC=5, 00000010
XX GOSIZE=100K,GULIINE= =4 00000020
4 XXFORT EXEC PGM=TFEAAB,REGION= SDS1ZE 00000030
5 XXSYSLIN DD DSN=E&LOADSET, DNIT=SYSDA,SPACE= (800, (400, &,RLSEB 00000040
XX DISD= (MOD, PAS5) , DCB= {RLLEM Fi, LRECLZ 0 BLKSIZE=800] 00000050
6 XXSYSPRINT DD SY5007=5007,DCRERLKSIZE=1100 00000060
7 XXSYSPUNCH LD SY50UT= 00000070
8 XXSYSTEEE DD 5YSOUT=£0O0T,DCii= {(RECFM=FB,LRECL=121,BLKSIZE=1089) 00000080
3 TXSYS0T1 DD UNIT=5YsDA bcs (& ELFH FB,LRECL=105, BLKSIZE=3465) , 00000090
XX SPAC 43u65 é 3. 00000100
10 XXSYSUT2 DD UNIT=SYSDA,S$ Acé (1 24, (30,10)) 00000110
11 /éfoﬂl .SYSIN DD *
12 YXLKED EXEC PGM=IEWL,PARM='LIST,MAP',REGION=6LKSIZH, 00000120
XX COND= (FCONC, LT, ECRT 00000130
13 XXSYSLIb DD DSk=SY¥S1.ERfLIA,DISP=5HR 00000140
14 XX DD DSN=5YS1. LOGLID,DISP=SHR 00000150
15 i DD DSN=5Y51,8PLOT.L1B,DISP=5HR 00000160
16 XXSYSLIN DD DSN=EELOADSET,DISPS (OLD,DELETE) 00000170
17 XX CD DDNAME=3YSIN 06000180
18 XXSYSLMOD DD DSN=8EFJOBLIB (NARKEX) ,UNIT=SYSDA,DISP=(NEW,PASS), 00000190
XX SBACE=(3072, (50, 10 1§ (RLSE) 00000200
19 XXSYSPKINT DD SYs00T=5GUT ,DCEEBLESIAR=605 00000210
20 XXSYSUTT LD UNIT=(SYSDA,SEP=(SYSLIN,SYbLHOD)L SPACE= (3072 00000220
21 XXGO EXEC Pgh=* TKED. SYSLKUD,CUNDEY (ECONC, £,FORT), (5, L& LKE 00000230
XX REGICN=6GCSIZE, TIME=EGOT 00000240
22 {XDELETE DD DSN= chJObLluéﬂAxEX) DI 5P= (OLD DLLLTEE 00000250
23 YXFTO6F001 DD SYSGUI=8QUT,DCB= (xEcku=vpa, (PrBeDEy5? LKSIZE=1100) 00000260
4 ;;GO.F105E001 ph *

94
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SYSTEM/370 FORTRAN L EXTENDED (ENHANCED) DATE 82.047/12.55.08 PAGE 1

AIN) GCPTIMIZE JL LINECOUNT GOL SIZFAHAXL AUTODBL NONE&
EBCDIC NOLIS ODECK OBJECT NOMAP NOFOKMAT GOSTAT NOIZREF NOALC NCANSF TERM IBHN FLAG(I) XL

GRAX HYDGAS (MODIFIED BY CHEN,PROGRAM HYDG2)
S PROGRAM CONSIDER LVR IN THE DOWNPIPE REGION
REN EICE,CCTOBEEK 1976, LI-TING CHEN, 1980

ENSION HHO1(201 ,PDIF§201 ,PTF(201) ,HDLF (201)
H%ﬂ ALPHA,QL,VLE,FLUK1,FLUXG,KDT

~—

[elalelal

wnnn

zzZ

ocCOoo

[=lsT=T]

[Sr=t=1=]

(GRS

HHOO meh
ONOCKH =m Como®
? Fx wOHC E O
[4,]

RHOL--—DENSITY OF LIQUID---LBM/FICU

FMU---VISCOSITY OF LI%UIDf——LBH/FT-SEC ]
CVL-—-SP. BT. AT CONS®. yOL. OF LIQUID--~BTU/LEM-DEGF
R~——ENGINEEEING GAS CONST. OF GAS--—FT~LBF/LBM-DEGF
CPG—--$P. HT. AT CON RESSngg GLS-—-BTU/LEM-DEGF
ERING AT (0)—--DEGF

NG AT {1)-—-DEGF

SIA
NTERING AT (0)~--=-PSIG
PSIG

EING AT (1)---
DUP---D1AHETEE OF UP- FT
GAMA---5P. #iT. RATIG OF GAS (CPG/CVG)—~-DIBENSIONLESS
DDP--—-LIAMETER OF DOWN-PIPE-—-FT
EODU--~RUUGHNESS RATIC OF UP—-PIDE--—DIMENSIUNLESS
EODD---KOUGHNESS RATIO OF DOWN-PIPE---DIMENSIONLESS
Ck67—-RECOVERY COEEFICIENT 6—7%———DIHBNSIONLESS

J

.

o
oEHYZCHAC
M09 [ =
oed BN

=

B Zzmhy

CR34-——FECCVERY COEFFICIENT_(3-4 ---DIMENSIONLESS
CR45-—--INLET LOSS COEFF (4~5)--~-DIMENSIONLESS
CKQ1---INLET LOSS CCGEFF (0=1)-=-DINFENSIONLESS
HO1,H12, H23,H34, H45,H56,H67T---HEADS---FT

RAT CARDS MUST BE IN CRLUER OF INCEEASING VALUES OF RAT.
RAT MUST NOT EE ZERO.

