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FOREWORD

This report was prepared by James Van Kuren of the Electrogasdynamics Test
Branch, Flight Mechanics Division, Air Force Flight Dynamics Laboratory (FDL),
Wright-Patterson Air Force Base, Ohio. The design of a diffuser and heat exchanger
for the FDL Four Megawatt Electrogasdynamics Facility is described.

This report represents part of the ‘‘in-house’’ desig.a effort under Project 1426,
‘“Experimental Simulation of Flight Mechanics.’’ The design and analysis was a group
effort of the Mechanical Engineering Section. Aerodynamic requirements and special
consultation were furnished by the Thermo-Kinetice Branch under the supervision of
Mr. F. J. A, Huber.
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ABSTRACT

The design of a diffuser and heat exchanger for a hypersonic aerodynamic test
facility is presented in detail.

T SRS,

i

This diffuser and heat exchanger are an integral part of the Flight Dynamics
Laboratory Four Megawatt Electrogasdynamic Test Facility. Convective heat flux
from 9000°F air to the diffuser wall and heat exchanger tubes is analyzed. Thermal 1
and mechanical stresses are predicted as part of a complete design. Auxiliary
equipment required to give a complete cooling system is described.

Thus technical documentary report has been reviewed and is approved.

PE Umits
P. P. ANTONATOS
Chief, Flight Mechanics Division

AF Flight Dynamics Laboratory
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SYMEJLS

Area, square feet

Diameter, feet

Modulus of elasticity, pounds per square inch

Mass rate of flow at the minimum cross section area, Lb /F I‘2 HR
Cross section moment of inertia of tube, Ft or In4
Length of tube, feet

Log mean temperature difference (Equation 12), °R
Number of rows of tubes

Pressure, pounds/square inch

Prandtl number

Reynolds number

Stress, pounds/square inch

Temperature, ©Rankine

Overall heat transfer coefficient for a wall, BTU /Hr-Ft 2, °R
Velocity, feet/hour

Force per unit tube length

Frictdon factor

Acceleration of gravity

Convective heat transfer coefficient, BTU/Hr-Ft & °R
Thermal conducdvity, BTU/Hr-Ft 2R

Radius, fzet

Thickness, feet

Distance, feet

Pressure loss through heat exchanger

Temperature difference between bulk air and water
Dynamic viscosit}, Lb /Ft Hr
Density, Lb /Ft

Natural frequency of wube vibration, cycles/sec
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Water channel
Bulk air property
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Flastic failure
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Inside
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Natural

Outside

QOutlet
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Free stream
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INTRODUCTION

The Research and Technology Division Electro-Gasdynamics Facility is an electric
arc heated hypersonic aerothermodynamic test facility. During test operation, air at a
pressure up to 1000 psia passes through a direct current high voltage arc at a rate of up
to 1 pound per second. Currently 4 Megawatts of D.C, power are ava‘lable, a2 maximum
of 66 percent of which is transferred to the air flow. Future plans call for extension to
8 Megawatts, thzarefore, all wind tunnel components were designed for this power level.
Gas conditions leaving the heater were assumed to be 9000°F total temperature at 1
pound per second and superscnic velocity. The air is expanded to hypersonic velocities
into an open test section where modeis are tested urder simulated stagnation point con-
ditions. A low vacuum down to 20 4 Hg absolute, is required in the test section to estab-
lish this flow. A hypersonic to subsonic diffuser is placed in the system to recompress
the air and reduce the vacuum volume pumping requirement., To protect the pumps, the
air is cooled in an air to water heat exchanger,

The project reported herein consisted of the design and installation of the diffuser
and heat exchanger system for this wind tunnel, This work was started in 1960 and com-
pleted in its entirety by the Facility Engineering Branch.

CRITERIA
Available Utilities

The diffuser and heat exchanger system ordered by the operating engineers, had
certain specifications and had * . be designed within certain constraints, Additional
criteria were added by the Facilities Branch due to the location of the system in a
building where some unusual utilities were available but floor space was limited,

The usual supplies of water and electricity were available, Compressed air at 100 psi
pressure and 150,000 gallons of freon i2 stored at -40°F were existing in the building,
A high pressure air system for 1 pound per second at 1200 psi, an electrical power
supply for 4 Megawatts of D.C. power, and a vacuum gystem for 30,000 cubic feet per
minute at 20 to 500 microns of mercury absolute pressure, were installed in the building
for this wind tunnel under previous contract. The vacuum pumps are Roots-type, rotary,
positive displacement pumps limited to 150°F inlet temperature.

