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INTRODUCTION

The energy in the exhaust of a jet engine is immense. To illus-
trate, with an assumption of only a 25% conversion efficiency, the
thermal energy in the exhaust of a J79 engine running at intermediate
power is tantamount to the energy required to generate about 280,000 lb/hr
of 150-psi steam. To provide a perspective for this magnitude: the
average peak steam consumption of the entire Naval Air Station (NAS),
Miramar, Calif., on a winter day, is about 35,000 lb/hr.

New jet engines and engines undergoing maintenance or repair are
examined in test cells* prior to operational use. In these test facil-
ities, the jet energy is "wasted"; the jet exhaust is diluted and dis-
charged to the atmosphere. Yet, test cells, by their confining geom-
etry, provide an opportunity and, if waterwalls are installed or if heat
exchangers are located somewhere in the path of the jet, possibly a
means of obtaining part of a vast energy supply.

Operation of Test Cells

Jet engine test facilities have multiple functions: to supply a
clean, distortion-free airflow to the engine inlet; to attenuate noise
and chemical pollution by the jet; to decrease the kinetic energy of the
jet exhaust; and to cool the exhaust sufficiently before dumping either
to the atmosphere or to acoustical or environmental treatments.

Although the physics of test cells is extremely complex, their
concept is simple; the jet exhaust entrains the cooler surrounding air,
losing its energy to this secondary flow, which it carries along through
the augmenter. This concept is shown schematically on Figure 1.

The actual mass flow rate of the augmentation airflow is important
to the functions of the test cell. Too little augmentation airflow:

(1) allows the exhaust gas to recirculate back around to the engine
inlet, resulting in hot spots and performance degradation; (2) allows
the test cell to heat up; and (3) also results in an excess density of
visible emittants, possibly violating Ringelmann number restrictions.
Too much air entrainment induces excessive pressure gradients along and
across the test cell augmenter, creating structural problems. Too much
augmentation airflow can also cause errors in engine thrust measurements
(Ref 1).

*No distinction will be made between hush houses, where the engine remains
mounted on the aircraft, and test cells, where the engine is tested off
the aircraft.




Scope

For several reasons, very little thought has been given to test
cell energy recovery.* First, jet engines are rarely tested for long
durations. A few hours per day of test cell usage is maximum. Second,
the dilution of the jet exhaust with the augmentation air decreases
temperature gradients and, therefore, the potential for heat transfer
from the exhaust. Even a 25% energy conversion efficiency is unlikely
with most test cells. Finally, there are side effects to energy recovery
that affect the ability of a test cell to perform its functions.

Waterwalls will decrease jet exhaust temperatures, beginning exactly
at the nozzle. The environmental ramifications are, generally, bad. If
combustion was complete, lower gas temperatures would decrease equilib-
rium concentrations of both NO_ and CO. At the higher power settings,
however, combustion continues gut into the augmenter. {(Afterburning
jets exhaust as much as 10% of their fuel (Ref 1).) Premature cooling
of the exhaust will slow any combustion reactions still taking place.
Unburned hydrocarbons, carbon monoxide, even raw fuel, could be carried
into the atmosphere. The effect on particulates is uncertain; it can be
presumed that changing the combustion chemistry will change the parti-
culate concentration.

Lowering gas temperatures also changes the flow characteristics of
the jet, changing kinetic energy, noise generation, and augmenter pres-
sure gradients.

Some side effects of augmenter energy recovery are beneficial.
Waterwalls will eliminate burnout problems of the liners and acoustic
pads. Waterwalls will also decrease structural thermal shock by damping
out temperature fluctuations at startup, shutdown, and while changing
power settings. )

Convection, water tube heat exchangers located close to the nozzle
will introduce the same problems as waterwalls. 1In addition, the pres-
sure gradient across the device could induce engine back pressure prob-
lems. Convection heat exchangers located further down the augmenter
tube will have little effect on augmenter gas temperatures, but high
engine back pressures still have to be faced.

Regardless, such a large energy source should be investigated.

This report summarizes the first step: an analytical study of the
economics of test cell energy recovery. The study is limited to thermal
energy recovery; other forms of energy, such as kinetic energy, are not
included. Side effects are also neglected. The analyses of the side
effects will be lengthy; if test cell energy recovery is not economi-
cally feasible, an examination of side effects is moot.

Both steam and electricity are considered as products of energy
recovery--steam directly and electricity off a Rankine cycle. Four pos-
sible heat exchanger** configurations are analyzed (see Figure 1):

*FFV, the Swedish aerospace company, has done some work in this area,
including the construction of a small energy recovery system.

#**The terms "heat exchanger" and "boiler" will be used interchangeably.




1. Convection, water tube heat exchanger located in the exhaust
path at the augmenter exit

2. Waterwalls located near the augmenter inlet where the primary
mode of heat transfer would be radiation

3. Waterwalls located near the augmenter exit (for this configu-
ration, the primary mode of heat transfer would probably be
convection)

4. Convection, water tube heat exchanger located near the nozzle
of the engine

The plan-of-attack is to select several test cells in the San Diego
area, evaluate their energy recovery potential, and then generalize the
results, reinforced with parametric studies.

TEST CELL SIMULATION

The major burden is determining how much heat can be transferred
from the jet exhaust to waterwalls or to a water tube heat exchanger.
Once determined, steam generation and, subsequently, the economics of
energy recovery can easily be computed. Sizes, shapes, wall construc-
tions, and flow rates of test cells are almost limitless. The obvious
approach to the analyses is to formulate and utilize a flexible mathe-
matical model.

The complexities in modelling test cells are manifest. Re-examine
Figure 1 and consider the following augmenter characteristics: multiple,
nonconcentric flows, each at a different velocity; turbulence; flow
separation; all three modes of heat transfer, simultaneously; extreme
changes in temperatures and, thus, variable properties; and nonsymmetric,
three dimensional geometries. In addition, some tests are of short
duration, resulting in a highly transient situation. These complexities :
lead to a transient nonlinear problem with coupled energy, mass, and f
momentum transfer. Numerical techniques are necessary.

Even so, to make a test cell simulation attainable, assumptions
must be made. The first assumption is to restrict the analyses to the
augmenter duct. Jet and augmentation flows are treated as boundary
conditions. For this present work, the emphasis is on heat transfer.
The modelling tactics will be to describe fluid flow empirically but use
first principles to determine heat transfer rates. With this in mind,
the following additional assumptions are made:

1. Flows are one-dimensional, passing through a cylindrical
augmenter

2. Steady state, steady flow is stipulated

3. Both the jet and augmentation air are ideal gases




4. Flow within the jet and within the augmentation air can be
considered turbulent and perfectly mixed

5. Pressure gradients along the augmenter are negligible compared
with temperature gradients and can be neglected

b, 6. The jet nozzle is located exactly at the inlet to the augmenter
tube

7. The augmenter walls are black, the jet is gray, and the aug-
mentation air is transparent to thermal radiation

8. Axial radiation along the jet has a negligible effect on
temperatures; all radiation is from jet to wall or from wall
to wall

9. Heat transfer between the jet and the augmentation air is
negligible compared with enthalpy changes due to mixing

10. Radiation from the jet to any heat exchanger located past the
augmenter exit is negligble

Jet flow through the augmenter is empirically modelled using the
curve fits of Becker et al. (Ref 2). Their data are from cold jets, and
their test rig is smaller than test cells, necessitating some modification
to the empirical constants. Specifically, Becker's relationships have
been adjusted to be able to predict the arrival of the jet to the wall
at locations observed experimentally at the hush houses, NAS Miramar
(Ref 3 and 4).

To model the heat transfer, the augmenter tube is divided into
axial segments, with the jet, augmentation flow, and inner and outer
liners considered as separate sections. Temperature is assumed constant
throughout each section-segment. Flows are perfectly mixed. Conserva-
tion of energy is then applied to each segment of each section, and the
resulting equations, along with the equations of continuity, are solved
simultaneously to determine temperatures and heat fluxes along the
augmenter assembly. Due to the nonlinearities, an iterative technique
is necessary; the Gauss-Seidel method, with relaxation, is employed for
i this purpose.

A detailed derivation of the model, including a discussion of the
assumptions and the accuracy of the simulation, is enclosed as Appendix A.

g - .

ENERGY RECOVERY ECONOMICS

By supposition, a waterwall or a convection, water tube heat exchanger
is added to the augmenter. Once potential test cell steam (or electricity)
generation has been determined, its accumulated value is computed and
compared with the initial cost of the waterwalls or water tube boiler,
i.e., a savings-to-investment ratio (SIR) is calculated.

Appendix B includes a description of the relationships used to
calculate SIR.




g

A

SAN DIEGO TEST CELL ENERGY RECOVERY

Five test cells located in the San Diego area are examined to
determine their potential for energy recovery. These cells are selected
to provide a variety of sizes and applications, ranging from a hush
house down to a 2-foot-diam cell used for testing helicopter engines.
Specifications and operating characteristics are summarized in Appendix C.

For these sites, energy is recovered in the form of 350°F saturated
steam.™ The energy recovery potential of each cell is illustrated by
means of two figures. First, the accumulated present value of the
generated steam is plotted against the economic life of the steam gen-
eration equipment. A Navy average is used for the value of the steam.
Predictions of discount and escalation rates are employed (Ref 5). The
second approach is to estimate the cost of the energy recovery equipment
and plot the energy recovery potential as an SIR (again against the
economic life of the equipment).

Hush House No. 1, NAS Miramar

Figures 2 and 3 show the potential for energy recovery in the
NAS Miramar Hush House No. 1. The augmenter is large and approximately
elliptical, with an overall length of 90 feet and a cross-section minor
axis of about 11 feet. A water tube boiler at the augmenter exit
(Configuration No. 1 of Figure 1) and both waterwall configurations are
examined. These figures reflect testing of both the TF30 (F-14A) and
J79 (F-4) at intermediate or afterburning. Although other engines are
tested, the TF30 and J79, together, account for about 75% of the total
hush house usage.

To summarize: the generation of steam in this facility is not
economically feasible. Waterwalls produce very little steam and, in
addition, generate this small amount very uneconomically. A large water
tube heat exchanger, such as the 220,000 ft? device studied here, can
generate plenty of steam during afterburning (A/B), as much as 95,000 lb/hr,
but A/B testing is limited, and these large boilers are very expensive.
This particular heat exchanger's estimated cost is about $6 million;
thus, the SIR is low.

"A" Test Cell, NAS Miramar

The NAS Miramar "A" test cell, with an augmenter cross-sectional
diameter of about 6 feet, can be classified as a "mid-sized" facility.

The economics of thermal energy recovery from this test cell is
summarized on Figures 4 and 5. Waterwalls located near the augmenter
inlet are not economically feasible. Waterwalls placed along the last
20 feet of the augmenter, however, are feasible although the steam
generation is low (see Figure 4). For this configuration, the SIR
reaches one after about 22 years. Water tubes placed near the augmenter

*Steam generation at 350°F, 138 psia is assumed throughout this work.
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exit are economically feasible, and the steam generation rate is high,
averaging 480,000 1b/hr at A/B and about 40,000 lb/hr at intermediate
power settings. The SIR reaches one after 7 years.

Steam loads at NAS Miramar average about 30,000 lb/hr. Therefore,
480,000 Ib/hr is considerably more steam than the base can consume.
Thermal energy is not easily stored; a customer for the excess steam is
necessary. If not found, much of the steam generated during A/B testing
would not be used, and the above water tube SIR is inflated.

The TF30 is the only engine tested, yet this cell has had a very
high frequency of A/B testing - 62.6 total hours in 1982 - and this
accounts for much of the positive energy recovery economics. The
practicality of installing some type of energy recovery system depends,
to a very large extent, on continuing this schedule into the fut e,

Test Cell 11, NARF North Island

Test Cell 11 is a small cell used to test the T58 helicop engine.
The diameter of the augmenter is about 2-1/2 feet; its length ™ feet.
Figures 6 and 7 summarize the energy recovery capability ¢~ LS

cell. Again, the installation of waterwalls is not economically feasible.
The use of water tubes placed at the exit to the augmenter is economic-
ally feasible, with the SIR reaching one after 10 years. Approximately
8,000 Ib/hr of steam is generated in a 6,600 ft? water tube heat exchanger,
only a dribble compared with the steam load at NAS North Island.

Test Cell 14, NARF North Island

Test Cell 14 is a mid-sized facility used, primarily, to test the
J79 gas turbine engine. The specifications of this cell are similar to
those of the NAS Miramar "A'" test cell.

The economics of energy recovery from cell 14 are illustrated by
Figures 8 and 9. This cell is used infrequently, and any form of energy
recovery is economically unfeasible.

Test Cell 19, NARF North Island

Test Cell 19 is also a mid-sized cell used to test the J79. It has
an augmenter cross-sectional diameter of about 8 feet with a length of
almost 80 feet.

Figures 10 and 11 show the potential for energy recovery in Test
Cell 19. Both waterwalls and water tubes are economically marginal
(i.e., within possible error in estimating the cost of the equipment).
The steam generation rate is moderate. A 115,000 ft? water tube boiler
will generate an average of 20,000 1b/hr of steam during intermediate
power tests and about 310,000 lb/hr during A/B.