TERMINATION CAUSED BY NEGATIVE VALUE OF BAT, (END OF FILE).
RS T

SEL STATEMENT NUMBER 132. USE KDT=0 UNLESS INTERMEDIATE PRINT
KE DESIFED.
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+VZESTON 1.3.0 (01 MAY 80) MAIN SYSTEN/370 FORTRAN Hl EXTENDED (ENHANCED) DATE 82.047/12.55.08 PAGE 5
ISN D1oo CALL PUNT] (KHCL KME CVL, &/ CPGGANA TAF (TLOF, TG 1F, PR, PLOG PG1G
1 DUP,AaGP,eNUN, Ck01,CKu5, vED, ub1, 012, 025, H3u 045, 56,067, akeT, pbe,
21Cw, LR34, CRo T, EOLD, EODUSRCA, X02,XX023,56,5N 8001)
ISN 0167 carLl paNtZ(raf,1CW
ISN 0168 KRT=KKT+1
ISH 0169 IF (KRT-2) 405,5000,5000
ISN 0170 405 WEITE (ICW,u410]
ISN 0171 410 YORMAT (//.10%,30H ALL VALUES OF P7 ARE NEGATIVE)
C xakkkkEkkk;00 NOT UGNVERGE AT P7 i ok ko ko ok Xk
ISN 0172 1500 RRITE(ICK, 1310)
ISN 0173 1510 FGEAT (/70 10X, 301 DONT CONVERGE IN 9 I BEALIONS,)
ISN 0174 BRITE(ICH 1550) Hu0 1(Kk=1) ,PTF KK—1¥ nno14xxh,p (KK)
ISN 0175 152°c§?§”%/‘/’5x'7ﬂ HHO1+=,F10. 6, 4HB7+=,¥%0.5,78 HAO1-=,F10.5, 4HPT-=,
ISN 0176 CALL PENT1§RHOL F#U,CVL,R,CPG,GANA,TAF,TLOF,TG1F,PAA,PLOG, PG1G
17DUP, AGP,GNUK,CKRO1,CK45,vEZ, b1, 115, H2Y, 134, a5, fise,hed, ukET,Dbp,
21Cw, CK34,CR6T, EODD , EUDD, RCA, X02,Xx023,58,3N,1H001)
Isy 0177 GG 16 5007 !
ISy 0178 500 CALL PRALI(KUOL FHU,CYL, Ry CPGLGANA, TAK TLOF, TG1F, PAA, PLOG, PG1G
1 DUP,AGP,GNUN,Cko1,CRuS,vR2, 0b1, 015, H23, 634 845, fise, 67, HkET, pbe,
21CW, R34, CR6 T, EODD, EODU KCA, X02,XX023,50,5N,0001)
ISN 0179 caLl PﬁN&Z{RR& ICH
ISN 0180 IF JVsz 510,530,530
ISN 0181 510 WRITE (IC®,530) (G2
ISN 0182 §20 FOKMAT {447 10X, 1307NO SOLUTION. VG2=F8.4,4H FP3)
ISN 0183 G0 TO 5000
ISN 0184 239 IF (V63) 540,800,560 "
ISN 0185 540 WRITE (Icw,550) (G3 o
ISN 0186 550 EORMAT _(//,10X,18H NO SOLUTION. VG3=F8.4,4ii FPS)
ISN 0187 "~ G0 To 5000
ISN 0188 560 CALL PEKF(REOL,FML,FAG,R,PU, HNET,GAKA, PAA,(L,uG,EFF,PONL, PONG,
113, TA,CPG PG1,§CA,?GA FuGa,FuGi
ISN 0189 caly BrweS (Ful, FuéT, of 06, 0GA, PMGA, P4, EFF, POWL, POWG, ICH, T3 PAA)
ISN 0190 CALL PRNTA (PL1,PG1G,vLY,v&T, olv Tcir, B2, vi2,vG5, 12,63, vi3, ¢c3, T3,
i pu, p5,v5,P6,v6 P7, Fuc, FnL , bpe, bup,Fhu, tcw, bar, fiol u2%)
ISN 0191 HRI&E{%,?OO&fLUk1 fLuxS, ALbnA
ISN 0192 700 FORMAT(//, 10X,78 FLUX1=,F12.6,7H FLUXG=,F12.6,7H ALPHA=,F12.8)
ISN 0193 WRITE (iCh 565)
ISN 0154 565 FORMAT {1ﬂ1€
ISN 0195 5000 WRITE (1CW,5010)
ISN 0196 5010 FORNMAT 61Hh
ISN 0197 GG TG 4
ISN 0198 6000 S10P
C ok Aok Kok kok Kk END OF PMAIN PROGRAM ko kkk kk
ISN 0199 END
NUMBER  LEVEL FORTRAN H EXTENDED ERROR MESSAGES
IFE224T 4 (W ISN 0166 THE STATEMENT AFTEE AN ARITHMETIC IF, GO TO, STOP OR KETURN HAS NO LABEL
IFE610I 4 (W LABEL100003 THE STATEMENT NUMBER OR GENERATED LABEL 15 INREACHABLE.
*0PTIONS IN E FECT*NAHEéHAINz OPTINIZE(S) LINECOUNI(60) SIZE(MAX) AUTODBL(NONE} ,
*QPTIONS IN EFFECT*SOURCE EBUDIC NOLIST NODECK OBJECT NOMAP NOFORMAT GOSTAT NOXREF NOALC NOANSF TERM IBN FLAG{(I) XL
*STATISTICS* SOURCE STATEMENTS = 198, PROGRAM SIZE = 8720, SUBPROGRAM NAME = HMAIN
*STATISTICS* 2 DIAGNOSTICS GENERATED, HIGAEST SEVERITY CODE IS &
*%k%¥% END OF COMPILATICN ##*s#% 120K BYTES OF CORE NOT USED