Gas Properties

The arc air heater and nozzle system performance were predicted by other personnel
of the Aerodynamic Division to produce 1 pound per second of air at 900C°F total bulk
temperature and hypersonic velocities. Velocity profiles across the diffuser entrance
would vary for different test article sizes and shapes.

General Requirements

To keep vacuum volume pumping requirements within existing limits, it was required
that maximum pressure drop for the heat exchanger should not exceed a fraction of the
pressure after the normal shock wave for the Mach number of the test conditions. No
melting or structural instability was allowed and all joints and seals were to be designed
for the vacuum condition,

Manuscript released by author April 1964 for publication as an FDL Technical
Decumentary Report,

[y
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DIFFUSER DESIGN
General Description

A perfect diffuser causes an isentropic compression of the high velocity low pressure
gas to high pressure and subsonic speeds. In an ideal, one dimensional, supersonic flow
a decrease in cross sectional area in the flow direction causes a decrease in Mach num-
ber and velocity. The opposite is true for subsonic flow, Deceleration would take place
if the wind wunnel duct area was decreased to that at which sonic velocity exists and then
increased to further reduce the velocity. In actual application any attempt to compress
the flow produces shock waves with an inherent loss of pressure., The best hypersonic
wind wnnel diffusers produce about 1,25 times the normal shock pressure ratio for the
entering flow Mach number,

The internal geometry of this diffuser was given by the aeronautical engineers, The
purpose of this part of the project was to analyze the heat transfer to the inside surface
and then to design an adequate structure to contain the flow,

Cooling Analysis

Because of the lack of information, it was assumed that the heat transfer at the inside
surface was that of a fully developed turbulent pipe flow. Tests have shown that this
assumption was a usefully accurate predicticn. Actually, peak values of heat transfer
could be higher locally, The empirical equation for the inside surface coefficient is
given in Reference 20 as,

h = 0.023 X Re¥8p0% 8Ty

K
g [
0 HR-FTE-°R U

where k is the thermal conductivity, D is the diameter, Re is the Reynolds number and
Pr is the Prandtl number. All fluid properties are evaluated at the film temperature
which is given as the average of the free stream and the wall temperatures,

Before the heat transfer analysis could be continued it was necessary to assumec the
wall thickness, Water cooling was selected as the simplest and most practical method.
For this case the diffuser wall was subject to external pressure of 150 psi and the in-
side pressure was in the order of one psi. The length to diameter ratio of the straight
section of the diffuser was four and the buckling pressure was found by the use of the
equation below (Reference 23).

2 60E (t/D)%?
Pe ~ ( ) Te (2)
L/0 - 0.45 ( 1/0)

The material selected for the inside wall was U.S. Steel Corp. T-1 steel. This steel was
suitable for this application because of its high strength at elevated temperature, It has
better thermal conductivity than stainless steel, is 4 times as corrosion resistant as
mild steei and has a lower coefficient of thermal expansion. The material sizes chosen
were based on past experience and availability.
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Once the wall marerial and thickness were established, surface temperatures and
cooling requirements were computed by the methods given in most heat transfer texts,
The overall hear transfer coefficient is,

A S — -
UAm I , In_risr i (3)
h, 4 2w KL ho Ao
and the inside wall temperature is,
UApm
i = Tair = (Toir = Tworer ! hiA; (4)

To evaluate hy it was necessary to define the equivalent diameter used in Equation 1.
The cross section is an annulus, therefore,

- 4 Area - 47?0'9_ .
Oeq = Ferimeter - 2wD 214 L
A simplification of Equation 1 is given in Reference 26 as,
vQB
he = 0.00i34 0% ( Twoter + 100) (6)

where T is in degrees fahrenheit.
The water velocity required to keep the inside surface belew melting temperature and
the waterside surface below boiling was calculated.

Thermal Expansion

Longitudinal thermal stress of the diffuser was controlled in two ways. The center of
the heat exchanger was chosen as the fixed point of the system, The upstream end of
the diffuser was allowed to expand freely. Differential expansion of the inner shell of
the diffuser with respect to the outer shell was allowed in two ways, by a bellows expan-
sion joint in the outer shell in the supersonic section, and by the differential expansion
of dissimilar metals in the subsonic section. The presence of a large quantity of water
keeps the shells at nearly the same temperature, The outside shell is 304 stainless
steel, a material with a larger cocfficient of expansion than that of the inside shell which
is T-1 steel, Resulting stresses are at an acceptable level of about 13,000 psi.