A comparison with the NAS Miramar "A" test cell is informative.
Although Test Cell 19 is used more frequently, 210% hr/yr compared with
about 135 hr/yr for the Miramar test cell, much less energy recovery

*Intermediate and afterburning only. Idle and part power settings do
not produce temperature gradients high enough for thermal energy
recovery and are not considered.
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potential exists. The J79 exhausts somewhat less than the TF30, but the
major difference is the low A/B testing, only 18 hr/yr in Test Cell 19
compared with more than 62 hr/yr in the Miramar "A" test cell.

PARAMETRIC STUDY OF TEST CELL ENERGY RECOVERY

A perusal of the five cells just analyzed plus the others described
in Appendix C suggests that the test cells can be segregated into three
size categories for parametric examination: large, mid-sized, and
small. The distinction is based upon augmenter diameter. Large test
cells will be represented by NAS Miramar Hush House No. 1, mid-sized
cells by the NAS Miramar "A" test cell, and small cells by NARF North
Island Test Cell 11.

Again, both the accumulated present value of the steam and SIR will
be used as measures of feasibility. Perhaps somewhat redundant, the
value of the steam is an indication of steam generation magnitudes while
SIR is an indication of economics. Both figures are included also for
documentation purposes. They can be used to evaluate test cells not
specifically covered.

Large Test Cells

It was not emphasized in the discussion of NAS Miramar Hush House
No. 1, but energy can be recovered in the large test cells, by water-
walls or by downstream water tubes, only durii g afterburning tests. All
other engine power settings are nonproductive. This is illustrated by
Figures 12 and 13, which isolate the energy recovery capabilities of the
different power settings. Augmenter exit water tubes are ~mployed in
these figures. This is the most efficient energy recovery configuration
for Hush House No. 1. Note that some of the hush houses are capable of
simultaneously testing two engines.

Although the A/B steam generation rate is potentially high, perhaps
100,000 1b/hr while testing the TF30, the total hours of A/B tesling is
very low. A testing frequency of 180 hr/yr, or an average of 0.5 hr/day,
was assumed for Figures 12 and 13. This schedule is characteristic of
intermediate power tests in the San Diego cells, but afterburner tests
are conducted less frequently and are of a much shorter duration. An
A/B test frequency of 30-40 hr/yr is a better estimate, thus, a 25-year
SIR of 0.1, rather than 0.5 (see Figure 13).

The absence of any potential for energy recovery during gas turbine
intermediate power tests can be attributed to the high augmentation air
flow rates inherent in the large test cells. Augmentation air flows are
typically 1,200 to 1,500 1lb/sec compared with 400 to 500 lb/sec through
mid-sized cells. The engine exhaust is cooled down to about 200°F by
the time it reaches the wall; it is even cooler when it reaches the
augmenter exit. At this temperature, the exhaust cannot, of course, be
used to generate 350°F steam.

Energy recovery will never be economically feasible in the large
test cells unless a system capable of recovering energy during inter-
mediate power testing is employed. Either of two methods can accomplish
this:

. - S e
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1. Recover the energy from the gas turbine exhaust before it is
mixed with the augmentation air and cooled

2, Transfer the energy from the 200°F exhaust/air mixture to some
highly volatile working fluid and use this fluid to generate
electricity

The first method requires placing the heat exchanger up near the
nozzle of the engine, Configuration No. 4 of Figure 1. Figures 14
and 15 parametrically examine this configuration when employed on large
test cells. Figure 14 shows the potential of a 500 ft? heat exchanger.
Approximately 85 2-inch-diam water tubes stretch across the augmenter
Jjust behind the test engine, probably near the maximum number of tubes
that could reasonably be placed there. Note that it takes an average of
4 hr/day of testing to make this heat exchanger feasible.

Figure 15 sets the daily test cell operation at 0.5 hr/day and
illustrates the effect of increasing heat transfer area (i.e., increas-
ing the number of water tubes). It takes about 4,000 ft? of surface
area to be economically feasible.* This is equivalent to 700 tubes
stretched across the augmenter. In addition to the design problems
innate to this configuration, the pressure drop across 700 tubes would
probably induce unacceptable engine back pressures. Configuration No. 4
is not workable %

The second method of recovering energy, employing a working fluid
with a low boiling point to generate electricity, is the topic of a
subsequent section.

Mid-Sized Test Cells

The examination of the San Diego cells, particularly the NAS Miramar
"A" test cell, showed that energy recovery in mid-sized test cells could
be economically feasible with a favorable test schedule. Stear can be
generated from the exhaust of gas turbines tested at intermediate power
in mid-sized cells. Augmentation air flow rates are moderately low, and
the exhaust temperature is still about 400°F to 450°F when it reaches
the augmenter wall.

Both water tubes and downstream waterwalls can generate steam; but
the upstream waterwalls (Configuration No. 2) are of no use. Radiation
from jet to the upstream walls is maximum; however, convection heat
transfer from these walls to the cold augmentation air is also maximum
(see Figures A-4, A-5, and A-6). There is little net heat transferred.

Figures 16 through 19 parametrically show the potential for energy
recovery from engines being tested at intermediate power in the mid-sized
cells. A comparison of Figures 16 and 17 with Figures 18 and 19 discloses
the superiority of the water tubes over the waterwalls. Figures 16

*Probably more since the cost of the heat exchanger was not increased
with heat transfer area.

**The mid-sized and small test cells already have the potential to
generate steam at intermediate. For them, there is no need to
consider such a radical configuration.




and 18 show the water tubes generate about 60 times more steam (actually,
40,000 lb/hr compared with only 700 1b/hr by the waterwalls). Figures 17
and 19 show the water tube cc¢ figuration has an SIR about four times
higher. The superiority of water tubes exists with all sizes of test
cells and can be attributed to the smaller heat transfer surface area of
the waterwalls.

Yet, for even the downstream water tube heat exchanger to be econom-
ically feasible for mid-sized test cell energy recovery, about 1 hr/day
of intermediate testing is required. This frequency, 365 hr/yr, is
about twice the usage averaged by the San Diego facilities. More than a
trace of A/B testing is still required in order to make energy recovery
feasible.

A huge amount of steam can be generated when gas turbines are
tested at A/B power settings in a mid-sized cell. Figure 20 is analogous
to Figure 17 except that the engines are being tested while afterburning
rather than at intermediate. Examining these two figures together is
enlightening. They show the combinations of intermediate and A/B testing
that, roughly, make energy recovery feasible in mid-sized cells, for
example, 0.5 hr/day (180 hr/yr) of intermediate power testing with an
SIR of about 0.3 after 25 years combined with 0.05 hr/day (18 hr/yr) of
A/B testing with an SIR of about 0.7.

Small Test Cells

Energy recovery in small test cells involves different limitations
than energy recovery in the larger cells. There is little or no augmen-
tation air; therefore, temperature gradients are higher. However,
engines tested in these cells are much smaller; there is much less
thermal energy available for steam generation. Also there is no after-
burning. It follows that steam can usually be generated in these cells
but not very much of it.

Figures 21 and 22 summarize the energy recovery poiential of small
test cells. Steam is being generated at a rate of about 8,000 1lb/hr.
The 25-year break-even SIR occurs when test cell usage reaches about
36 hr/yr. A steam generation rate of only 8,000 lb/hr for perhaps 1/2
hr/day would not contribute much toward satisfying the steam load on the
base and, despite any favorable SIR, would not warrant the tribulations
involved in maintaining the boiler.

Thermal energy recovery in small test cells might become more
attractive if several of them could be combined. The steam generation
rate would not improve, unless several cells could be scheduled for
testing at the same time, but the steam output would be steadier, and
the total steam contribution much higher (for example, cells 9, 10, 11,
and 12 at NARF North Island are all within a space of 60 feet and could,
conceivably, all be ducted to a single heat exchanger).

ENERGY RECOVERED AS ELECTRICITY

The energy recovery analyses presented to this point were conducted
with steam as the product. Electricity could also have been produced.
Local conditions might make one or the other more valuable at a particu-
lar site, but, by using Navy averages for the values of energy, supply




and demand can be expected to prevail. Similar results would be antici-
pated from similar analyses using either steam or electricity as the
product of energy recovery.

Two situations have been encountered, however, in which the genera-
tion of electricity would seem to be preferable. The first occurs when
trying to recover energy from a large cell testing a gas turbine at
intermediate power. Engine exhaust temperatures, diluted by the high
augmentation air flow, are too low to generate 350°F steam. Since
energy recovery during intermediate power testing is essential if the
concept is to be economically feasible, some other product must be
found. It was suggested that the energy in the jet exhaust could be
transferred to some highly volatile working fluid (at high pressures but
low temperatures) and this fluid expanded through a turbine to generate
electricity.

The second situation in which the generation of electricity would
appear to be preferable occurs during A/B testing in mid-sized cells
located on the smaller Navy bases. The problem is excess steam. 1f a
large water tube boiler is employed, as much as 500,000 1b/hr of 350°F
steam can be generated from the exhaust of a TF30 during afterburning
tests. This is more steam than many facilities can consume. Yet, for
energy recovery to be feasible in mid-sized cells, the energy of after-
burning engines must be utilized. Either the steam must be stored or a
customer found for the excess. Neither is practical. Thermal energy is
not easily stored, and potential customers for the steam would probably
not be interested in such an erratic, unpredictable source. The genera-
tion of electricity rather than steam may be a solution to the problem.
Many utility companies will buy (or compensate for) electricity gener-
ated locally.

Thus, the feasibility of energy recovery in the form of electricity
is examined for the large and mid-sized test cells. These analyses are
conducted by again employing the numerical model. It is assumed that
electricity will be generated off a Rankine cycle, with energy supplied
from the jet exhaust through waterwalls or through a water tube heat
exchanger. A hypothetical organic fluid is substituted for the steam®;
otherwise, the analyses are identical to previous efforts. The heat
transfer efficiency is inherent in the model. Efficiencies of the other
Rankine cycle components are stipulated,

npump = 0.75
Ourbine ~ 0.85
r'generat.or = 0.90

and multiplied by the energy recovered from the exhaust to provide a
magnitude for electricity generation.

*The organic fluid is assumed to vaporize at 120°F with a heat of
vaporization of 145 Btu/1lb.




Figures 23 and 24 show the potential for energy recovery, as elec-
tricity, from jet engines being tested at intermediate power in the
large cells. An improvement over steam is shown as would be expected
(energy recovery in the form of 350°F steam was negligible). The
improvement is small, however. A 25-year break-even requires a & hr/day
intermediate power test frequency, about eight times the average of the
San Diego cells. Too much A/B testing is still necessary in order to
make energy recovery economically feasible in the large cells.

The generation of electricity in mid-sized cells shows somewhat
more promise. When testing at intermediate, there is little difference
in the economics of energy recovery with electricity or with steam as
the product. Figures 16 and 17 can be used to evaluate energy recovery
within reasonable accuracy. With the working fluid assumed® for this
study, the generation of electricity from the energy in the exhaust of
afterburning engines is less favorable. Figures 25 and 26 show the
potential for generating electricity in mid-sized cells testing engines
at A/B. The SIR for electricity generation is roughly one-third the SIR
calculated for an analogous system generating steam. Still, the energy
recovered as electricity from afterburning engines is equivalent tc the
energy required to gencrate 160,000 lb/hr of steam. This is quite
significant if all this energy can now be used.

Economic feasibility is determined by energy recovery during both
intermediate and afterburning tests. An example was provided earlier to
illustrate the feasibility of energy recovery as steam in mid-sized
cells. It is informative to repeat this same example with electricity
as the product. Generating steam, 0.5 hr/day of intermediate testing
combined with 0.05 hr/day of afterburning tests yields an energy recovery
SIR of one after 25 years. Generating electricity (from Figures 17
and 26), 0.5 hr/day of intermediate testing must be combined with
0.15 hr/day (54 hr/yr) of A/B testing to yield the same SIR.

The generation of electricity in the NAS Miramar "A" test cell, a
cell with a high frequency of afterburning tests, would be expected to
be feasible, and it is. This cell is used an average 0.2 hr/day
(72.9 hr/yr) for intermediate power tests, yielding an SIR of 0.25 after
25 years; and used approximately 0.17 hr/day (62.6 hr/yr) for A/B tests,
yielding an SIR of 0.85. Thus, the total savings-to-investment ratio
reaches about 1.1 after 25 years.

CONCLUSIONS

Thermal energy recovery is not economically feasible in hush houses
and large test cells. The augmentation air flow rates are very high,
rapidly cooling the engine exhaust and eliminating temperature gradients
necessary for steam generation. Electricity generation off an organic
Rankine cycle, although economically better, still requires too much
test cell usage to be feasible.

*The selection of an optimum organic fluid is itself a major task,
the choice varying with cell geometry, test schedule, and other
conditions.




Energy recovery in most small test cells is unfeasible. These
facilities are normally used for testing a single class of gas turbine; .
the hours of operation are limited. Even if the SIR is favorable, the
engines are small and steam or electricity generation is so low that it
would not be worth the effort. An exception might occur if energy
recovery systems for several small cells could be combined (e.g., ducting
the augmenter exit gases of several cells to a single heat exchanger).

Energy recovery in the mid-sized cells is marginal, with the feasi-
bility depending upon cell usage and energy loads. Steam generation
rates can be excellent because augmentation flows are lower than in the
large cells, yet mid-sized cells are often used for testing the larger
engines. If the Naval facility is small, steam generation rates may
even exceed the steam demand, particularly when testing afterburning.

When this occurs, the generation of electricity is an alternative to be
considered.