ﬁﬁggﬁg%gn1bg§goég1 BAT 80) SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 82.047/12.56.42 PAGE
OPTIONS IN EFFECT: NAME (MAIN) OPTINIZE 3) LINECOUNT SIZE (MAX) AUTODBL (NONE)
SOURCE EBCDIC NOLIS? NODECK OBJE O on L AT COSTAT NGXREF NOALC NOANSF TERM IBM FLAG(I) XL
ISN 0002 SUBROQUTINE PRNT1(KHOL FMU,CYL R, CPG,GANA,TAE, TLOF, TG1F,PAA,PLOG
1 PG1G, Dlip, AGP, GNUN,CKO1,ckas VR& HO1, H12:H23 034, hus, vbe, ub7, nnkT,
2 pDP . ICW,ER34CR67 . EODDS EODU,RCA,X02) XX02,50.5K,f001f
ISN 0003 weITE (1&W,5)
R germt )
ISN 0008 10 EORMAT 16X616HPRUGEAH HYDROAIR)
ISN 0008 0_FOR#A {1 b ihvaRREN RICE HAY 1973,
15X, 261IL 236 CHEN DECEMBER ] 0,/
25X 38HMODIFIED BY CHEh/NILHOLAJ MARCH, 1981,//,'MODIFIED BY WEIS
ISN 0009 sEPgT%UiE§T3898TA /)
pw {
IsK 9010 30 EormAl :63613HAEH0§ TEMP.=F6.2, 4 HDEGF)
] C
15K 88}% 40 FORKA Ié:b§b1uHATnos. PRESS.=F6.2,4HPSTA)
ISK 0014 50 FORNA 1536 O%SFD%NSITY OF LIQUID=F6.2,94 LBH/FTCU)
5 [+]
15N §81§ 60 roa¥£4£101505uv10L051Ty OF LIQUID=F10.7,11H LBM/FT-SEC)
IS WRI Cw cvL
ISN 0018 0 FORMA' 616x L. S8E. BT. AT CONST. VOL. FOR LIQUID=F6.3,
ISN 0019 1KEE¥E8}C4L55)DEG )
ISK 0020 80 59%@% Ié;6§611g;és CONST.=F5.1, 161 FT- LBF/LBM-DEGF)
ISN 0022 90 E?%gABT61géﬁng§€. HT. AT CONST. PRESS. FOR GAS=F6.3,
. - EJ-
ISN 0023 WRITE(1CH 100 GAMA
15N 0024 100 FOENE Iéibﬁﬁé,ﬁﬁiac”T' RATIOC FOK GAS=F5.2)
L]
I5N gggg 110 FORNA IéaéﬁkguugRggs. OF LIQUID AT (0)=F6.2,5H PSIG)
ISN Rl i, 120) TL
IsH 9028 120 FORMA Iéabﬁgg%ﬂggqg. OF LIQUID AT (0)=F5.1,5H DEGF)
ISN 8832 130 FORME Iéébﬁa%‘”%ﬂﬁés' OF GAS RT (1)=F6.2,5H PSIG)
1 3 2 G
IsN 88%% 140 FORHA 1é16§5%5H%§3P5u8F GAS AT (1)=F5.1,5i DEGF,/)
J
ISN 0034 150 FORMA 3é1g§f1bHDIA: OF DGWN-PIPE=F7.3,3H FT,3X,16UDIA. OF UP-PIPE=
ISN 0035 “RITE’ (ICHW 155L EODD,EODU
ISN 0036 155 FORM AT é1ok 27HHOUGHNESS RATTU, DOWN-PIPE=F8.6,3X,
o R B, SRR o
1SN w C 6
B8 oo o (0n feigie op pag ereeerized, o rrse)
; C 2
ISN 0040 170 FORNAD é16x,15unlsﬁgucﬁs, FT, 10X, 4HH01=F9.6, 3%, 411 12=F5.2, 3%,
ISN 0081 ' H088u05 Ao
ISN 0042 WEITE(ICK, 180) 134 H45,H56 ,H67 ,H001,H000
ISKE 0043 180 FORMAT (10X, 4hu3i=F5.2;3%, huHub=F5.5%,3X, 4HH56=F6.2,3X, 4HH67=F5.2,
1 SHHOD1=F5.2,3X,51H000=F5. 2/)
ISN 0044 WEITE(ICH 196L ERD1,CKu5,VR2
ISN 0045 190 FokKAT (10X, 5hcK01=F5.3,5x%,5HCK45=F5.3,8X, 4HVR2=F6.2,7H FTI/SEC)
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+VERSION 1.3.0 (01 HAY 80) Icgngga SISTEN/370 FOKTRAN H EXTENDED (ENHANCED) DATE 82.047/12.56.42 PAGE 2
i : (ICW CR
ISy 8835 200 ggRMQTIéJo%13HE§g ;FG.J, X,5HCR67=F5.3,/)
TE VE
3N 8030 210 ERTEE 16365585“?{3 Xop xyg5C HEAD=FG. 2. 3H FL./)
ol
ISN 0051 220 fopnn~§1oﬁ $hcash ¢ X0ian RATIO=,F10.5,5K,8HX02 (IN)=
F10.5,5X,90%02 (00T) =,F10.5)
ISN 0052 TE(ICk,230) 'so, SN
ISN 0053 230 (MAT (10X, 198s0LOBILITY 15 502=,F10.7,5X, 4KS5N2=,F10.7)
ISN 0054 URN
ISN 0055