Flange Design

Future plans for the facility included different Mach number and Reynolds number flow
conditions. For these future modifications it would b necessary to have a different geo-
metry of the diffuser, Therefore, the diffuser was fabricated in two parts. The down-
stream part consisting of the divergent cone section, can be retained for the modified
diffuser.

The flange joints of the diffuser presented special cooling and scaling problems, Internal
pressures of the order of 20w Hg absolute and a marginal vacuum pumping capacity
necessitate positive seals, High heating rates over the inside surface made it necessary
to cool all parts in contact with the flow, Water was piped into a stilling chamber on the
upstream flange., The channel was designed so that the water accelerated past the flange
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which had no internal corners to cause stagnation points that could be potential hot spots.
(See Detail B, rigure 2). At the parting flanges a double seal was designed to seal water
from the room and from the hot gas. The flanges were slotted to allow the water to pass
directly through, thereby produciig the required cooling effect (View D-D, Figure 2).
Water flow was parallel with the gas flow so that the coldest water could extract heat
from the hottest gas, By this method, wall temperatures were kept to a minimum,

Stress Analysis

Stresses due to pressure loads were calculated in the various parts. Hoop stress in
the outer shell is given by:

§ = — (7

The elastic stability of the divergent section under external water pressure of 150 psig
was 8lso checked. This section expands to 4 feet internal dlameter at the downstream
end of the diffuser. Charts for computing the critical pressure of truncated conical
shells are found in Reference 7. In calculations for simply supported ends, the diffuser
had a marginal safety factor for the originally chosen thickness. Shell thickness was
increased from % to # inch to increase the safety factor. Welded flanges provided some
additional stiffness. Circumferential stiffeners were impractical because of the coolant
flow. Longitudinal stiffeners added considerable strength because of the double wall con-
struction, and have an additional advantage of providing flow guides to keep the coolant
evenly distributed around the shell.

HEAT EXCHANGER DESIGN

General Requirements

As previously stated, the air flow was | pound per second at an assumed 9000°F. This
extreme temperature caused primary concern for the prevention of melting or burn-out
of any parts in contact with the flow. A secondary criterion was the condition of gas
leaving the cooler and entering the vacuum pumps; the pumps were limited to 150° inlet
temperature, The air p:essure drop caused by the cooler, later proved to be an impor-
tant factor, because it was determined that the diffuser pressure recovery was lower
than the predictions,

Other than these special requirements, sound engineering practice could be applied to
make a reasonably reliable system, Water and alr systems had to be positively sealed
because of the required vacuum condition, water velocities had to be sufficiently high to
provide adequate cooling but low enough to preclude erosion, air pockets were to be pre-
vented in the water system, and thermal expansion allowance was to be provided. In-
spection and maintenance procedures were considered in the design, and the safety of
the operating personnel 18 a continuing consideration,

Gas Heat Transfer

This particular topic is the most unique part of this project. The gas condltions of
temperature and weight flow presented by this facility had never occurred. No data was
available on heat transfer and pressure drop at these conditions and very little infor-
mation was available on air properties. For these reasons, every attempt was made to
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be conservative in making thes= assumptions. In general, two problems were considered,
first a provision had to be made for adequate cooling of peak local heating and second the
entire heat load had to be carried away. The difficulty in the first problem was the pre-
diction of stagnation line heat transfer on the first row of tubes., Four different methods
were compared. None of the methods were directly applicable: two methods were for
stagnation point heating of hypersonic re-entry bodies, one was for subsonic incompress-
ible flow at relatively higher Reynolds numbers and one was for low supersonic flow at
much lower temperatures. The methods compared within 20 percent, The method giving
the highest value was used for wall temperature calculations.

The formula developed in Reference 13 is

he = 0.763k PrO% (dvsax . p/,u)"2 (8)
and for a circular cylinder

dV/dX = 4V /D¢ (9}

In the stagnation region the tube temperature can be calculated approximately by writing
a heat balance for transfer through a cylindrical wall, The overall heat transfer co-
efficient is given by Equation 3 where h, is given by Equatiou 8 and hy is given by Equa-
ton 1. The wall temperature outside is

Tw = = Tair~ Twater! h A, - Toir (10)

UAM

c
The tube wall temperature on the air side was calculated to be approximately SO0°F.
This calculation did not account for the three dimensional relief due to lower heating at
points away from the stagnation line, therefore, actual operating temperatures would
be lower,