A water tube boiler located outside the augmenter exit, Configuration
No. 1 of Figure 1, is the only practical choice for an energy recovery
heat exchanger. Augmenter waterwalls and water tubes inside the augmenter
have too small a heat transfer surface area. The steam generation
potential is much too low.

COMMENTS

Boiler design problems have not been examined, but they will tend
to discourage thermal energy recovery. Boilers do not function particu-
larly well when subjected to cyclic operation. Not only is the incessant
mechanical expansion and contraction of the pressure components a diffi-
cult design problem, but the water swell occurring at each start up
presents a control problem and certainly results in a significant quantity
of boiler water wastage. Tube or waterwall chemical corrosion can be
expected. Surface erosion is also probable. A gas velocity of 150 ft/sec
is about the practical limit that the heat exchanger components could
withstand. 1f the heat exchanger is outside the augmenter, the engine
exhaust can be slowed to acceptable velocities before entering the
device. For waterwalls and for water tubes inside the augmenter, heat
transfer surface erosion would be a very serious problem. 1n addition,
water tubes inside the augmenter would have to withstand blasts of
3,000°F exhaust whenever afterburning tests were conducted.

Although not intentionally included in these analyses, some knowledge
of potential side effects was acquired as a byproduct of the heat transfer
calculations. The only energy recovery configuration that has a signifi-
cant effect on flow characteristics inside the augmenter is upstream
water tubes (Configuration No. 4 of Figure 1). It is unlikely that this
configuration will ever be employed; the design problems are presumably
insurmountable. Very little energy is removed from the jet by water-
walls, and side effects will probably be negligible (compare stack gas
temperatures on Table 1 with and without waterwalls). The downstream
water tubes, Configuration No. 1, have an appreciable effect on flow
characteristics, but only outside the augmenter tube.* Thus, side
effects to test cell energy recovery may not be a major factor.

*The effect on engine back pressures could still be a problem.
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Stack gas temperatures are another byproduct of the heat transfer
calculations. Table 1 summarizes the effect of energy recovery boilers
on the temperature of the jet exhaust. As suggested ahove, the effect
of the waterwalls is very small. Convection, water tube configurations,
however, significantly lower stack gas temperatures, a bheneficial side
effect when further environmental or acoustical treatments are necessary.
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R(2)

NOMENCLATURE
Surface area
Specific heat
Craya-Curtet Number, Equation A-)
Assumed value of steam, Equation B-1
Diameter
Equivalent diameter
Discount rate
Boiler effectiveness
Escalation rate of the cost of steam or electricity, Equation B-2
Radiation shape factors
Enthalpy
Convective heat transfer film coefficient
Coefficient of thermal conductivity
Mass flow rate
Augmentation flow entrained by the jet
Initial cost of waterwalls or heat exchanger, Equation B-3
Present value
Conduction heat transfer
Convection heat transfer
Radiation heat transfer
Heat transferred from jet and augmentation airflow to the steam

Ratio of jet nozzle area to cross-sectional area of augmenter,
Equation A-1

Radius

Radius at distance Z from the augmenter inlet




I | 4

1

SIR

TIME

UA

VALUE

" n

Subscripts

AUG
GAS

I, J
IL

[+J
JET
JET>IL
N

NN

OL

Savings-to-investment ratio, Equation B-3
Temperature
Average utilization of the test cell, Equation B-1

Product of boiler overall heat transfer coefficient and heat
transfer area

Value of the steam or electrictiy generated

Velocity

Distance from the augmenter inlet

Radiation absorptivity

Heat of vaporization of steam

Logarithmic mean temperature difference, Equation A-10
Radiation emissivity

Viscosity

Density

Stefan-Boltzmann constant

Efficiency

Refers to augmenter Lube

Refers to the mixed jet and augmentation flow

Segment node designations, see Figure A-i}

Refers to inner liner of augmenter

From segment "I" to segment "J", etc.

Refers to jet exhaust

From the jet to the inner liner of augmenter, etc.

Number of axial segments of the augmenter tube, see Figure A-1

Economic life of waterwalls or energy recovery heat exchanger,
Equation B-2

Refers to outer liner of augmenter
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Reference, used for defined properties

Refers to augmentation (secondary) air flow

Refers to jet and augmentation flow leaving the convection boiler
Refers to steam generated
Refers to water tubes of convection heat recovery heat exchanger
® Refers to ambient conditions
Abbreviations
A/B Afterburning
INTER Intermediate

ORC Organic Rankine cycle




Total Gas Flow
Out the Stack,

Table ). Effect of Gas Turbine Test Cell Energy Recovery on Stack Gas Temperatures

Avg Stack Gas

Avg Stack Gas

las. 38 ft of aug-
menter

Engine Type of Enfrgy Jet Exhaust and Temp Without Temp With
Recovery Equipment X Energy Recovery Energy Recovery
Cooling Flow (°F) (°F)
(1b/sec)
a. Large Test Cell
J79 afterburning With water tubes at 1,700 420 370
augmenter exit,
250,000 ft?
With waterwalls 1,700 420 415
along last 50 feet
of augmenter
TF30 afterburning With water tubes at 1,450 650 425
augmenter exit,
220,000 ft?
With waterwalls 1,450 650 640
along last 60 ft
of augmenter
b. Mid-Sized Test Cell
TF30 at intermediate Water tubes at aug- 660 425
menter exit,
80,000 ft?
Waterwalls along 660 425
last 20 ft of aug-
menter
TF30 afterburning Water tubes at aug- 660 1,220
menter exit,
80,000 ft?
Waterwalls along 660 1,220
last 20 ft of aug-
menter
c¢. Small Test Cell
TR T
TS8 at intermediate Water tubes at aug- 20 820
menter exit,
6,600 ft?
) Waterwalls along 20 820
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Appendix A

SIMULATION OF A JET ENGINE TEST CELL
AUGMENTER TUBE

The problems inherent in simulating the operation of test cell
augmenter tubes are extremely complex. Re-examine Figure 1 and consider
the following augmenter characteristics: multiple, nonconcentric flows ‘r
at different velocities; turbulence; flow separation; all three modes of
heat transfer, simultaneously; extreme changes in temperature and, thus,
variable properties; and nonsymmetric three-dimensional geometries. 1In
addition, some tests are of short duration, resulting in a highly tran-
sient situation; e.g., testing with afterburners might involve 30-second
cycles with 3,000°F exhaust. These complexities lead to a transient,
nonlinear problem with coupled energy, mass, and momentum transfer.

To make an augmenter simulation attainable, assumptions are necessary.
For this present work, the emphasis is on heat transfer. Can enough
steam be generated, via energy transferred from the jet exhaust, to
warrant the purchase of a boiler? The modelling tactics will be to
simulate the fluid flow (mass and momentum) empirically but use first
principles to determine heat transfer. For this plan-of-attack, the

following assumptions are made:

1. Flows are one-dimensional, passing through a cylindrical
augmenter

2. Steady state, steady flow is stipulated

3. Both the jet and augmentation air are ideal gases




4. Flow within the jet and within the augmentation air can be

considered turbulent and perfectly mixed

5. Pressure gradients along the augmenter are negligible compared

] with temperature gradients and can be neglected

6. The jet nozzle is located exactly at the inlet to the augmenter
tube
7. The augmenter walls are black, the jet is gray, and the aug-

mentation air is transparent to thermal radiation

8. Axial radiation along the jet has a negligible effect on
temperatures; all radiation is from jet to wall or from wall

to wall

9. Heat transfer between the jet and the augmentation air is

negligible compared with enthalpy changes due to mixing

10. Radiation from the jet to any heat exchanger located past the

augmenter exit is negligble

The validity of several of the assumptions and the accuracy of the

resulting simulation are discussed in a subsequent section.

SIMULATING THE JET EXHAUST

The jet is empirically modelled using the curve fits of Becker ;
et al. (Ref 2). Their data are from cold jets, and their test rig is )
smaller than test cells, necessitating some modification to the empirical
constants. Specifically, these relationships have been adjusted to be
able to predict the arrival of the jet to the wall at locations observed

experimentally at the hush houses, NAS Miramar (Ref 3 and 4).




Following Becker's technique, jet flow geometry is extrapolated
from the NAS Miramar data by means of a nondimensional similarity param-

eter usually referred to as the Craya-Curtet number, C,, a ratio of the

t
kinematic to dynamic mean inlet velocities,
«2 - 7':2
i} eV Er(0) (- VG
C =
t 1/2
2 2,,,2 2 2 2
X -r¥ - <% -
r VJET(O) + (0.5-r )VSEC 0.5]r VJET(O) + (1-r )VSEC
(A-1)
where: r* = ratio of jelL nozzle area to cross-sectional area of
the augmenter tube
VJET(O) = velocity of jet at the augmenter inlet
VSEC = velocity of augmentation (secondary) airflow
Then, for 0 < CL £0.7,
R..(Z) = R__(0)+0.131 211 - |z/(z, R, |3 (A-2)
JET JET ) R AUG
where: ZR = 4.07 exp (3.54 Ct)
RJET(Z) = radius of jet at a distance Z frﬂm the augmenter inlet
RAUG = radius of augmenter tube
and for 0.7 < Ct’
RJET(Z) = RJET(O) + 0.126 Z (A-27)

The geometry of the jet is fully defined by Equations A-1 and A-2.
Although it appears that fluid properties are being neglected, it should
be noted that the augmentation airflow rate is input directly, rather
than calculated. This partially introduces properties of both the jet
and augmentation air through the variable VSEC'
A final flow relationship is acquired by employing the assumptions

of an isopiestic ideal gas




P T = constant (A-3)

where: p density

T

gas temperature

SIMULATING THE HEAT TRANSFER

To model the heat transfer, the augmenter tube is first divided
into axial segments, with the jet, augmentation flow, and inner and
outer liner* sections lumped separately as illustrated on Figure A-1.
Temperature is assumed constant throughout each section-segment; flows

are perfectly mixed.

Mass flow rates through each segment are determined from the geometry 1

of the jet; i.e., from Equation A-2.

. 2 2
MM = MPgee,1 Vsec,1 (RJT:‘.T,I RJET,I-I)
Mier, i T Muer,r A
Msec, 141 = Msec,1 T e
where: Aﬁl = augmentation flow entrained by the jet in segment "I"
y p— : "nyn
MJET,I = mass flow rate of jet through segment "I
&SEC { = mass flow rate of augmentation air through segment "I"
pSEC,I = density of augmentation air
- 1 "My 2
RJET,I = radius of segment "I" of the jet

Conservation of energy is then applied to each segment of each

section. For the jet exhaust (see Figure A-2),

*Some augmenters do not have liners but are of solid construction. For
this configuration, the inner and outer "liners" in the model represent
the inside and outside of the wall.




2
. , _JET,I+1

Myer, 141 \PUET, 101~ PReF 2 * 9RAD,1,JET-IL

: JET, I
- - _—
Myer,1 \"ser,1 ~ Prer * T2

- aM h o +—==] = o

1 \"sec,1 ~ PReF 2

or, using the ideal gas approximation after applying conservation of

mass to eliminate the reference enthalpies,

v2
. JET,I+1 .
Mygr, 141 \Cp,UET, 141 TyET, 141 * T 2 * 9Rap,1,JETSIL
2
\
. JET,1
Myer,1 \p,geT,1 ToET,1 ¥ T2
2
\Y
. SEC, I
Ay \Cposec Tsec,1 t T2 =0
where: TJET,I = temperature of jet in segment "I
- P . . ey
CP,JET,I = specific heat of the jet exhaust in segment "I
TSEC [ = ‘temperature of augmentation air in segment "I"
CP,SEC,I = specific heat of augmentation air in segment "I
The radiation from jet segment "I" to the wall, qRAD,I,JET*IL’ is deter-

mined by summing the net radiation between this segment and all sections

of the wall,

N
. _ 4 4
9RAD,1,JET>IL 2 o Aser,1 F1,g (% Twr,1 ~ @ TIL,J>

A-5




where: T = temperature of augmenter inner liner segment "J"

1L,J
= - "nyMn
AJET,] surface area of jet segment "I
g = Stefan-Boltzmann constant
F] 3 = shape factor for radiation from jet segment "I" to
! inner liner segment "J"
£ = C(I’TJET,I) = emissivity of jet segment "I"
a = absorptivity of jet segment "I1"
- 0.5
= e(Typr /Ty, 5 (Ref 6)
N = number of axial segments of the augmenter tube

For the augmentation airflow (see Figure A-3),

[

2
v C T vSEC,Iﬂ }
SEC,I+1 P,SEC "SEC,I+1 2 ,
V2 }.
o v SEC,I1+1 .
K LS :
5 &My \Cp,sec Tsec,1+1 T T 2 :
% ;
‘ V2
- c 7 L SECI) . -
.. SEC,1 P,SEC "SEC,I 2 CONV,1,IL~»SEC
e (A-5)
s where: qCONV,I,]L*SEC = convection heat transfer from the inner

liner to augmentation air segment "I"

~

T ) ;

b= bAue (i1 ™ Tsec, f
h = h (I, VSEC,I) = convective film coefficient ’

of segment "I"

AUG AAUG,I = surface area of liner in contact

with augmentation air segment "I"

Conservation of energy across segments of the inner and outer liners are

handled in a similar manner. For the inner liner,

A-6




9coNp, 1-1-1

,IL ¥ 9coNp,1,1L20L ¥ 9CONV, I, IL>SEC

* 9D, 1+J,1L ~ 9COND,1+1-1,1L ~ 9RAD,I,JET>IL - ° (A-6)
where: qCOND,I+I-1,IL = conduction along the inner liner
= kAT g - Ty, 10782

9coND, 1, 1L+0OL

conduction between inner and outer liners

qRAD,I*J,IL = radiation between different segments of the

9RAD, 1-J, IL

where: FII,J =

>
1

IL

AZ =

Finally, for the

9coND, 1+1-1,

inner liner

N 4 4
= jé% O Agyg F1p 501 - &) (TIL,I i} TIL,J)

shape factor for radiation from inner liner segment "I"
to inner liner segment "J"

effective coefficient of thermal conductivity,
includes liner, acoustic pillows, concrete, etc.