*0PtIONS IN EFFECT*NA
*0OPTIONS IN EFFECT*SO
*S5TATISTICS* SCUR
*STATISTICS* NO DIA
**x%x%*x END OF COMPILA

TEMENTIS = 54, PEHOGRHAM SIZE = 2594, SUBPROGRAM NAME = PRNTI1
ILS GENERATED
XhEEEX 152K BYTES OF CORE NOT USED

WRITE

FORMA

END

E(MAIN) OPTIMIZE(3) LINECOUWTébOL SIZE MAX) AUTODBL NONL&

% ETEBCDIC NOLIST NOUDECK OBJE UMA OFORMAT GCSTMT NOXKEF NOALC NOANSF TERM IBM FLAG(I) XL
A

NOST

ION

HanNex




¢VERSION 1,3.0 (01 NAY 80) SYSTE#/370 FORTRAN H EXTENDED (ENHANCED) DATE 82.047/12.55.20 PAGE
MEQUESTED OPIIoNs: youap
OPTIONS IN EFFECT: NAME(MAIN) OPTINIZE(3) LINECOUNT(60) SIZt(MAX) AUTODBL(NONE)
SOURCE EBCDIC NOLIST NODECK OBJECT NOMAP NOFORMAT GOSTMT NOXREF NOALC NOANSF TERM IBM FLAG(I) XL
ISN 000% SUBROUTINE ¥ODO1(PL0A,KHOL,GG,H01,CK01,VL1,PL1,R,TG1,ADP,FNL, BAT,
1 FMG,AGP,VG1,KAT, JH01, H0O1,DDD, Fuli, EODD, Ful)
ISN 0003 coMmMéy afpua gL frm, rFluxt, FLoxS, kn?
C MODELS FLOW OF L10u%D FRoA FEEE'SURFACE IN INITIAL EESERVOIR (0)
¢ TO CRGSS—SECTION IN PIPE JUST BEFORE GAS INJECTION (1).
ISN 0004 VL1=VLM*ADE/ (ADP-AGP)
ISN 0005 CL1=QL
ISN 0006 CALL “REN (FML,DDP,FMU,REY)
ISK 0007 CaLL MOO 6REY,E0DD,FF)
ISN 0008 BBES=FF*H001 /0P
ISN 0009 IF (J801) 5,%5,7
ISN 0010 5 PL1=PLOA
ISN 0011 HO 1= (- 9+BEBE) *.5%VL1%VL1/GG
ISN 0012 GC T4 9
ISN 0013 PL1=PLOA+RHOL* (GG*HO1~ (. 9+EBBB) *.5*VL14#VL1) / (32.2% 144.)
¢ PL1---LBF/IKSQ
ISN 0014 PG 1=PL 1
ISN 0015 RHOG 1=PG 1* 14 4. / (R*TG 1
C FMG-—-MASS FLOW RATE OF GAS _ ---LBM/SEC
¢ FHL---MASS FLOW RATE OF LIQUID---LBM/SEC
, ¢ AGP---AREA OF GAS PIPE~—-FISQ
ISH 0016 20 CONTINUE
ISN 0017 ;G 1=ALPHA*GL/ (1.0-ALPHA)
ISN 0018 MG=(0G 1*RHCG
ISN 0019 Vv61=0G1/AGP
ISN 0020 RAT=FMG/FHML
ISN 0021 FLUXI=6QG1*QL1)/ADP
ISN 0022 FLUXG=0G1/aDP
ISN 0023 IF (KDT) 3000, 3000,3005
C * %k k ok #t*l***“****‘ PRINT 01—~ INTERMEDIATE VALULS ***kkkkkkkkkkkkkkkkkk
ISN 0024 3005 CONTINUE
ISN 0025 KRITE (6, 1100) PL1 VL1, VG] FAL, FHG, AGP, KAT
ISN 002¢ 1100 FORNAT (10X, 7uM0D01PT,7F10.5)
C ******##*****t;***t#**** ENDMOD 01 *%kkkkkkkkkkkkkkkkk kkkkkk
ISN 0027 3000 CGNTINUE
ISN 0028 RE1URN
ISN 0029 END
$OPIIUNS "IN BIEECTANANE (MAIN) ODTIMIZE(3) LINECOUNT(60) SIZE(AX) AUTODEL(NONg)
*OPTIONS IN EEFECT*SOURCE ELUDIC NOL1ST NODECK OBJECT NOMAP NOFORMAT GOSTMT NOXREF NOALC NOANSF TERM IBM FLAG(1) XL
*STATISTICS* SGURCE STATEMENTS = 28, PROGEAM SIZF = 1044, SUDBPROGRAM NAME = MODO1
*STATISTICS* NO DIAGNOSTICS GENERATED
sesx** END CF COMPILATION **%%%% 164K BYTES OF CORE NGT USED
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DATE 82.047/12.55.25 PAGE

AUTODBL (NUNE

MAL

UNT(60) SIZE 7
OBJEéT LUHAP éOFOLHAT GOSTéT NO&REF NOALC NGANSF TERM IbBM FLAG(I) XL
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+VERSION 1.3.0 (01 MAY 80% HOD12 SYSTEN/370 FORTRAK H EXTENDED (ENHANCED) DATE 82.047/12.55.25 PAGE

ISN 0033 1200 FOKMAT {5X,5HNOD12,9E12.%4

C $f$$$$$$$$ .$$$$***K**‘ END oD 12 kkkkkk kR kkkkkkkkkkkkkkkk

ISN 0039 3000 CCNTINUE

ISN 0040 IF (DIS) 100,500,500

ISN 0041 100 HYPbQ=-—GtG*G£27.f>0

ISN 0042 HYP=DSQRT (RTPSQ)

ISN 0043 HOR=—H*.5D0

ISN 0044 PHI=DARCOS (HGE/HYP)

ISN 0045 120 VL2%=2.*DSQRT (-G/3.D0) *DCOS (PHI/3.D0+PI*4.D0/3.D0) -D/3.D0

ISN 00ub VL2=vi22

ISN 0047 VG24=VL2Z~-VR2

%3: 88“2 gggzvcggFM L/ADP) - (1.DO+RAT) * (FUL*VL2Z/ADP) )/ (144.00%32.2D0)

49 = - +

ISN 0050 92=p§§

ISN 0051 IF (RAT-G. 000100} 150,150,130

ISN 0052 130 T22=p2Z*144.D0* (Abp* (VL27Z-VR2) -FML* (VL22-VR2) / (RHOL*VL2Z)) / (FMG*R)

ISN 0053 12=72%

ISN 0054 IF éTZ—TLO) 150,200,200

ISN 0055 150 T2=1L0

I5N 0056 200 RETUERN

ISN 0057 500 WRITE (ICW,510) BAT, DIS

ISN 0058 510 FORMAT (19k EER IN foD12. RAT=F10.6,5X,4HDIS=E15.8)