High Temperature Coils

A staggered tube arrangement was chosen because it gives the most effective heat
transfer. With this configuration the second row of tubes would be subject to the same
stagnation heating as the first row, A compromiee was made between high water veloc-
ities in the tubes and high surface temperatures. The constraint in this case was the
tube temperature calculated from steady state heat balance considerations. It was
desirable to cool the air in a minimum length to reduce the overall pressure drop., To
accomplish this the use of extended surface (fins) was investigated using the method in
Reference 15. It was determined that the extended surface would reach melting ten:-
perature if placed in the first 12 rows of tutbes. For this reason the first twelve rows
had to be vold of uncooled flanges, brackets or supports. A vertical tube arrangement
was chosen for the first rows so that the tubes would be self-supporting. (See Figure 5),
Four 4-inch pipes acted as manifolds and as feet for the plain coils, Water flows into
the first manifold at the hot end of the heat exchanger and is supplied to 20 vertical
1-inch copper tubes in parallel. Six tubes are in series and the water again enters a
header. A second duplicate coll 18 located in series for a total of 12 rows of tubes with
20 tubes per row. When the flow is in parallel channels the normal practice i8 tc place
orifices at the inlet of earch tube to balance the flow in the circuits, However, in the
present application, the flow resistance in the tubes is high enough to substitute for
orifice effects,
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With the vertical tube arrangement and tube bends in the high points of the system
there exists a possibility for air pockets to form. A calculation of the forces on an air
bubble shows that it would be quickly swept downstream at the 20 ft/sec water velocitles.

Since the tubes are not restrained at the top there is an increased bending moment
induced by the aerodynamic load. There was some concern over the possible vibration
of the tubes excited by fluctuations in the flow or by aeolian vibrations on the tubes.
The aerodynamic load was calculated by the simple formula for drag on a cylinder in
cross flow,

where Cp is the drag coefficient p is the air density, V the velocity and A the frontal
area of the tube, The load was of the order of 0.10 pound, which was negligible for the
l-inch tubes. The natural frequency of the tubes was given by Reference 29 as,

w = 3.55 9&}— (1)

where E i8 the modulus of elasticity, I the moment of inertia, W the weight per foot of
tube and 1 the length of tube, The natural frequency is about 13 cycles per second com-
pared to 1000 to 2000 quoted in Reference 27 for the aeolian vibrations.

Finned Colls

Analysis of the fin temperature mentioned previously gave temperatures of 550 to
S90°F f copper fins which are an integral part of the tube are placed after 12 rows of
plain coils. At the low density conditions predicted for this heat exchanger, boundary
layer growth 18 very rapid, approaching % inch in the length of one fin diameter. For
this reason the largest fin spacing commercially available, five fins per inch, was
chosen, on the basis of log mean temperature difference. (Which applies only to cases
of constant U but ylelds reasonable results for this case)

AT in - AT out
LMTD = (12)
loge At in /At out

where At is the temperature difference between the coolant and the gas. [t was deter-
mined that for a commercially available coil with 36 tubes across the face, 20 rows of
coils were required to cool the air temperature down to 150°F, Standard fin coils are
ususlly manifolded on the side and the tubes are orientated horizontally. ‘This appeared
to meet the requirements of this project because there would be no support problems and
maintenance would be relatively easy, Three colls were chosen, two with 6 rows of tubes
and one with 8 rowe. Feeder lines for the water were designed so that the water can
enter the bottom of the headers and be discharged from the top. Air which goes to the
high point of the system is then forced out., Fach header was furnished with a bleed
valve to facilitate removal of the air during initial operation. Pressure drop of the air
passing through the heat exchanger was estimated by the method given in References

17 and 18 for low Reynoids numbers, Data in these reports was presented in graphs of
f=APp g/2G N versus Re for a range of tube spacings. Pressure drop was 0.1 psi for
the design point. For conditions of lower Reynolds number, one or two of the finned
colls could be removed and the opening in the box could be blanked off. Thus a variety
of operating conditions could be accommodated at minlmum pressure losses, This is an
extremely important factor for blow down wind tunnels because it directly affects the
time available for testing. The finned coil installation 18 shown in Figure 7,

6
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HEAT EXCHANGER SHELL DESIGN

The shell required for the gas-to-water heat exchanger was similar in size to the
structure of an existing supersonic wind tunnel, The design could be directly duplicated
if the wall temperatures were kept below the design temperature of that structure. A
quick calculation of the flat plate heat transfer showed that an wicooled wall would melt
within a few seconds. The internal vacuum made it necessary for any integral cooling
passages to be very elaborate. A rclatvely simple solution war applied however by using
plate coll, which was laid against the inside walls in the high temperature section of the
box.