(where applicable)

cross sectional area of inner liner, acoustic pads,
etc.

spacing between nodes

outer liner,

oL * 9cONV,1,0L»o - ICOND,I+1-1,0L

" 9cowp,1,1000L - ° 4=
where: 9CONV,1,0L>» = convection heat transfer off outer skin of
augmenter
= hyA, (TOL,I ) T“)

Equations A-4 through A-7 for all sections, along with Equation A-3
and the Equation of Continuity, are solved simultaneously to determine
temperatures throughout the augmenter assembly. When the jet reaches

the wall, conservation of augmentation flow energy is deleted, and the

A-7




other equations are modified accordingly. Due to the nonlinearities, an ;
iterative technique is necessary, and the Gauss-Seidel method, with 1
relaxation, is employed for this purpose. Figure A-4 illustrates typical

predicted augmenter temperature profiles.

The heat transfer characteristics perhaps need further discussion. L
Radiation was modelled by considering each jet segment as a separate gas
mass and applying the mean beam length approximation suggested by Hottel
(Ref 6). With this approximation, radiation from irregular geometries
is related to radiation from a gas hemisphere by extrapolation using a
fictitious dimension called the mean beam length.

Emissivity of the jet is a function of its geometry (mean beam !
length), composition, and temperature. Geometry is easily acquired from ;
the node spacing and from Equation A-2. Composition of each segment is !
determined by inputting the weight fraction of the radiators, C02, H20, ’
and CO, at the engine nozzle and then progressively diluting the jet

with augmentation air. Temperature is the problem; the interdependency
with temperature necessitates including the emissivity calculations in
the temperature iteration. The gas emissivity data of Hottel were

curve-fitted to provide a continuous relationship as a function of mean

1

5

. beam length, composition, and temperature. Figure A-5 shows typical
ei emissivities calculated in this manner.

;, Very little work has been done in the area of convection heat

transfer to confined jets. Kang et al. (Ref 7) have experimentally
determined some Nusselt numbers, but their tests are not comprehensive
enough to provide the foundation for any correlation. Thus, conventional
relationships (Ref 8) for turbulent flow through a cylinder had to be
employed, substituting the equivalent diameter of the augmentation flow

for the diameter of the cylinder,

- 1 ke [Vsec Pskc -
DEQV0'2 Mskc |
/ where: ; = film coefficient of convective heat transfer between
(' augmentation airflow and the inner liner !
kSEC = thermal conductivity of augmentation air

A-8




“SEC = viscosity of augmentation air
; DEQV = equivalent diameter of augmentation flow
= 2 (Ryye ~ Ryer?

This convection coefficient varies with equivalent diameter of the
augmentation flow and, therefore, varies from segment to segment.
Properties of the augmentation flow vary with temperature, requiring the
film coefficient calculations to also be included in the iteration.

Figure A-6 shows typical calculated coefficients.

BOILER SIMULATION 3

To simulate waterwalls, the temperature of the outer liner is set
equal to the saturation temperature of the steam; and all heat resistance, :
except the metal, is removed from between the two liners. This is
equivalent to neglecting the resistance to heat transfer on the boiling
water side of the walls, a good approximation since this resistance is
several orders of magnitude less than the resistance to coavection and

radiation from the jet exhaust. The steam generation is then determined

directly from a summation of the energy transferred to the outer liner.
Simulation of convection, water tube boilers is more difficult.
Conservation of energy is applied to the jet and augmentation flow
through the heat exchanger, to the water/steam flow through the heat
exchanger, and to the overall heat exchanger. These relationships are,

in the same order,

a5 = Meas Cp,casToas = Tstack’ (A-8)
gy = Mgy Abgg (4-9)
agry = UA AT, (A-10)




where: MGAS = sum of jet and augmentation air

= steam generation

STM
éSTM = heat transferred from jet and augmentation airflow to
the steam
TGAS = temperature of gas entering the boiler
TSTACK = temperature of gas exiting the boiler
UA = product of boiler overall heat transfer coefficient
and heat transfer area
Ahfg = heat of vaporization of steam
ATm = logarithmic mean temperature difference
- Teas = Tsmm
where: ATm = T
< cas " 'sTM )
In T T
STACK STM
TSTM = saturation temperature of steam
resulting in Equations A-8, A-9, A-10 and the four unknowns: éSTM'
&STH’ TSTACK’ and UA. The final relationship is determined by stipulating

a boiler effectiveness®, e,

Teas ™ Tstack
Teas ~ Tstm

4
"

1f boiler effectiveness is known, steam generation and the other unknowns
can be calculated. Furthermore, if the boiler tube configuration is

also stipulated, the heat transfer charac.eristics can be estimated.

For example, if the boiler is to be of a staggered tube configuration

(Ref 8),

- ker [Pser VueT Pruse
hoyge = ©0-287
TUBE MJET

*A value e = 0.76 is assumed throughout these analyses.




~

where: hTUBE = convection film coefficient between jet exhaust and
water tubes
3} = i
TUBE outer diameter of water tubes

It should be noted that the resistance to heat transfer through the tube

walls and to the boiling water are being neglected. With this equation,

an estimate of boiler heat transfer area is also acquired because UA is i
known. Properties are determined by assuming the jet exhaust behaves i

identically to air and applying the Eucken equations (Ref 9),

1.5
TiET

JET, YJET ¥ 225 + T
J JET

k

ACCURACY OF THE AUGMENTER MODEL

e e

To evaluate the simulation, predicted augmenter inner liner temper-
atures are compared with measured values. The accuracy of these temper-
atures makes a valid benchmark since they indicate the accuracy of the
simulation of heat transfer to the walls and, by supposition, to a
waterwall heat exchanger. The same reasoning applies to the augmenter
exit gas temperature, but here the modelling involves only simple mixing
of gases, and little error is likely. Regardless, these temperatures
can be examined concurrently by noting that, due to high wall resistance,
there is little difference between gas and wall temperatures near the
augmenter exit. This trend is illustrated in Figure A-4.

An abundance of data are not available with which to make this
comparison. The hush houses at the NAS Miramar have been studied exten-
sively. These facilities were used to develop the empirical model of
the jet exhaust, however. It is suspect to use the same sites to evaluate
the model. Nevertheless, they will be used. The hush house at the
Marine Corps Air Station El Toro, although studied less extensively,

provides a better accreditation,

A-11




The comparisons are made on Figures A-7 through A-9. Predicted and

measured temperatures are within *50°F of each other. The exception is
the TF:0 engine undergoing afterburning tests where the simulation of
inner liner temperatures is in error by more than 200°F. Not enough
temperatures have been measured near the augmenter inlet to verify the
existence of the radiation peaks shown on the figures.

Several sources of error are obvious, each related to the assump-
tions. First, the hush houses are not cylindrical but elliptical.
Although the distance from the nozzle to the nearest augmenter wall was
used as an effective radius, the effects of this cross section on flow
characteristics could not be accounted for. The steady state assumption
is possibly not valid for the afterburning tests which tend to be of
short duration. Actual inner liner temperatures could be much higher or
much lower than steady state temperatures, depending upon wall thickness,
specific heat, and thermal conductivity as well as time. Jet exhaust
and secondary entrained air are certainly not perfectly mixed at the
nozzle. A hot core of exhaust will survive for some distance, tending
to damp out both the radiation peak and convection valley predicted by
the model and illustrated on Figures A-7 through A-9. Finally, the jet
nozzle is not located exactly at the augmenter inlet but some 10 feet

back inside the hush houses.
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Figure A-1. Dividing the augmenter into segments
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Figure A-6. Typical coefficients of convective heat transfer between
inner liner and augmentation airflow.
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measured during ] 79 testing in the hush houses at NAS Miramar.
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Appendix B

METHOD OF CALCULATING THE ECONOMICS OF
TEST CELL ENERGY RECOVERY

Once test cell steam generation has been determined, its value is
estimated,

VALUE = M., x COST x TIME (B-1)
where: ﬁSTM = mass flux of steam generated
COST = assumed value of one unit of steam
TIME = average utilization of the test cell (see Table C-1)

and accumulated over the economic life of the heat exchanger (or life of
the test cell, if shorter),

NN i
_ 1 + ESC
PVey = Z] [VALUE <—__1 - msc)] (B-2)
1:
where: PVNN = present value of steam generated over a period of NN
ESC = assumed escalation rate of the cost of steam (Ref 5)
DISC = assumed discount rate (Ref 5)

allowing a savings/investment ratio to be predicted,

PV
SIR = NN

NN PRICE (B-3)

where PRICE is the cost of the waterwalls or heat exchanger.
The economics of the Rankine cycle generation of electricity are
analogous, substituting the value of electricity for the value of steam.

COST OF ENERGY RECOVERY HARDWARE

A major obstacle is the determination of PRICE. Very few boilers/
heat exchangers large enough for this application are manufactured, and
these few are all custom jobs.




To acquire an estimate of the cost of a test cell heat exchanger,
twenty boiler manufacturers were asked to provide a preliminary design.
Table B-1 describes a water tube heat exchanger composited from their
responses. It is presented without documentation. For purposes of
applying this design to a particular test cell/engine/power setting, a
scaling criterion was developed.

The downstream convection heat exchanger (Configuration No. 1 of
Figure 1) cost is ratioed linearly from Table B-1 using the total gas
flow as the independent variable,

MTOTAL

PRICE = PR]CEB] (B-4)

MroraL, 81

where the subscript Bl refers to the values in Table B-1 and TOTAL
refers to the sum of the jet and secondary flow. The overall heat
transfer coefficient is kept at approximately 9 Btu/hr-ft2°F, equivalent
to a flow velocity of about 80 ft/sec over 2-inch tubes.

When convection heat exchangers are inside the augmenter near the
engine nozzle (Configuration No. 4 of Figure 1), the heat transfer area
is input directly while the overall heat transfer coefficient is allowed
to increase, following the high velocities encountered. The price of
the heat exchangers is established in a manner analogous to Equation B-4,
using heat transfer area in place of total gas flow,

Aryggs

B \ Atuses, 81

PRICE = PRICE (B-5)

This relationship is applied for lack of a better approach. The high
gas velocities would be expected to create some serious tube erosion
problems, requiring thicker tubes and probably special alloys. In
addition, the tubes would have to withstand occasional bursts of A/B.
It follows that these heat exchangers would be more expensive than
equivalent downstream configurations.

No waterwall designs were submitted in response to the survey of
boiler manufacturers. Waterwall areas are input and heat transfer
characteristics built into the model, howeve., neither presents a problem.
The use of waterwall prices will be avoided, to the extent possible, in
the comparisons. When necessary, Equation B-5 will be employed.*

*Again, for lack of a better approach. This is tantamount to the
assumption that the fabrication of the tubes is the major expense
in the manufacture of each device.




Table B-1. Composite Heat Exchanger for Energy Recovery
From Gas Turbine Engine Test Cell
Type Convection, Shell and Tube
Gas flow 2.3 (10)6 1b/hr

Gas temperature in
Gas temperature out
Steam flow

Steam temperature
Steam pressure

Heat transferred

Heat exchanger width
Heat exchanger height
Heat exchanger length
Tube diameter

Tube thickness

Fin segment

Fin length

Fin thickness

Number of fins

Number of circuits
Number of passes

Heat transfer surface
Gas AP

Cost

420°F
367°F
30,300 1b/hr
350°F
135 psia
30 (10)6 Btu/hr
50 ft
15 ft
72 ft
2 inches
0.12 inch
0.156 inch
0.5 inch
0.035 inch
6/in.
45
12
118,000 ft?
5.85 inches H20

$2,000,000.

B-3




Appendix C

JET ENGINE TEST CELL CHARACTERISTICS

Table C-1 summarizes the geometries and flow characteristics of
test cells used in the analyses. With the exception of the hush houses
at the MCAS El1 Toro, all of these facilities are located in the San
Diego area. Geometries and cell utilization were acquired from
Reference 10. This reference also describes the cells in greater detail.
Flow rates and temperatures were acquired from References 3 and 4. The
compositions of the engine exhaust gases at the nozzle were determined
by back-calculating from stack gas compositions measured on the Miramar
"A" test cell and NARF North Island Test Cell 19 (Ref 11, 12 and 13).
It was assumed that the chemical composition of the jet exhaust at the
nozzle was dependent only on the type of engine and power setting; the
same values were used for the other test cells.
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Appendix D
COMPUTER MODELLING OF AUGMENTER TUBE
The relationships in Appendixes A and B were programmed in FORTRAN

IV. Figure D-1 is a flow chart of the program. A listing and some
typical results follow. ]

e e




Input

(1) Augmenter and Nozzle Geometry

(2) Flow Characteristics, Including
Composition of Jet Exhaust

(3) Boiler Configuration

(4) Boiler Properties and Costs

(5) Value of Steam

Calculate: (1) Craya-Curtet No., Eq. A-1

(2) Geometry of Jet, Eq. A-2

(3) Flow Entrainment

(4) Chemical Composition of Jet
as a Function of Distance

Make Initial Guess of
Augmeater Temperatures

Gauss-Seidel
Iteration with
Relaxation

Towo = Tnew

Solve tor Convecuon Coefficient
as a Function of Temperature,
Velocity, Ete

Solve for Emusivities as a Function
of Temperatuge, Gas Composition,
and Geometry

Soive for New Augmenter
Temperatures, Eq A-3 through
A7

L)

'wiw ~ Tolp

Calculate the Steam Generated

A

Determinc the teonomics of Test
Cell kaergy Recovery, Eq B-1
through B-3

STOP

D-2

lreration Fails
to Converse
STOP

Figure D-1. Flowchart of computer modeling of augmenter tube.