ISN 0059 I1=1

ISN 0060 RETURN

ISN 0061
*OPTIONS 1N EFFECL*NAHEéHAIN) OPTIMIZE(3) LINECOUNT(60) SILE (MAX AUTODBL (NONE)
$OPTIONS In EFFECT*SOURCE EBCDIC NOLIST NODECK OBJECT NOMAP NOFOKMAT GOSTHT NOXREF NOALC NOANSF TEEM IBM FLAG(I) XL
*STATISTICS* SOQURCE STATEMENTS = 60, PROGRAM SIZE 232, SUBPROGRAM NAME = MOD12
*STATISTICS* NO DIAGNOSTICS GENERATED
#*kkke% END GF COMPILATIGN *ek%k# 152K BYTES OF CORE NOT USED
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HAY 80) SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 82.047/12.56.05 PAGE
WAE (MATN) OPTL®IZE(}) LINECOUNT(50) SIZT(MAX) AUTODBL(NONE)
SOUKCE EBCDIC NOLIS® NuDECK OBJECT NOMAP NOFORKAT GOSTAT NOXREF NOALC NOANSF TERM IBM FLAG(I) XL
SUBROUTINE 0D23(FML,FHG, RHO VR2,CVL,CPG, ADP,PS,T2,VL2,H23,DDP,
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+VERSION 1.3.0 (01 HAY 80) SYSTEM/370 FORTRAN [i EXTENDED (ENHANCED) DATF 82.047/12.56.12 PAGE
KEQUESTEL OPTIGNS: NOMAP j
CPTIGNS IN EFFECT: NANE(MAIN) OPTIMIZE(3 LINECOUNTébOh S1ZE (MAX AUTODLL (NONE
SOURCE EBCDIC NOLIST NODECK OBJECT NOMAP NOFOKMAT GOSTMT NOXREF NOALC NOANSF TERM IBM FLAG(I) XL

ISN 0002 SUBRGUTINE DSOL(RAT1,FML,FMG2, %02, XN2,P3,XX02,%XN2,FHKG3,50,SN)

ISN 0003 SN2=5N/14.72

ISN 000& scz=so41u.72

ISn 0005 TN 1=RAT 1% (XO2+XN2) / (X02%32. +XN2%28.)

ISN 0006 P2=pP3/144.

ISN 0007 PG2=P2*XX02

ISN 0008 PN2=P2*XXN2

ISN 0009 ENO2=502%P02

ISN 0010 ENN2=SN2*P N2

ISN 0011 RAT=RAT1-1.7777*¥ENO2-1,5555%ENN2 _

ISN 0012 1N2=RAT1*6x02+xnzhéix02*32. AN2%28.)- (ENO2+ENNZ) /18.

ISN 0013 C1=X02/ (X02%32, +X 28.L

ISN 00134 c2=éx02+xnz)/(x02*32.+x 2%28.)

ISN 0015 C3= N02§18.

ISN 0016 Cliy= (ENO +ENN26/18.

TSN 0017 IF [KAT-0,00007D9) 2500,2500,2400

ISN 0018 2400 XXC2=(RATI1*C1-C3)/ (RAT 1%C2-Cl)

ISN 0019 GC TO 2200

ISN 0020 2500 XX02=C1/C2

ISN 0021 2200 XXN2=1,-¥XX02

ISN 0022 FMG3=RAT*F ML

ISN 0023 BETURN

ISN 0024 END
*OPTIONS IN FFFhCT*NAHE(ﬂAIN% OPTIMIZE 3& LINELOUNT(&O% SIZFénAx AUTODBL (NONE)
*QPTIUNS IN EFFECT*SQURCE EBCDIC NOLIS ODECK OBJECT NOMAP NUGFORMAT GOSTMT NOXREF NQALC NOANSF TERM IBM FLAG(I) XL
*STATISTICS* SOURCE STATEMENTS 3, PROGREAM SIZE = 710, SUBPROGRAM NAME = DSOL
*STATISTICS* N0 _DIAGNGSTICS GENERATED
*¥%k %% END CF COMPILATION *k¥*%* 164K BYTES OF CORE NOT USED

1
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+VERSION 1.3.0 §01

REQUESTED OPT1ONS:

CPTIONS IN EFFLCT:
ISN 0002

C

C
ISN 0003
ISK 0004
1SN 0005

*(OPTIONS IN EFFECT

*QPTIONS IN EFFECT

ATISTICS s
ATISTICS
Ty )

%ggAEO) SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 82.047/12.56.18 PAGE
NAHEéMAIN) OPTIHIZE%B LINECOUNTéﬁOL SIZE HAX£ AUTGODBL NONE&
SOUECE EBCDIC NOLIS ODECK OBJECT NOMAP NOFORMAT GOSTMT NOXREF NOALC NOANSF TERM IBM FLAG(I) XL
SUBKQUTINE MGD34 (P3,RHOL,H34,PU,CR3U4,VL3 E
MODLLS FLOW FRON pIbE CrOSS- SECTION AT B TTOH OF DOWNPIPE (3)
TO SURFACE GF LIQUID IN SEPARATION TAN 5
P4=pP3-RHOL*H34,/Tul, +CRIU*VLI*VL3*. b*RHOL/ 32.2%144.,)
o
MEéHAINE QPTIMIZE (3 LINECUUN“éGOh SIZE {MAX) ADTODBL NUNE&
URCE EBCDIC NCLIS ODECK OBJE OMAP NOFO HAT GOSTNT NOXIREF NOALC NOANSF TERM IBM FLAG(I) XL
RCE STATEMENTS = 4, PROGRAH SIZE = 332, SUBPROGRAM NAME = HOD34
GNGS5TICS GENEBATED
ICN ****x%% 164K BYTES OF CORE NOT USED