A manhole was designed into the shell in the section between the plain coils and the
finned coils. This would facilitate inspection and maintenance of the colls, The 2-foot-
square hatch was calculated from a method given in Reference 21 for a uniformly loaded
plate supported at the edges. Cross stiffeners were required to keep deflections low
enough to maintain the vacuum seal. A flat rubber gasket was used for sealing., Tapped
holes eliminated the problems of bolt seals. The inlet end of the box was provided with
a large square flange for connection to the diffuser. The outlet end had a short section
of 24-inch pipe with a bellows expansion joint for connecton to the vacuum system. The
shell structure was made longer than necessary to facilitate future addition of coils for
a planned power increase to 8 megawatts,

EXPANSION JOINT

The layout of the system was such that the deflection of the vacuum pipe was perpen-
dicviar to the axis of the expansion joint. Manufacturer’s data claimed that lateral de-
flection was determined by angular displacement of the corrugations. Spece was limited
so that a maximum of 3 corrugatons could be used. A simple geometric calculation
showed that lateral displacement could be £ inch. Measured deflection of the vacuum
pipe was # inch, therefore an anchor brace was designed to restrain the vacuum pipe at
the heat exchanger connection.

WATER SYSTEM

The water system to be used for the heat exchanger presented some problems, Wright
Field water with a high mineral contert was found to be very unsatisfactory for cooling
at high heat transfer rates. Cooling tower water was available in the building but it was
also impure. Therefore, a separate den.ineralized water system that was cooled by
tower water in a tube-in-shell heat exchanger was used. Later it was learned that dis-
tllled water was available on the base and could be supplied by tank truck. However,
this water was slightly acidic, and would absorb oxygen and corrode the system. A
spray tank from a de-aerator was obtained from the Air Force surplus and converted to
a vacuum type de-aera:or. The tank was placed high in the building (above 34 feet) and
a vacuum source was attached to the tank. A leveling device, and a circulating pump
were used to maintain wa‘er in the tank,

The water-to-water heat exchanger was designed for 1200 GPM of water at 125 psi to
be cooled from 160° to 110°F on the shell side. On the tbe side, 1000 GPM of 15 psig
tower water would rise from 90° to 150°F to create the worst condition of maximum
power input from the tunnel on a hot summer day. A favorable factor was the heat capac-
ity of the system which represents 20 percent of the heat inpu: for the maximum run time
of 30 minutes. The exchanger was designed with a removable head on the tube side to
allow tube cleaning,
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Because of the lack of floor space in the building, the water-to-water heat exchanger
was mounted on top of the 6-foot diameter vacuum pipe, This required a special saddle
design and ar analysis of the column supports of the vacuum pipe. As previously men-
tioned the vacuum pipe moved # inch, therefore the heat exchanger feet were furnished
with elongated bolt holes and coated with graphite to allow the vacuum pipe to slide back
and forth, This technique was successful on the vacuum pipe supports.

Pump specification var a routine problem, The water pressure losses of the circuit
were calculated for the required flow and then used to determine pump horsepower. An-
other pump was furnished to suprly S00 psi water at 300 GPM to the arc heater,

ELECTRICAL REQUIREMENTS

Three phase 44C volt power for the pumps was available in the building. Each pump
required a 150 HP motor, which was furnished with combination starter-circuit breakers
with lock-out push buttons located at the pumps.

INSTRUMENTATION

Instrumentation was made as simple as possible principally for budgetary reasons,
Three flow meters were provided, one for ower water and one each for the flows to the
pumps. These were orifice meters with local indicators and pneumatic transmitters
for future remote indication. Bourdon pressure gages were used to give pump pressures
and head losses for each separate cooling loop. Dial type thermometers measured tem-
perature rises for each separate cooling loop. Visual observation during the initial runs
permitted correction of any anomolles in the system, Sufficient valving of the separate
loops facilitated the corrections.