PROGRAM LISTING

OOO0O000O0 0

OO0 0 OO0

(o)

[sNaNsl

0o

OO0

PROGIAM JETEST (INPUT QUTPUT,,TAPES=INPUT,,TAPES=OUTPUT)
PROSRAM TO CALCULATZ THE HEAT TRANSFER FROM A JET EXHAUST TO THE
TEST CELL AUGMENTER WALLS OR TO BOILEZRS WRAPPED AROUND THE WALLS
OR TO BOILERS PLACED IN THE JET STREAM AT THE AUGMENTER EXIT OR 80TH

STZADY STATZ AXISYMMETRIC FLOW THRU A CYLINDRICAL DUCT IS ASSUMED
IN ADDITION,s IT IS ASSUMED THAT BOTH THE JET AND SECONDARY FLOW ARE
TURIULENTs PERFECTLY MIXED IDEAL GASES

RZIAL MJET(S51)eMSECISL) yKDUCT o KAINT 9 KAEXT9KPAD9N2(SO) oL (S0)eKAIR,
LMUAIR yMSTM1(S0) 4K

INTEGER TYPE

COMMON 029N2sC029yH209C0O9H29LUM

JIMENSION T(S50¢4) 9TEMP(S5094) ¢ HCONVI(S50)9ARADCSO) 97 (50950)4I5LM(50)
1y02(50) sAJET(S0I9eRJUET(SQ I RADST(S0)I9ABOILC2)4TSTM(2)4PSTM(2)
29HSTM(2)yRADINC(SO) ¢RADOUTI(S0) »2(50)+sC02(50)9H20(50) 4C0C€50)yH2(50)
3vACONVISD)EMIS(50) oF1(50950) oUJST(S1)

DIMENSION PVC(25)9SIR(25)4P183(50)+P43(50),4P33(¢(50)

DATA PI+PRESS)RAIRySIGMA¢TOATUM/ 3.1816¢2116695343690e1714E-83452067/
DATA ITER.TOL/100 914/

OATA R/-043/

DATA EMPIR14EMPIR2/14 49144/

IN2JT THE NUMBER OF AXIAL SEGMENTS THAT THE AJGMENTER TUBE WILL BZ
DIVIOED INTOy No.LESSO

READ(Ss1) N
INPJUT THE AUGMENTER GZOMETRYeseeTHTZ AREA OF THE JET NOZZLF AND THZ
AREA OF THE AUGMENTER INLETy 30TH IN SQFT,eseTHE LENGTH OF THE
AUGMINTER IN FEETeeeeAND THE THICKNESSES OF THZ DUCT AN) THE ACOUSTIC
PILLOWS IN INCHES

READ(S92) AJETC1) »AAUGYAUGLIDTLRyDELPAD
IN2JT SZCONDARY FLOW RATE IN LB3/SZC AND ITS TIMPIRATURI IN OESF

READ(S93) MSECC1)9T(142)
INPJUT JET FLOW RATE IN LBS/SEC, TOTAL TEMPERATJRE AND TOTAL PRESSURE
OF JET IN DEGF AND P?SIAy AND RATIO OF JET SPECIFIC HEATS

RZIAD(Seq) MUET(1) o TTUETHPTUET y GAMMA
INPUT THE CHEMICAL COMPOSITION DOF THE JETeeesPZRCENT WEIGHT OF
OXYSENes NITROGENy CARBON DIOXIDTZs CARAON MONOXIDEs WATER VAPORe AND
HYDROGEN

RZAD(S596) 02€1)9N2€1)9C02(1)+COC1)4H20C1)9H2(1)
INPJT THE LZINGTH OF THE LUMINOUS PIRTION OF THE JET EXHAUST IN FEEZTY

RTAD(593) FLAME
INPJT THE COEFFICIENT 0 THERMAL CONDUCTIVITY OF THZ DUCT WALLS AND
THZ ACOQUSTIC PILLOWS IN BTU/HR-FT-DEGFeeesIF THE PILLOWS ARZ NOT
USZDy INPUT DELPAD=0. AND KPAD=10000.

RZADCS+7) KOUCT4KPAD
INPUT BOUNDARY CONDITIONS TO SIMULATST THE HOUSE STRUCTURE ACTING AS
A HEAT SINKeeeseoeTHE EFFZCTIVE TEMPS AND THZRMAL CONDUCTANCESe IN DEGF
AND BTU/HR=-DEGFes AT THE AUGMENTER INLET AND EXITe IN THAT ORDER

READ(S94) TINTH KAINT, TEXTyKAEXT
INPJT AMBIENT CONDITIONSeeesTHE TEMP IN DEGF AND THE NATURAL
CONVEICTION HEAT TRANSFER COEFFICIENT IN BTU/HR-SQFT-DEGF

RZAD(S5,43) TAMByHAMB
INPJT THE HEAT EXCHANGER (BOILER) CONFIGURATION

"1™ SIGNIFIES NO HEAT EXCHANGERS

*2% SIGNIFIFS WATERWALLS WRAPPZD ARQUND THE AUGMENTER TUBES
#3® SIGNIFIES CONVECTION BOILER IN THEZ AUSMENTER GASES AT ZXIT
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it

g

c "4® SIGNIFIES BOTH WATZRWALLS AND CONVECTION BIILIRS

READ(S5+1) TYPE

IF (TYPE.ZQ.1) GO TO 10
INPJT THE APPLICABLE BNILER CHARACTZIRISTICS
INPUT THE TOTAL NUMBER OF HRS PER DAY THAT THZ TEST CELL IS UTILIZED
WITH THIS ENGINE AND AT THIS POWER SETTING AND ALSO INPUT IND2.GE.T7y
FOR A PARAMETRIC STUDY INPUT TIME=0.25 AND IND2=0eeeeIN2UT PURCHASE
PRICE OF THt WATER-WALL AND CONVECTION HEAT RECOVERY HEAT EXCHANGERS
IN THAT ORDZReeseIF THERE IS ONLY ONEy INPUT ZFERO IN THI SPACE
FOR THE OTHER .

RZAD(Se73) TIMELIND24PRICELHWPRICE2
INPJT THE CURRENT COST OF THE STEAM IN $/M3TU, THE DISCOUNT RATE, AND
THE LONG TERM ESCALATION RATE OF THE COST OF STEAM IN PZRCENT
PER YEAR

READ(Sy4) COST4DISCyESC

IF (TYPE.EQae3) GO TO S
IN3JT THE WATEZRWALL CHARACTERISTICSees<STEAM TIMP IN DESFe STZIAM
PRESSURE IN PSYTAs HZIAT OF VAPORIZATION IN BTU/LB, AND THE TOTAL HEAT
TRANSFER AREA IN SQFT

READ(Sy»4) TSTM(1)9PSTM(1)9HSTM(1)9yABOIL(])

TSTM(1)=TSTM(1) +460.
INPUT THE LOCATION OF THE WATER~WALLS..««FRCNT AND BACK IN TERMS OF
FEET FROM THE AUGMENTER INLET

RZAD(S543) FRONTHBACK

IF (TYPE.EQ.2) GO TO 10
IF 30TH BOILERS ARE UTILIZEDsy INPUT WATERWALL CHARACTZRISTICS FIRST
IN?JT THE CONVECTION BOILFER CHARACTZIRISTICSeeesSTEAM TEMPy PRESSURE,
AND HEAT OF VAPORIZATIONy TOTAL HEAT TRANSFER AREAy AND THE OUTER
DIAMETER OF THE TUBES IN INCHES
5 READ(S¢8) TSTM(2) +yPSTM(2)yHSTMI2),ABOIL(2)4DTUBE

TSTM(2)=TSTM(2)+460.

OO0 0 o o000 OO0 OO0 0OO00

o0

PRINT ALL DIMENSIONSy PROPERTIZSy AND BOUNDARY CONDITIONS
10 WRITE(S9.11)
MRAITEC(H6912) AJET(1) gAAUG yAUGL ¢DZLR$DZLPAD
ARITEC(6913)
WRITE(6+14) MUET(L) 9y TTJETHPTJETyGAMMA
dRITE(G416)
WRITEC(S417) 02€1)9yN2C(1)9CO02€1)»C0C1)yH20C1)9H2C1) oF LAME
WRITE(6418)
dRITEZ(6+13) MSEC(1)47T(1,2)
JRITE(5457)
WRITE(6+68) TAMByHAMB
WRITE(5,421)
WRITE(5922) KDUCT
IF (DELPAD.LE«O<) GO TO 15
dRITE(S5923) KPAD
15 dRITE(6,424)
WRITEC(S926) TINToKAINTSTEXT KAEXT
IF (TYPE.EQel) WRITE(Ey27)

c
C SIMPLIFYING AND PRELIMINARY CALCULATIONS
DELR=DELR/12.
DELPAD=DELPAD/12.
PTUBS=DTUBE/12.
DELZ=AUGL/(N=-1)
LUM=INT(FLAME/DELZ)




RAUG=SQRT(AAUG/PI)
RUETC1)=SQRTCAJET(1)/PT)
AREAR=2.+PI *RAUGsDEL?Z
AREAZ=PI*+((RAUG+DELR) «22-RAUG*«?2)
K=C(DZLR+CELPAD)/(DELR/KDUCT+DELPAD/KPAN)
PTUET=PTJET+144,
TC€1e2)=T€1492)+460
TTJET=TTJUET+460.
TINT=TINT+460.
TEXT=TEXT+450,
TAMB=TAM3+460.
RATIO=(14+ESC/1004)/7€1.+DISC/100.)
21=K&AREAR/2./(DZLR+DELPAD)
22=AREAR/2.
P3=KDUCT~AREAZ/DELZ
PA=K/C(DELR+DELPAD)

i P5%2,#P1
PE=KIUCT/DELZ
P7=SIGMA*AREAR
IF ({TYPE4EQel)«OR{TYPE.EQa3)) 30 TO 20
IFRONT=INTC(FRONT/DELZ)+1
IBACK=INT(3ACK/DELZ)+1
IF (IBACK«GT4N) IBACK=N

C CALCULATE SULK VELOCITITS AT AUGMENTER INLET
20 RHOS=PRESS/RAIR/T (1 +2)
VSEC=MSEC(1)/RHOS/CAAUG~-AJET(1))
PIWER=CGAMMA=1,)/GAMMA
TC191)=TTUET«(PRESS/PTUETI 2P OWER
RHOJ=PRESS/RAIR/T(1,1)
VJET=MJET(1)/RHOJ/ZAJET (1)
UJETC1)=VJET
UJETC2)=UJET(1)
C CALCULATE THE CRAYA-CURTET NUMBER
A=AJCT(1)/7AAUG
t B=1.-A
C=0.5-A
CRAYA=(A«VJET+BeVSEC)/C(AAVIET n22¢CalVSEC*22~0,5¢(A*YJT+B4YSECI*22)
1++0,.5 :
dRITZ(6934) VJET9VSECyCRAYA

CALCJLATE THE EXPANSION OF THE JET USING THZ TMPIRICAL RELATIONSHIPS
OF BZCKZRy ET ALy 9TH SYMP,CINT) ON COMB.y1253
THZ CONSTANTS HAVE BEEN ADJUSTED T2 FIT TEST CIZILL DATA
FACTOR=0.
I7 (CRAYA.GT.0.7) GO TO 40
XR=4.0T+EXP(3.542CRAYA)
FACTOR=1./XRanl,667
4=SQRTCA)
X=AUGL/RAUG
DEV=X
DD 30 I=1,ITER
DSAVS=DEY
i XSAVE=X
\ FF=0e131¢(FACTORAX 22 66T +X)=1,+A
i DEFDX=0.35483¢FACTUOR®X*21.667+0.131
| X=X-SF /DFFOX

OO0 0

—————




R

3 JEV=ABS(X-XSAVE)
IF (DEV.LZ.DSAVE) GO TO 25
dRITE(6436)
dRITE(5437)
3 WRITE(5,38)
; 30 TD S00
25 ZONTINUE
t» IF (DEV.LE.TOL) GO TO 35
30 ZONTINUE
dRITE(5,35)
ARITE(S5,539) TOLSITER
ARITZ(6,38)
35 XSEP=X+RAUG
30 TD 45
40 XSEP=7431#(RAUG-RJET(1))
45 CONTINUE
C DOETIRMINE IF JET ZVER RIACHES AUGMINTER WALL
IF (XSEP.GT.AUGL) GO TO 50
NSEP=INT(XSEP/DELZ)+2
IF (NSEP.GTeN) NSEP=N
§RITZ(5441) XSEP
e 50 TO S5
i S0 NSEP=10000
ARITEC6+42)
S5 ZONTINUE