1
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329491 géaﬂgO) SYSTEM/370 FORTEAN H EXTENDED (ENHANCED) DATE 82.047/12.56.22 PAGE
EFEECT: NAME (MAIN) OPTIMIZE(3) LINECOUNT z SIZE (MAX) AUTODBL (NONE) '
N A e R L s hoB ek 0BT ECT " hoRa B §0POkNAT G0STHT NGKXREF NOALC NOANSE TERM IBM FLAG(I) XL
SUBKOULINE PLRFéRHOL FML,FMG,R HNET,GAMA,PAA,QL,QG, EFF, POWNL,
1powc E £;ﬁi§9 G1,R A,QGA,EnGX ic
ISN 0003 = FmL*?.uﬂ*ﬁO./PHOL
C (G--—CFM AT STD. COND, (14.72 PSIA, 70 DEGF)
ISN 0004 b‘FHG1*R*530.*b0 7 (1b.712%744.)
ISN 0005 MGA=TMG* (1,-KCA
ISN 0006 QGA= FHGA*R*bJO.*ﬁO /(14.72%144.)
c PCWL———HP
ISN 0007 BOWL= uL;ﬂNET*RHOL/(33ooo *7.48)
ISN 0008 FMG=FMG* (1.~RC
ISN 0009 WISO=—FH *CpCiThe 5PAA GAMA- /GAHA i *778./550.
ISN 0010 WISI=FHG*CRGXTA* ( G1/baa GAMA-1.)7/GAMA *778.7/550.
IS8 0011 POWG=WIS
ISN 0012 Pe ot IcyT85%Es0. / (FHG*CPG*778. )—ubo.
ISN 0013 EFF=PORG/PCWL
ISN 0014 c REF=ISOLY 4.71
1SN 0015 LE}EC= (pows+u190)/pou1
ISN 0016 EETURN
ISN 0017 END
$0PTIONS IN EFFECT*NAME (HAIN) OPTIHIZE 3], LINECOUNT (60) STZE (HAX) AUTODBL (NONE)
*OPTIONS IN EFFECT*SOUECE EBCDIC NOLI ODECK OBYESR ona st N0 BokuAT GOSTAT NOXREF NOALC NOANSF TERM IBN FLAG(I) XL
*STATISTICS* SCURCE STATEMENTS = 6, PKUGBAM SIZE = 964, SUBPROGRAM NAKE = PERF
*5TATISTICS* NO DIAGNOSTICS GENERATED
#%x%4% END OF COMPILATIGN ##*%%% 164K BYTES OF CORE NOT USED
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SYERSTON 1.3.0 (01 WAL 80) SYSTEH/37O FORTRAN H EXTENDED (ENHANCED) DATE 82.047/12.56.27 PAGE 1
REQUESTED ORTIONS: Nomap
GPTIONS IN EFFECT: NAME(MALN) OPTIHIZE LINECOUNT(60) SIZE(MAX) ADTODBL (NONE
SGURCE EBLDIC NGO ODECK OBJECT NOMAP NOFORMAT GOSTMT NOXREF NOALC NOANSF TERM IBM FLAG(I) XL
ISN 0002 v SUBROUTINE EENJG D, FMU
¢ CALCOLATES BETNOLOS NOABER' LN PIPE FLOW.
C G---KASS FLOW RATE-—-LBM/S
¢ D---P1PE DIAMETER---FT
¢ FEU-~-YISCOSITY-——LBN/FT-SEC
ISN 0003 PI=3.141592653
ISN 0004 EEY=i.*G, (EI*D*FnU)
i e 2
*QPTIGNS IN EFFLCT*NAME&HAIN) OPTIMIZE(3 LINECOUNTé6OL SIZE (MAX) AUTODBL (NONE
*OPTIONS IN EFFECT#*SQURCE EBCDIC NGLIST NODECK OBJE OHAP_NOFORMAT GOSTAT NOXREF NOALC NOANSF TERM IBM FLAG(D) XL
*STATISTICS* SOURCE STATEMENTS = 5, PROGKAM SIZE = 270, SUBPROGRAM NAME =  REN
$STATISIICS® RO -~ DIAGNOSTICS GENERATED
**#%%%% END OF COMPILATICH w¥*# 164K BYTES OF CORE NOT USED




+VERSION 1.3.0
REQUESTED UPTIO
OPTIONS IN EFFEC

NOM2P
NAhEéHAlh) OPTIMIZE( Jh LINECOUNT h SIZEﬁH % AUTOLBL NONE&
SOUR EBCDIC NOLIST NCDECK OBJE T OMA OFORXAT GGSTMT NOXREF NOALC NOANSF TERM IBM FLAG(I) XL

ISN 0002 SUBROUTINE MCOD RF EOD {
CALCULATES FRIC ok FAéTO FOR GI

501 MAY 80) SYSTEM/370 FORTRAN H EXTENDED ({ENHANCED) DATFE 82.047/12.56.36 PAGE 1
S5z
T2

C VEN REYNOLDS NUMBER AND
C KOUGHNESS RATIO FOR LAMINAR OR TURBULENT FLOW.
ISN 0003 IF (RE-2300.) 19,10,20
ISN 0004 10 FF=b4,./RE
ISN 0005 RETURN
ISN 0006 20 A=EOD/3.7
ISN 0007 B=2.51/KE
ISN 0008 DFF=.01
ISN 0009 FF=0,
ISN 0010 30 FF=FF+DFF
ISN 0011 R¥F=SCPRT (FF)
ISN 0012 C=1./RFF+.86*ALOG (A+B/RFF)
ISK 0013 IF (cg 40,100, 30 g
ISN 0014 40 AC=AB (c%
ISN 0015 IF (AC—-.00001) 100,100,50
ISN 0016 50 FF=FF-DFF
ISN 0017 DFF=DFF*.1
1SN 0018 GO TO
ISN 0019 100 RE!URN
ISN 0020
*QPTIONS IN EFEELT*NAHE(HAIN) GPTIMIZE (3 LINECOUNTébOL SIZE (MAX) AUTODBL NONE&
*OPTIONS IN EFFECT*SOURCE EBCDIC NOLIST NODECK OBJECT NOMAP NOFORMAT GCST REF NOALC NOANSF TERM IBM FLAG(I) XL
*STATISTICS* SCURCFE STATEMENIS = 19, PROGRAM SIZE = 508, SOBPROGRAM NAME = HOOD
*STATISTICS* NO DIAGNOSTICS GENERATED
#%%k %% END OF COMPILATION *%%*x 164K BYTES OF CORE NOT USED