TEST RESULTS

The FDL Four Megawatt Electrogasdynamic Facility was first operated on 9 December
1963 at a power level of 1,78 megawatts to the heater and 0.37 pounds per second mass
flow. Because of the lower power and mass flow rate, the heat exchanger was operated
with two banks of fin colls removed. The remaining bank contaired 6 rows of tubes, Out-
let air temperatures were 62°F, which was well below the required 150°F. Water tem-
perature rise was 7°F for 2 MW compared to design temperature rise of 50°F for 8 MW
fnput. The only problem that occurred was the faulty operation of some of the thermom-
eters, Subsequent operation at up to 4.7 megawatts and 0.49 pounds per second proved
the design was more than adequate,
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TABLE 1

HEAT EXCHANGER CAI.CULATION

T (AVG)=| uf
T(AIR) | T(WATER)| Ta+Tw,2 | GT (AVG)

ROW op op R LLB/FT-SEC| DG/ ut hmDo,"Kf
1 9460 620 5040 5.4X10™° | 173.6 6.2
2 3218 617 4418 4.9X10° | 191.4 6.75
3 7262 615 3943 47X107° | 199.5 7.00
4 6479 613 3553 4.3%107° | 218.0 7.20
5 5803 612.5 3215 4.0X10™° | 234.4 7.30
6 5229 611.25 2920 3.9X10™° | 240.5 7.60
7 4788 610.3 2699 3.6X10™° | 260.5 7.80
8 4407 609.5 2508 3.4X107° | 276.0 8.20
9 4029 608.7 2319 3.3X10°° | 284.0 8.10

10 3702 608.0 2155 3.2X107° | 293.0 8.50

11 3415 607.4 2011 3.1X10™° | 303.0 8.60

12 3171 606.9 1889 2.8)(10'5 335 9.00

LB/FT-HR

13 2947 606.4 1776 102 331 8.90
14 2720 605.9 1663 094 360 9.10

15 2525 605.5 1565 .09 375 9.40

16 2350 605. 1 1478 088 385 9.50

17 2194 604.8 1399 081 413 10.0

18 2046 604.5 1325 080 422 10.1

19 1918 604.2 1261 078 434 10.5

20 1801 £34.0 1203 076 444 11.0

21 1693 603.3 1148 075 450 1.1

22 1595 603.6 1099 072 468 115

23 1506 603.43 1054 068 504 12.0

2 1423 603.3 1013 067 504.2 12.2

25 1349 603.16 976 065 520.0 12.3
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HEAT EXCHANGER (Continued,

¥

K, A c,
@T(AVG) = &T(AIR)
BTU/FT- | BTU/FT*- 0 T(AIR) T(WATER) | BTU/LB

row | SEC-og SEC-op | Brussec | °Rr R °R

1| 2.3107° 171(10°°) 370 1242 2.68 .298
2 | 21107 170(10“5) 284 956 2.12 .2975
3 | 1.9107° 159(10°°) 2325 | 783 1685 297
4 18107 155.5(10‘5) 201.0 676 1,450 .297
5 1 ni0™ | 148.90107%) 1700 | 574 1.230 .296
& (O ‘4)10'5 127.6(i0'5) 129.6 441 0.94 294
7 | 3107 | 122.0007%) 112.4 | 381 0.81 293
8 | (1.35)107° | 132.(107%) 1.0 | 378 0.800 292
9 | (1.30)107° | 126.4(107%) 95.0 | 327.0 0.69 290

10 (1.20)10'5 122.0(10'5) 83.0 287.0 0.60 .289

1! 1010” | 113.0007%) 700 | 244.0 0.51 287

12 | 1.05x107° | 113.0¢107° 64.0 | 224.0 0.46 286
BTU/FT-HR

°R

13 .042 (124.6)10"5 64.0 227.0 0.47 .284

14 039 (1181073 55.0 195.0 0.40 282

15 037 (115)107° 48.8 | 175.0 0.35 280

16 .036 (114)10'5 43.5 156.0 0.31 .278

17 035 | 117)10”> 4.0 | 148.0 0.296 276

i8 033 | ainio”® 35.2 | 128.0 0.254 274

19 031 | (109)107° 3.4 | 117.0 0,230 .270

20 0% | (1101070 290 | 108.0 0.210 266

21 .029 (107)10‘5 25.7 97.5 0.186 .263

22 028 (107)107° 23.35 | 89.2 0.169 262

23 027 (108)107° 21,47 | 82.9 0.155 259

24 .026 (100)10'5 19.12 74.1 0.1385 .258

25 025 (102);0"5 16.75 67.5 0.1214 .248
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Figure 1. Properties of Air at 1 Atmosphere
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Figure 8. Water System
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Figure 9. Water System Schematic Drawing
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