C CALZJLATE THE PROGRESSIVE RADII OF THE JET IXHAUST.eeeASAIN USZ TH
C EMPIIICAL RILATIONSHIPS OF BECKEReee
; 7¢1)=0.
£ JELMC1)=0.
| 0 60 I=2yN
. ZCI)=(I~-1)+DELZ
4 RJETCII=RJETCL)I+0 131 4ZC 1) «{1 . +FACTORC(ZCII/RAUG) *+1.667)
IF (CRAYA.GT«0.7) RJUZTCIDI=RUET(1)+0,1255¢2(1)
IF (RJUETCIN.GT.RAUG) RUETCI)I=RAUG
C CALCULATE SECONDARY FLOW ENTRAINED BY THE EXPANDING JET
JILMCI)=RHOS*VSEC*PI«(RJET(I) ##2-RJETC(I=1)++2)
60 CONTINUE
<K=N-1
JO 490 I=1,KK
MUETCI+1)=MIZTCID) «DELMCT)
MSECCI+1)=MSECCI)-DELMC(I+1)
490 “ONTINUE
MJET(N+1) =MJET(N)
ARITZ(S543)
(r=1
20 65 I=145
LIN=10¢]
: IPRINT=MINOCLIMyN)
] dRITE(S5443)
i ARITE(S5+44) (Z(JU) 9 J=TIHIPRINT)
; dRITZ(6945) (RJUET(J)9J=1TI9IPRINT)
dRITECS5987) (MUET(J+1)9J=II4IPRINT)
ARITE(6+48) (MSECCJ)4J=ITHIPRINT)
IF (IPRINT.GE.N) GO TO 79
II=I2RINT+1
65 CINTINUE

g}

Spldals o




ety

I

OO0

OMOOO0O0

T0 TZONTINUE

CALZULATE RADIATION CONSTANTSeeaeAITASy MIAN 3ZAM LIN3THS, AND
SHAE FACTORS

JO 73 I=1lsN

ARADCIDI=2.«PI«RJETC(II#DTLZ

LCI)=1.3*RJCTL])
75 CONTINUE

ARADC1)=ARAD(L) /",

ARADIN)=ARADIN) /2.

CALL SHAPE(RJET ¢RAUGeDELZsFoN)

CALL SHAPE1(RAUGyDELZ4F14N)

CALZULATE THE COMPOSITION OF THZ JET IXHAUST IN MOLES/LE OF CXHAUST
02€¢1)=02(1)73200.
N2¢1)=N2(1)/72800.
202(1)=C02(1)/4400.
420(1)=H20(1)/1800.
20(1)=C2(1)/2800.
42C(1)=H2(1)7/200.
30 30 I=2,4N
02€I)=02(1-1)+D.0072«DELM(I)I/MUET(]I)
N2CIY=N2(I-1)+#0,0272+4DFELMCII)/MJIZTCT)
202CIY=CO2CI-1) «MJETCI-1)/MICTULI)
420CI)=H20LI-1) +MUETLI-1 )/ MJZTCI)
COCII=COCI-1)+MUET(I-1)/MUETC(I)
2CI)=H2C(I-1)*MJZTC(I-1)/MJETLT)

80 ZONTINUE

USZ GAUSS-SEIDEZL ITSZRATIONs WITH RELAXATIONe TO SIMULTANEOUSLY SOLVZ
FOR JET AND S<CONDARY FLOW TEMPCRATJRES AS WZLL AS TEMPTZRATURIS JN
THS INSIDE AND QUTSIDE OF THE AUGMENTER MWALL

FIRSTy INITIALIZE TEMPS FOR THE ITERATION
TOUESS=(MUET(L1)*#T(141)+MSEC(LYI«T(142))/C(MIST(L)+MSZC(1))
TC193)=TGUESS
TC1+4)=TAMB
J0 85 I=24N
TCIwl1)=TC1lel)=C(TC1,41)-TGUESS)+Z(I)/AUGL
TC142)=T(1,42)

TCI+3)=TSUESS
TCI«8)=TAMS

85 CONTINUE

AN) MAKE SOME ADOITIONAL PREPATORY ZALCULATIONS
20 86 I=14N
YJET(I) =5600e2MUST(I)
MSECC(I)=3600e*MSZC(I)
JELMCID)=3600e4DELMCI)
218(1)=P1
24B8(I)=P4
258(1)=P5
IF ((TYPZeF3e1)0RW(TYPELEQe3)) GO TO 85
[T (CIoLT.IFRONT)OR.(I.GTLI3ACK)) GO TO 35
P1BCI)=KDUCT#AREAR/2./CELR
24B(1)=XDUCT/DELR
2584(1)=2.«P18(])

86 TONTINUE
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i MUET(N«1) =MJE T (N)

8 MSECIN+1)=MSEC(N)

[ IND1=MINO(NJNSEP)

¢ IND3=MINOC(N-1,NSEP~1)
j JK=NSEP-1

& IEVMAX=TC141)

C BEGIN THE ITERATION
J0 400 I=1,ITER
JSAVI=DEVYMAX
DEVMAX=0.

CALZJLATE THE CONVECTIVE HEAT TRANSFER FILM COSFFICIENTS
USE THE RELATIONSHIPS OF MCADAMS FOR TURBULENT FLOW THRU A DUCT,
HOMZVERy USE 30TH VELOCITIES AND THE EQUIVELENT DIAMETER OF THE
SECINDARY FLOW "DUCT™ TO CALCULATE REYNOLDS NOesesTHE CONSTANT IS
EMPIITICALLY ADJUSTED TO FIT TEST CILL TEMP DATA

J0 90 IT=1,+IND3

TACTORZTCII+2) 42145/€225+T(I142))

<AIR=9.26E-4+FACTOR

MUAIR=2.694E-~3+FACTOR

IHOATR=PRESS/RAIR/T(II+2)

JCONV1=VSEC*T(I192) /7 (142)

AHOU=PIESS/RAIR/T(IIy1)

VCONV2=MJETC(II) /RHOJ/PI/RJUCT(II) #22/3600.

VCONV=A#VCONV2+B+VCONV1

ITQV=2, « (RAUG-RJZTCII))
_ ACONVCII)=EMPIR1+KAIR/DEQV+¢0 .24 (YCONV*RHOAIR/MUAIR) % 0.5
k. 4CONVCIT)=HCONVC(IT)/II
% 90 ZONTINUE

1 I7 (NSEP.GT.N) GO TO 100

OO0 0O000n

: C ONCZ THE JET REACHES THE WALLy THE PROBLEM SIMPLY BICOMIS THAT
i C OF TURBULENT FLOW THRU A CIRCULAR DUCT
3 30 95 II=IND1,yN
CACTOR=TC(II 1) a#1.5/(225.+T(IT41))
KATR=9,26E-4«FACTOR i
MUATIR=2,594E=3+xFACTOR
IHOAIR=PRESS/RAIR/T(II41)
VCONV=(MSEC(1)+MJETC1))/AAUG/RHOAIR/3600.
HCONVC(II)=EMPIR2+KAIR*(VCONV*RHDAIR/MUAIR)*%0.3/RAUGs«0.2
35 ZONTINUE !
100 ZONTINUE '

(aNg!

!
CALZULATE BULK VELOCITIZS OF THI JzT b
J0 102 II=24N !
IHOJ=PI/ESS/RAIR/T(IIH1)
AJETCII)=PI«RJUET(II) a2
JUETUII+1)=MJET(IT+1)/RHOJ/AJETC(II)/ 3600,
102 ZONTINUE

c l
: SAVE=T(143) f
t RADIN(1)=0.
' 30 105 II=14N
: ZMSSZEMISSCTC(ITs1)sLCII) oI 1)
; ALFAZEMSSeSQRT(T(II 1) /T (1,3))
* C RADIATION REACHING THE AUGMENTER WALL3S HAS TW40 SOURCESessROM THE

C EXHAUST GAS OR FROM OTHER PARTS OF THT WALL
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C
c

NEG_ZCT THE FACT THAT SOME RADIATION dSTWEIN JALL SIZIGMENTS J0ZS NOT
PASS THROUGH THE JET

FTADINCLI=RADINCI) +SIGMASARADCII) «F LI 191 )4 (IMSSoT(II g1 ns4~-ALFA

1%T(193)2%4)+PTeF1(TTgl)a(le~cMSS)e(T(II3)0e24=T{193)x%4y)
105 ZONTINUE

TCL93)=(PL1BC1)2TC1y4) +P24HCONV(L1)AT(L2)+KAINT«TINT#2347(2,3)
LeRADINC1))/(P1B{(1)+P2+«HCONV(1)+P3+KAINT)

TC193)=T(193)+R+(T(143)-SAVI)

JEV=ABS(T(1,3)~-SAVE)

[ (DEV-DEVMAX) 115,115,110

110 JEVMAX=DEV
115 ZONTINUE

30 123 J=1¢N

SAVE=TC(Ur4)

IF ((TYPE.EQ«2).0R(TYPZ sEQe4)) GO TO 115

TCJed)=(HAMRLTAMB+P 42T (Jy3))/ (HAMB+24)

33 10 117

116 IF ((JeGEIFRONT) s ANDe (JelEIBACK)) T(J94)=(1000e+TSTM(1)+PE
1T(Js3))/7(1000.4+P5)
117 TQJ94)=TLJ9sa)+Re(T{Jy4)-SAVE)
JEV=ABS{T(Jy4)-SAVE)
IF (DEV-DEVMAX) 1251254120
120 3EVMAX=DZV
125 ZONTINUE

30 140 J=24IND3

SAVE=T{(Js 1)

RADOUT(J)=D.

IMSS=EMISS(T(Jy2) 4L (U yJ)

J0 130 II=1.N

ALFA=ZEMSSeSART(T(Jy1I/T(II,3))

IT IS ASSUMED I'HAT THERE IS NO RADIATION BETJHIIN OITFTRINT LOZATIONS
ALONG THE JET EXHAUST STREAM

RADOUTC(JI=RADJUTCJI +STIGMACARAD(UI*F (JyII) »(EMSSaT(Jel)asg=-ALFA

12T (IT93)n=3)
130 ZONTINUE

CPIN=SPHT(TIJ=1+1)9J~-1)

TPOUT=SPHT(T(Js1) 9J) :

TCJ92 )= (MUETCJI+1) *CPOUTATDATUMCMUET(J) *CO2INSLTtU-151)-TOATUM)+ i
10.24«DELMCUY #(TC(U=142)=TDATUM)I-RADOUT(U)I +2.5=-5+(MIZT(J)* i
2JJET(J) ¢ 2-MJET(J+1)&UJZ TCU+1 D442} )/ MIET(J*1)/CPOUT

TCJUe1)=T(Jp1)+Re(T(Jp1)~-SAVD)

JEV=ABS(T(Jy1)-SAVE)

IF (DEV=-DJEVMAX) 14041404135

135 DIVMAX=DZV
140 CONTINUE

JO 150 J=2,IND3J

SAVE=T(J»2)

TCJ92)= (06244 C(DTLMCU+1)+MSECCJI+ 1) IATDATUMEMSEC(UI(TLU=-142)
1-TDATUM) )+ ARFARSHCONV(J) «¢T(J93)) /(06240 (IILM(J¢1)+MSIC(J+1))
2+AREAR2HCONV(U))

TCUe2)=T(Jy2)+Re(T(Je2)~SAVE)

JEV=ABS(T(Jy2)=-SAVE)