+VERSION 1.3.0 §01 MAY 80) SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 82.047/12.56.50 PAGE
REQUESTED OPTIONS: NOMAP
OPTIONS IN EFFECT: NAME(MAIN) OPTLHMIZE(3) LINECQUNT 60& SIZE MAX AUTODBL&NONE&
SOQURCE EBCDIC NOLIS ODECK OBJECT NOMA OFORMAT GOSTHT NOXREF NOALC NOANSF TERM IBM FLAG(I) XL
ISN 0002 SUBROUTINE PRNTZ(RAT ICH)
ISN 0003 WRITE (ICH g
ISN 0004 10 FOLMAT (10 i 2 HHAbS FLOW RATIO, GAS/LI1QUID=F10.8)
ISN 0005 BETURN
ISN 0006 END
*OPTIONS IN EFFECL*NAHEéﬂAIN) OPTINIZE(3 LINECOUNTéﬁO% SIZE MAX AUTODBLANONE&
*OPTIONS IN EFFECT#SOURCE EBCDIC NOLIS ODECK OBJE OMA OFOKMAT GGSTMT NOXREF NOALC NOANSF TERM IBM FLAG(I) XL
*STRTISTICS* SCURCE STATEMENTIS = 5, PROGRAM SIZF = 266, SUBPROGRAM NAME = PRNT2
*STATISTICS* NO DIAGNCSTICS GENEEATED
**¥¥*¥* END CF COMPILATICN ¥%%*¥¥¥ 164K BYTES OF CORE NOT USED
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+VERSION 1.3.0 §01 MAY 80) SYSTEM/370 FORTRAN H EXTENDED (ENHANCED) DATE 82.047/12.56.53 PAGE
REQUESTED OPTIONS: NOMAE
OPTIONS IN EFFECT: NAME(MAIN) OPT1H1ZT 3 LINECOUNT(bOL SIZE (HAK) RUTODDL NONE)
SQURCE EBCDIC NOLIST NODECK OBJECT NOMAD NOFORMAT GUSTAT REF NOALC NOANSF TERM IBM FLAG(I) XL

ISN 0002 (SUBROUTINE PRNT3 (FML,FMG1, QL,0G,QGA, FMGA,PU, EFF,POWL, PONG, ICW, T3,

ISN 0003 wh Tt (Ick,10) P

ISN 0004 10 FORMAT (10,2 AMASS FLOW KATE OF LIQUID=F14.6,8H LBM/SEC)

ISN 0005 WRITE(ICH 465 0L

I5SN 0006 20 FORMAT é16x 7fiVOLUME FLGW RATE OF LICUID=F14.5,8H GAL/MIN,/)

ISN 0007 WRITE(ICK 36é FHGI

ISN 0008 30 FORHA floi 2BHTOTAL MASS FLOW KATE OF GAS=F12.8,8H LBM/SEC)

ISN 0009 | WRITE(ICH 355 FHGA

1SN 0010 35 FORMA £1oi 32HAVAILABLE MASS FLOW RATE OF GAS=F12.8,8H LBM/SEC)

ISN 0011 WRITE(TCH ﬁob 96

ISN 0012 40 FORMA é1ok 35HTOTAL VOLUME FLOW RATE OF GAS=F12.6,

1 264 cP® AL 14.72 P5IA,70 DEGF,/)
ISN 0013 WEITE (1CH usL JGA
ISN 0014 45 FORMA é1oﬁ,3 BAVAILABLE VOLUME FLOW RATE OF GAS=F12.6,
) 126H CFM AT  14.72 PS1A,70 DEGF,/)

ISN 0015 PGU=PY—DPAA

ISN 0016 WRITE(ICH 505 PGY

ISN 0017 50 FQRH 51 SHPRESSURE OF GAS IN SEPARATION TANK=F6.2,5H PSIG)

ISN 0018 JFoR3-

ISK 0019 HRITE ic 605

ISN 0020 60 JFORHA (16x 8HTEMPERATUKE OF GAS IN SEPARATION TANK=F6. 2, 5H DEGF,

ISN 0021 ICH, 5

ISN 0022 70 FOBHA { 2HIDLAL HYDKAULIC POWER=F10.5,3H HP)

ISN 0023 RITE

ISN 0024 75 FORAAT 5101 IbENTROPIC EXP. GAS POWER=F10.5,3H HP)