I (JDEV-DEVMAX) 15041509145

145 DOEVMAX=DEV

150 CONTINUE
)0 165 J=2,IND3
SAVE=T(Js3)




RADINCJ)I=0.
)0 155 II=14N
IMSS=SMISSUTUIL 1) 4L(II) oI
ALFA=EMSSaSQRT(TCITI1)/T(Je3))
IADINCUI=RADINCUI+SIGMA*ARADC IV AFCI T 9y J)n{TYSSaT(ITgl)eaa=-ALFA
16T Je3)*24)+PTaF1{IIgJ)aClea=ZMS3IN(T(II 43)244=T(Jy3)ea3)
155 ZONTINUE
TCJe3)=(PS3CII*TUJo4)+PIA(TCU+143)¢T(J~193))+AREARCHCONV(JI«T(J,2)
1+ANDINCIII/(PSB(UI+ 2, +P3+AREARAHTONV(J))
TCJe3I=TCJIy3V+R2(T(Jy3)-SAVE)
DEV=ABS(T(Jy3)-3AVE)
IF (DEV=-DEVMAX) 165415654160
160 DEVMAX=DEV
165 ZONTINUE
THZ DOWNSTRCAM CALCULATIONS DEPEZND UPON WHETHER THE JET EVER REIACHES
AUGMENTER WALL
IZ (NSZIP=-N) 17092304260
THE CASS WHERE THE JET REACHES THE WALL UPSTREAM FROM AUGMEMTER EXIT
170 20 185 J=NSIPyKK
TADDUTCJI=SISMAXARADCUI«EMISSITC(I 1) gL (UIyd)+(TCUgl)erg
1=SARTUITCS91)/T(Us3))aT(Je3)224)
CPINSSPHT(T(J=-1491)yu-1)
TO20UT=SPHT(TC(Js1) 9 J)
SAVE=T(Jy1)
TCJ91)=(MIETCI+1) #CPOUT+« TDATUM+AREAR*HCINVIJ) aT(Je3)I+MJET (J)
14ZPINA(T(J=1941)-TOATUM) +024+DELMCU) (T LJU=-142)=-TDATUM)I-RADOUT(I)
2¢2.E-S*{MJITTUJI*UJETCUI & #2-MYETLJI+1) dUJET(J+1) % 22) ) /(MIET(J+1) 2
3ZPOUT+AREARSHCONV(Y))
TCJUe1)=TCJe1)+R*(T(Jy1)~-3AVE)
ITEV=ABS(T(Je1)-SAVE)
I= (DEV-DEVMAX) 185,185,180
180 DEVMAX=DELV
185 ZONTINUE
ID 200 J=NSEPyKK
RADINCJ)I=0.
00 190 II=14N
TMSS=EMISSCTC(IT 1) 4LCII)oID)
ALFAZEMSS*SQRT(TCII1)/T(Js3))
FADINCJII=RADINCJI) +SIGMA+ARADCIII«F(ITgJ) «(“MSSeT(ITgl)nng
1-ALFA2T(J93)*24)+PTaF1(I19J)2(1e-TMSS)Ia(TCII93)224-T(Jy3)e23)
190 CZONTINUE
SAVE=T(Je3)
TCJ93)=(PSBLUI«T(Jpd) *P32a(T(J*143)¢T(J-143))+ARCAR*HCONV(UI*T(Js1)
1+RADINCJIIZ(PSB(U)I+2,4P3+ARTARCHCONV(U))
TCJ93)=T(Je3)+Re(TLJe3I)I=-SAVE)
JEV=ABS(T(Jy3)~SAVE)
IF (DEV-DEVMAX) 2004200195
195 JEZVMAX=DEV
200 SONTINUE
SAVE=T(Ns3)
IADINI(NY=0.
70 205 1I=1,4N
IMSS=EMISSUTC(IIZ1IWL(IT)HID)
ALFAZEMSS«SORTC(T(ITI1)/T(Nys3))
RADINCNI=RADINICN) ¢SIGMACARADCIIIAFCITgNI2(FMSSeT(TII 1) eag=ALFA
L1oT (N 3)#aQ)ePTaFL1CIIgN)*(Llo~MSS)e(T(I1¢3)*24-T(Ng3)eng)
208 CONTINUE
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210
215

220
225

226

TH
230

235

240
245

250

255 CONTINUE
TI(N92)=T(N,1?

TUNsZI)IS(PIBINI*TINy4)+PIaT(N=-193)+KAEXT «TEXT P2 e iCONVINI*T(N,1)
1+RADININI)I/Z(P1IB(N)+PI+KAEXT«P 2+HCONVIN))
TCNe3)=T(Ne3I)*R&(T(Ny3I)-SAVE)

JEV=ABS(T(N¢3)-SAVE)

[T (DEV-ICVMAX) 21342159210

JZYMAX=DIYV

CONTINUE

SAVE=T(N,1)

CO20UT=SPHTCT(Ns1) yN)

CPIN=SPHT(T(N=-141)¢N-1)

TMSS=EMISSCT(N91) oL (N)9N)

JADQUTINI=SIGMA*ARADI(NI*EMSS« (T(Ngl)224-SQITC(TINy1)/T(Ne2Z))
12T(Ny3)»e4)
TANS1I=(MJIET(N+1) «CPOUT« TDATUM-RADOUTCN) +MJIET(NI«CPIN&«(T(N=-141)
1-TDATUM)+P2aHCONVIN) # TAN 93) 42 (E=53a(MIETINI*JJETUNI*22=-MJLT(N+1)
2 JJETI(N+1)«a2))/IMIET(N+1)+CPOUT+P2+HCONV(N))
TENJLII=T(Nsy1)+Re(T(Ny1)-SAVE)

JEV=ABS(T(N,1)-SAVZ)

IS (DEV-DEVMAX) 225492259220

JZVYMAX=DZV
“ZONTINUE

)0 226 J=NSEPN

T(Je20=T(Jy1)

ZONTINUE

50 TO 305
T CASZ WHERE THIZ JET REACHES THI JALL AT THZ AUGMINTER EXIT
SAVE=T(Ny3)

RADINC(N)=0.

30 235 II=14N

TMSS=EMISSCTIII 91 )L CIT),BII)

ALFASEMSS«SQRTCT(II1)/T(N,3))

IADININ) =RADINC(N)+SIGMA*ARADCIID *#FCIT g NI «(ZMSSeT(IT9l)wng-ALFA
18T (Ne3)e28)+PTeFLCITIoNIR2(L o= MSSIR(T(II93)%23-T(Ney3)224q)
CONTINUE
TANs3I=(PIBIN)*TINs4)+PIeT(N=-193)+XKAXT*TEXT+P2«HCONVIN)I*T(Nyl)
1 «RADINCN)I)I/(PIB(N)+*P3I+KAEXT+P2+«4CONV(N))
TCNe3II=T(Ns3)*+R2{TI(Ny3)-SAVE)

JEV=ABS(T(Ny3)-SAVE)

[F (DEV-DEVMAX) 24542459240

DEVMAX=DZIV

CONTINUE

SAVE=T(N,1)

ZPOUT=SPHTI(T(Ns1)yN)

COIN=SPHT(T(N~1,1)¢N-1)

TMSS=ZEMISSCTIN,1) ;LIN)N)
AADOUTUINI=SIGMA*ARADI(NI*EMSSa (T (Np1)2#4-SQRAT(T(Ns1)/T(Ns3))
12T(Ne3)e24)
TCNe1)=(MJUET(N+1) 2CPOUT~« TDATUMEMJIETIN)«CPIN2C(T(N=-191)-TDATUM)+22
12HCONVIN) *T(Np3)+0.24 *DELMIN) ¢ (TI(N=-1,2)=-TDATUM)~-RADOUTC(N)

242 4E~S5a(MJETIN) 2UJET(NI« a2=-MYETIN+1) sUJETIN+1)2a#2))/C(MICT(N+1)
3aCPOUT+P2aHCONVIN))
TCNel1)=TINe1)+R«(T(Ny1)~SAVI)
JEV=ABS(T(Ny1)~-SAVE)

IF (DEV-DEVMAX) 255,255,250
DEVMAX=DEV

Y




o

c

50 TO 305
THZ CAST WHERE THE JET NEVER RIACHZS THE AUSMINTZIR JALL
260 SAVE=T(N,3)

RADINC(N)I=0.

30 265 II=1sN

IMSS=EMISS(T(II 91 )oLC(IT)HI])

ALFAZEMSS#SARTCTCIIZ1)/TI(N43))

RADINCN)=RADINCN) +SIGMA*ARADC IID «FC(IT o NI~ LEMSS#T(IT91)s74=-ALFA
LoTANg3)#a4)ePTaFLAITgNI*(1o-EMSSIC(T(II93)an-T(Ny3)t23)

265 ZONTINUE

TCN93)=(PLBIN) *TINs4) +P3I+TUIN-143)+KAEXT«TIXT+P2«HCONVINI«T(N,y2)
1+RADINCNI)I/(PLII(N)+PI+KAEXT+P2+«HCONV(N))

TCN¢3D)=T(N9s3)+R*(T(Ny3)~-SAVT)

DEV=ABS(T(Ns3)-SAVLC)

IF (DEV-DEVMAX) 275427549270

270 DEVMAX=DEV
275 ZONTINUE

SAVE=T(Ny»1)

RADDUT(NI=DN.

IMSSTEMISSCTCNg1) sL (N ¢N)

00 280 ITI=1sN

ALFA=ZEMSS«SARTCTI(NG1)/T(II,3))

YADOUT (NI =RADOUTI(N) +SIGMA~ARAD(N) #r {NoII) *(ZMSS«T(Nyl)asg-ALFA
124T(II43)2+4)

280 CONTINUE

CPIN=SPHT(T(N=-141)¢N-1)

ZOP0UT=SPHT(T(Ny1)yN)

TCNy1 )= (MUETIN+1) #CPOUTATDATUMCMJUETINI2CPINA(T(I-141)-TDATUM)+
1Je24#DELMINI*(TIN=-142)-TDATUM)~=RADOUTIN) +2=-S5«(MJET(N)#
2UJETUIN) #«2-MJETIN+LI*UJETIN*L)I#«2) )/ MJET(N+1)/CPOUT

TANy1)=T(Ns1)+R*(TUINy1)-SAVE)

OEV=ABS(T(Ns1)-SAVE)

IF (DEV=DEVMAX) 29042904285

28S DEVMAX=DZV
290 CONTINUE

SAVE=T (Ny2)

TAN92)=(0e24*MSECIN+1)*TDATUM+MSECINIAC(T(N-142)~TDATIMI+P2
1*HCONV(N)*TIN9y3))/(0.24«MSECIN+1) +P2+HCONVIN))

TANg2)=TCNs2)+R*(T(Ns2)-SAVE)

JEV=ABS(T(Ns2)-SAVE)

IF (DEV-DEVMAX) 30043004295

295 JEVMAX=DEV
300 CONTINUE
305 ZONTINUE

CHIZK TO SEE IF ITERATION IS CONVERGING

IF (DEVMAX.LE.DSAVE) GO 70 310

dRITE(6+36)

HRITZ(64949)

WRITZ(6938)

50 TO 500
CHICZKX TD SEE IF ITERATION HAS CONVIRGID TO JHITHIN TOLERANCE
310 IF (DEVMAX.LETOL) GO TO 405

400 CONTINUE

WRITZ(6+36)
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dRITEC(5451) [OLLITER
dRITE(S5,438)
40S CONTINUE
3 JRITZ(6+39) T,DEVMAX
F C CONVIRY TEM2S FROM RANKINE TO FAHRENHEZIT AND 2INT RESULTS
. JO 410 M=1N
30 410 J=1ls4
TEMPI{My UI=T(MyJ)~-460.
410 CONTINUE
II=1
ISEC=0
30 415 M=1,5
LIM=10+M
IPRINT=MINGC(LIMN)
I>RNT=MINOCLIMyNSEP-1)
dRITE(S+52)
ARITZ(S5944) (ZCJ)9J=TI4IPRINT)
WRITZ(6+53) (TEMP(Jy1)eJ=II4IPRINT)
3 IF (ISEC.GV.0) GG TO 412
p ARITIC5+954) (TEMP(J92)¢J=IT4IPRNT)
412 ARITZ(6456) (TEMPILJe3)3sJ=-IIIPRINT)
ARITECK¢3T7) (TEMP(JoB)gJ=IToIPRINT)
IF (IPRINT.GESN) GO YO 420
II=IPRINT+1
IF (IPRNT«GEoJX) ISZC=1
415 ZONTINUE
420 CONTINUEZ
C PRINT JET VELOCITY AT AUGMENTER EXIT
: ARITE(6469) UJETIN)
; C PRINT THE HEAT TRANSFER CHARACTEZRISTICS OF THE JET IXHAJST
' JO 421 M=1,N
ZMISCMI)=EMISS(T(Mpl) oL (M)peM)
421 CTONTINUC
11=1
JO 422 M=1,5
LIM=10+M
IPRINT=MINOCLIMyN)
dRITE(R,472)
ARITE(6444) (Z2(J) 9J=II+IPRINT)
dRITECS973) C(HCONVI(J) 9J=I19IPRINT)
WRITE(G¢74) (EMISCJI9J=ITI,IPRINT)
IF C(IPRINT.GE«N) GO TO 423
II=TIPRINT+]
422 CONTINUE
423 CONTINUE

CALZULATE THE STEAM GENZRATIONeseoASSUMI FEZD WATER ENTERS THE BOILER
IN & SATURATED CONDITION

[7 (TYPE.EQ.1) GO TO 500

IF (TYPELEQ.2) WRITE(6428)

IT (TYPESEQe3) WRITE(6429)

[7 (TYPE<EQed) WRITE(6+31)

IF (TYPE.EQe3) GO TO 455
C STIAM GZNERATION IN WATZIR WALL BOILER
)0 424 I=1,yN
QCONV(I)=0,
MSTMICI)=0.