ISN 0025 WRITE(I 6L

ISN 0026 901F?gu§ (16x 9HFFEICILNCY, BASED ON ISENTKOPIC EXPANSION OF GAS=

ISN 0027 KETUR

ISN 0028 END
«OPTIONS IN EFFECT*NAME (MAIN) OPTIMIZE(3 LINECOUNTébOL SIZE (AAK AUTODBLANONE&
$OPTIONS IN EFFECT*SOURCE EBCDIC NULIST NODECK OBJECT NOMAR NOFORNAT GOSTAT NOXREF NOALC NOANSF TERM IBM FLAG(I) XL
*STATISTICS* SOURCE STATENMENTS = 27, PROGRAM SIZE = 6, SUBPROGRAM NAME = PRNT3
*STATISTICS® NO ~DIAGNOSTICS GENERATED
s**%¥% END CF COMPILATION *¥#x 164K BYITES OF CORE NOT USED
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$VEESION 1,30 (01 MAY 80) SYSTEM/370 FORTHAN H EXTENDED (ENHANCED) DATE 82.047/12.56.57 PAGE 1
OPFIONS IN EFFECT: NAﬁEédAl OPTIMIZE(3) LINECOUNT SIZE(MAX) AUTODSL (NONE
SOURCE EBCDIC NOLTST NUDECK OBJE B oA L E RS kAT COS¥AT NGXREF NOALC NGANSF TERM IBM FLAG(I) XL
ISN 0002 SULEOUTTNE PRNTM(PL1 ps1c VL1, Y61, TLO, TG IF P2,VL2,¥62,72,P3,YL3,
1°vg3,T3 LYo, MG, FML, DDP, DUP, Fna, 1CK, PAA; HO é
ISN 0003 AT bS04
ISN 0034 TL1F=TLO-460
ISN 0005 CALL REN (FEL,DDP,FMU,REY1)
ISN 0006 T2E=T2-460.
ISN 0007 FM2=FHL+FA
ISN 0008 CALL RENérMZ ,DDP,FNMU,REY2)
ISN 0009 T3F=T3-460.
ISN 0010 PG3=P3-PAA
ISN 0011 PG2=P2-PAA
ISN 0012 PGU=PiY—PAA
ISN 0013 PG5=P5-PAA
ISN 0014 CALL REN (FKL,UP,FHU,REYS)
ISN 0015 PG6=P6-PAA
i g1 HE R
ISN 0018 10 59?%%41 abgbbugngb£¥éS¥EﬁFP%E%%URE,PSIG, TEMPERATURE, DEGF, /)
Isy 8822 o1§caggé(}okéagYL?=ﬁ6.2,3x,4ubL§=F6.2,3x,uuTL1=r7.2,
X 4HEE1=F9,
ISN 0021 ) wRiTElglcw 30) vG1,PG1G,TG1F A
hogs o R (bpmees Gl g1l 20X, e 1-E.2)
ISN 0024 40 POLEAT é16x LHVLzépﬁ.é,ax:uﬂyz =Fb.2,3X,4HT2 =F7.2,3X,4HRE2=F9.0)
ISN 0025 WRITE (ICK 56L VG2
IoN 88%9 >0 Egg%"‘xé;}b%b H\‘;E%:ggf)raf REY2
ISN 0028 60 FORA AT (16x LHVI3LF6 8, 3x 0 4iP3 =F6.2,3X,4HT3 =F7.2,3X, HRE3=F9.0)
ISN 0029 WEITE(ICh 76L VG1
e 7o pem Gl e
RITE ¥ .
e I L T
I5N 003% 90 fﬁ?%%él 36§65Hv§;=€8é2*%§,§%5§ =F6.2,3%,4HT5 =F7.2,3X,4HRE5=F9.0)
4 ,
ISN 0036 100 FORHAL (16x Ghve LF6.5,3X 4HP6 =Fb.2,3X,4HT6 =F7.2,3X,4HRE6=F9.0)
ISN 0037 WRITE 1cw iol PG7
ISN 0038 110 FCEMAT (23%,4HP7 =FE.2)
1 80
+0PTIONS IN EFFECTANAME (MAIN) OPTLHIZE(S) LINECOUNT (60) STZE(KAX) AUTODBL (KONE)
*ODTTONS IN EFFECI*#SCURCE EBCPDIC NCLIST NODECK OBJE OEAP_NOFORMAT GOSTNT NOXREF NOALC NOANSF TERM IBM FLAG(I) XL
*STATISTICS* SCURCE STATEMENTS = 39, PROGEAMN SoRT= 1720, SUBPROGRAM NAME = PRNTH
*5TATISTICS* NO DIAGNOSTICS GENERATED
#¥kx 2% END CF COMPILATICN *kkkkx 164K BYTES OF CCHE NOT USED

*STAT1STI1ICS* 2 DIAGNOSTICS TH1S STEP, HIGHEST SEVERITY CODE Is 4




FOKTRA

*¥% FORTRAN

SQUECE
SQUHCE
SQURCE
SOURCE
SOURCE
SOURCE
SOUKCE
SOURCE
SOURCE
SOURCE
SOURCE
SOUERCE
SOURCE

N H EXTENDED

1 SEVEKITY

003

SEVEKRITY
STATEMENTS
STATEMENILS
STATEAENTS
STATEMENTS
STATEMENTS
STATEMENTS
STATEMENTS
STATEMLNTS
STATEMENTS
STATEMENTS
STATEMENTS
STATEMENTS
STATEMENTS

(ENHANCED)
Il EXTENDED ERTOR MESSAGES

ISN 0166

198,

28,
60,
67,
23,

4,
16,

5,
19,
54,

5,
217,
39,

PROGEAM
PROGRAM
PROGEAM
PRUGRAN
PECGRANM
PROGEAM
PRCGRAN
PROGRAM
PROGRAM
PEOGRAM
PROGRAM
PROGRAM
PROGRAM

THE

THE STATEMEINT NUMBER OR GENERATED LABEL IS UNREACHABLE.

SIZE
SIZE
S1LE
SIZE
S5IZE
51IZE
SIZE
SIZE
SIZE
SIZE
SIZE
SIZE
SIZE

% &

8720,
1044,
2232,
2204,
710,
332,
964,
270,
508,
2594,
266,
1266,
1720,

SUBPROGRANM
SUBPROGKAM
SUBPROGRAM
SUBPRGGRAM
SUBPROGRAM
SUBPROGRAM
SUBPROGRAM
SUBEROGRAM
SUBPROGRAN
SUBPROGEAM
SUBPROGRAM
SUBPROGRAH
SUBPROGRAYM

NAME
NAME
NAME
NAME
NAME
NAME
NAME
NAME
NAME
NAME
NAME
NAME
NAME

HAIN
HODO1
MOD12
MOD23

DSOL
MOD34

PERF

REN

MOOD
PRNT
PRNT2
PRNT3
PENTA4

A, PLOG,PG1G
Lhe7 HlET,D

RN HAS NO LABEL
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F64~LEVEL LINKAGE EDITOR GPTIONS SPECIFIED LIST,MAP
DEFAULT GPIION(S) USED — SIZE=(196608¢65536)
SYSPRINT DEFAOLT BLOCKING OUSED 1 = %
MODULE MAP
CONTROL SECTION ENTRY
NAME ORIGIN LENGTH NAME  LOCATION NAME  LOCATION NAME  LOCATION NAME  LOCATION
MAIN 00 2210
MODO1 2210 514
MOD12 2628 8B8
M0D23 2EEQ 89C
DSCL 3780 2Ch
MGD34 3148 14C
PERF 3558 3ch
REN 3F60 10F
AOOD 4070 1FC
PRNT1 4270 122
PRNT 4C98 104
PRNT 4DA8 4F2
PRNT 5240 6B8
IHOSLGN * 5958 244 _
ALOG 5958 IH$ALOG 5958 LOG 5958
IHOLASCN®*  5BAD 267
DARCOS 5BAO IH$DARCS 5BA0 DARSIN SBB8 IHEDARSN 5BB8
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