o000




RADST(I1)=0.
424 CIONTINUE
A30ILC1)=A30ILC(1)/CIBACK-IFRONT)
MSTMIC(IFRONT)I=ABOIL(1)/2 +P43CIFONTIC(TCIFIONT 43)-TCIFRINT4))
1L/HSTM(D)
YSTMLC(IBACK)=ABDIL(1)/2.*P43(IBACK)«(T(IBACKs3)-T(IBACK,4))
17HSTMCL)
STEAMI=MSTMLIC(IFRONT)+MSTM1{IBACK)
JRONT=IFRONT+1
J3ACK=I3ACK-1
JD 425 I=JFRONT4JBACK
MYSTMLICID)=ABOIL(1) #PA3 (1) a(T I +3)-T(I,44))/HSTMC(]D)
STEAM1=STEAM1+MSTM1(I)
CONTINUE
TSTM(1)=TSTM(1)-460.
A30IL(1)=ABOILC1)«(I3ACK~IFRONT)
ATOT=STEAMI+HSTM(]1)
WRITE(S932) TSTM(1)4yPSTM(1)eHSTM(1)9yABOIL(])
ARITZ(5,47T7) FRONT 9BACK
WRITZ(6958) STEAM1
WRITEC(K76) QTOT
dRITE(5,459)
II=1
J0 430 I=1,5
LIM=10+«]
IPRINT=MINGC(LIMyN)
dRITZ(8944)(C2CJ) 4 J=TI,IPRINT)
ARITEC(S 961X (MSTML (D)9 J=TI9IPRINT)
I C(IPRINT.GE.N) GO TO 435
II=IPRINT+1
430 ZONTINUE
435 ZONTINUE
C CALZULATE AND PRINT FRACTION O STZAM GENERATION DUT TO CONVECTION
C AND TO RADIATION
ICONVCIFRONT)I=HCONVCIFRONT)#P2«(TC(IFRONT42)-TC(IFRONT,3))
JADSTCIFRONT)=RADIN(IFRONT)/2.
ITOT=ABS(QRCONVI(IFRONT))>+ABS(RACSTCIFRONT))
ICONVCIFRONTI=QCONVC(IFRONT)/QTOT
IADSTC(IFRONT)I=RAJDSTC(IFRONT)/GQTOT
ACONVCIBACK)I=HCONVC(ISACK) *P2+(T(IBACK92)-TCIBACKy3))
RADSTC(IBACK)I=RADINCI3ACK) /2.
QATOT=ABSC(QCONV(IRACK) )+ABS(RADSTC(IBACK))
ACONVCIBACK)I=QCONVCIBACK)/QTIT
RADST(IBACK)I=RADSTC(IZACK)/QTOT
JO 440 I=JFRONT,JBACK
QCONVCIDI=HCONVC(I) «AREAR=(T(I42)-T(1,43))
RADSTCID=RADINCI)
ATOT=ABSCQCONV(I))+ABS(RADST(I))
RADSTC(ID»=RADST(I)/QTOT
QCONVC(I)=QCONV(I}/QTOT
JADINCII=RADINCI)/QTOT
cONTINUE
I1=1
JO 445 I=1,5
LIM=10+1]
LORINT=MINOGCLIMyN)
WRITZ(652)




00

OO0

00

a0

dITELS9544) (Z2CJ) s J=IT1yIPRINT)
WRITZ (6 963) (ICONVIJI) 9J=II,,I[PRINT)
ARITI(649734) (RADST(J) yJ=II,IPRINT)
I (IPRINT.GE«NY GO YO 430
IT=IPRINT+1
445 ZONTINUE
450 ZONTINUC
[F (TYPZeaZQe?) G0 TO 463
STZ&M GINERATION IN CONVECTION 3CILZReaseASSUMI FLOW OVIR STAGGFRID
WATZIR TUBESeeesPRIPIRTIZS WILL BE 3ASED UPON FILM CONDIVTIONS
455 IZPAVG=(0e24*«MSECCN)+CPOUTHMUTTINII/CMSECA(N) +MJUET(N))
TAVG=TDATUM+(0.24 #+MSZCUNI*«(T{N3y2)=-TDATUM) +CP0UT+MJIZTINI «(T(Ny1l)
1-TDATUMI I/ (CPAVG« (MSZCN)+MITT(N)))
TGAS=TAVG
TAVG=0.5¢(TAYG+TSTMI2))
USZ THE EBEUCKEN EQUATIONS TO ESTIMATZI CZONDUCTIVITY AND VISCOSITY
TACTOR=TAVG#+145/(2254+TAVG)
CAIR=9,26E~44+FACTOR
MUAIR=2.694c-34FACTOR
IHOAIR=PRESS/RAIR/TAVG
VCONV=C(MSECINY+MJETUINDI/ZAAUS/RHDAIR
HTUBES=0+237+KAIR/DTUBE* (RHOATIRaAVCONV#*IOTUBZ/MUAIR) #4046
IT 4AAS BEEN ASSUMED THAT THE JET AND 3SECONDARY FLOW ARE COMPLETELY
MIXZD BY THZ VIME TYHEY REACH THE CONVECTION BOILZR
QSTM2=HTUBES#ABOIL(2)«(TGAS-TSTM(2))
STZAM2=QSTM2/HSTH(2)
TSTM(2)=TSTM(2)~450.
T5AS=TGAS5-450.
JTUBE =12.*DTUBE
NRITC(5933) TSTM(2)4PSTM(2)4HSTM(2)4ABOIL(2),4DTURE
ARITZ(6e66) STEAM2
ARITECG6971) TGAS+HTUBES,ASTM2
460 CONTINUE

DETIRIMINE THAE ZCONOYMICS OF GAS TUR3INI TEST CILL HEAT RICZOVZIRY
I7 (TYPESEQe4) WRITE(G3)
WNRITE(6,473)
461 IF (TYPELEQe3) GO TO 475
FIST FOR THE WATER-WALL HZAT IXCHANGER
IF CUIND2eZQe1)eAND(TYPENZ24)) WRITEC(E49)
I (CIND2eCQe2) dANDC(TYPELEQeS)) WRITE(S43)
IF (C(IND245Qe0)+0Re(IND2GEL7)) WRITE(S5981) PRICI1
IF CCIND2eGTe0)eANDe(IND2eLlTe7)eAND(TYPI ,EQaq)) WRITE(K43I1)
CALZULATE THE VALUZ OF THE STCAM GINERATED
VALUE1=0.3655E-3«STEAM1*HSTM(1)+TIMZ2COST
CALZJLATE THE PRESENT VALUE OF THE SAVINGS ACCUMULATED OVER THE
ECONDOMIC LIFE JF THZ HEAT RECOVERY HEAT EXCHANGER
2V(1)=VALUZ1+«RATIO
SIRC1)Y=PV(1)/PRICEL
JO 455 1=242%
PVCII=PV(I-1)+VALUE1+2RATIOes1
IF (PV(I)elLTaOe) PV(IN=0.
SIRCII=PV(IY/PRICEL
465 ZONTINUE




I CCIND2aE70)e0Re(IND2.GELT)) WRITE(S3082) OISCeCOSTLESC
dRITE(S933)
JO 470 [=1,5
J=5#]
ARTITZC(549384) JpTIMESPV(JI 9SIRCY)
470 CONTINUE
475 IF (TYPE.EGe?2) GO TO 435

C THEN FOR THZI CONVECTION HEAT EXCHANGER
I7 C(CIND?2eZ0e3)aANDe(TYPFaNZe4)) ARITE(S543)

I (CIND2eZQe8) bANDITYPEJEQa@t)) WRITE(Z99) ‘
IF (CIND2e2240)«0R(IND2.GELT7)) WRITE(G438) PRICE2 S
IF (UIND2eGTe0) eANDeUIND24LToa7)eAND(TYPE4"24.4)) HRITE(G992)

C AS A30VZy CALCULATE THE VALUE 9F THS STEAM 3ENZRATZD
VALUZ1=0.3655-3+STZAM2+4HSTM(2)+2TIMZ2COST b
SV(1)=VALUEL1«RATIO 3
IF (PV(1)el¥,0.) PV(1)=1.
STR(1)=PV(1)/PRICE2
JO 430 I=2,25
PVCI)=PVCI=-1)+«VALUZ1#RATIOax]
IF (PV(IYelT.0.) PVY(I)=0a
SIRCI)=PV(I)/PRICE?2

480 CONTINUE

= IF CCIND2e5Qe0)eORelIND2.GEST)) WRITELS487) DISCyCOST4£SC
A dRITE(5483)
i I0 485 Iz=145

J=5+1

dRTITE(Se34) JyTIMEPV(J)4SIR(I)
485 CONTINUE
435 TIME=2,+TIMZ
‘B IF C(IND2.EQ.3) TIME=3,
. : [F C(IND2.EQe4) TIME=3,
; IF (IND2.EQ.5) TIME=R,.
IND2=IND2+1
IF {IND2.LT.7) GO TO 461
500 ST0P
1 TORMAT(IS)
2 “ORMAT(3Fr10.,042F10.3)
3 ORMAT(2F10.1)
4 “ORMAT(4F10.1)
6 FORMAT(6F10.2)
7 “ORMAT(2510.3)
8
2
1
2

“ORMAT(4F10.,19F1063)

TORMAT(1H1)

“ORMAT(1H1 ¢3Xe"AUGMENTER GEJQMETRY"™)

TORMATC(L1HO 910X "INITIAL AREA OF JET = "yF5.2¢™ SAFT", /11X s"CROSS S
1ZCTIONAL AREA OF AUGMENTER = ®3F5.19" SOQFT"4/11Xe"LENGTH OF AUGMIN
2TER = "yFSele™ FT™y/11Xe"THICKNESS OF AUGMINTER WALLS = "yF5.39" 1
N9 /11X 9" THICKNESS OF ACOUSTIC PILLONWS = "4FSe2¢"™ IN"//)

13 “ORMATC1H o3Xy"PHYSICAL CHARACTERISTICS OF JEVY EXHAUST™)

14 “ORMAT(1H0+10Xy"™MASS FLOW RATE OF JET = "4F&4.09"™ LB/SEC™y/11X4"TOT
LAL TEMPERATURE = ®3F3540¢™ DEGF™y /711X ¢"TOTAL PRESSURE = "yF4,14" PS
2IA" /11X "RATIO OF SPECIFIC HEATS = "4F8,2)

15 “ORMATC(1IH +10Xs"COMPOSITION OF EXHAUST (PERCENT WEIGHT)I™)

17 :ORMAT(IH '13X'”0XYGEN...ooo.ooo.ooo"':502'IISXO"NITRDGENQQQo.oooo
leee™eF3429 /13X 9"CARBON DIOXIDFeeeeee™sF5e29/16X 9" CARBON MONOXIDE..
2...";F5.2./16Xo'HATER VAPOROO...'...'.F502'/15x"HYD?OGEN.........
BeeoameF5e29 /11X "LENGTH OF LUMINOUS JET = "oFSely™ FT"//)




- | — 3

13 “ORMATC(1H ¢3Xe"PHYSICAL CHARACTERISTICS JF SECONDARY FLOW™)

19 “ORMAT(1H0 910Xy "SECONDARY FLOW RATE = "y 3.0¢" L3/SEZ"y/11Xe"STAT]
12 TEMPERATURE = "oF4e0e"™ DESGF"//7)

21 CORMATC(1H 93Xe¢"HZAT TRANSFER PROPERTIES™)

22 “ORMAT(1HO 910Xy "THERMAL CONDUCTIVITY OF AUSMEINTER WALLS = "gFGele®
1 3TU/HR-ST=-0EGF™)

23 “ORMAT(1IH 410X4"THZRMAL CONDJUCTIVITY OF ACOUSTIC PILLOWS = "yF3.3
1* BTU/HR=FT=NEGF")

24 “ORMAT(LH ¢1O0Xs“"EFFECTIVE HUSH HOUST CHARACTERISYICS™)

26 TORMATU(1H H1SX¢"TEMPTRATURE AT AUGMEINTER INLET = ",F4e0¢" DEGF¥"4/1
15X e "CONDUCTANCE AT AUGMENTER INLIT = "gET43y" JTU/HR-DEGF"o/16X 4"T
2°MPERATURE AT AUGMENTER EXIT = "3F4.0¢" DESF"e/15Xe"CONDUCTANCZ AT
3 AUGMENTER EXIT = % 4294,3,4" 3TU/HR=-IEGF"//)

27 ORMATCIH ¢SXe¢"THE FACILITY HAS NO BOILERSY/)

28 FORMAT(1IHL 45X "THE FACILITY HAS A JATER-WALL BOILER WRAPPED AROUND
1 THE AUGMENTER®"//)

29 “ORMATC(1H1¢3X¢"THE FACILITY HAS A STAGGERED WATER-TU3E S0ILER IN T
142 GAS PATH AT THE AUGMENTER CXIT™)

31 TORMATC(1IHL¢49Xe"THE FACILITY HAS 30TH A WATEI-WALL SCILZR WRAPPZID A
1R0UND THZ AUGMENTER AND®,/5Xs"A STAGGEZRED WATER-TUBE BOILER IN THE

, 2 GAS PATH AT THE AUGMENTER E€XIT®//)

32 “DRMAT(1H ¢/76Xe"WATER-WALL BOILER CHARACTERISTICS"™y/16Xs"STEAM TEM
132ERATURE = "9gF4.09" DEGF"9 /15X e"STEAM PRISSURE = "yFSale" PSIAY,/1
25X 9 "HEAT OF VAPORIZATION = "gF6e19" BTU/LB"4 /16X "TOTAL HEAT TRANS
3FER AREA = "4FS54.04"™ SQFT"/)

S 33 TORMAT(1HO+//6X+"CONVECTION WATER-TUBE BOILER CHARACTERISTICS®",/15

> 1Xe"STEAM TEMPERATURL = MgF4.0¢™ JISFMy/15X9"STEAM PRISSURE = "4FSe

: 219" PSTA®"L/16Xe"HEAT OF VAPORIZATION = "4 F6Eele™ BTU/LB™3/716X9"TOTA
3L HEAT TRANSFER AREA = "oF3e04" SQFTY",/15X,,YOUTER DIAMETER OF TURE
43 = "GFRe24" IN"/)

34 FORMATUCL1HO 53X e"3ULK VELOCITIES AT AUGMINTER INLET",/11Xe"JET VILOC
1ITY = "4FSe09” FT/SECT™¢/11X¢"SECONDARY FLOW VELOCITY = "oFQ,04™ FT
2/SEC"y//6X ¢ "CRAYA-CURTET NUMBER = ";F442/)

356 “ORMATCIHD 9 /775X oM ata d a ke a akhk AR A Rk R A AN AR RN A A RAACA SR AR AR N RAARER AN R
1R e e A A AR AR R AN R R AR MR R AR R AR R R AR AN RA N RA AR AR RGN R ARRROAREN/)

37 “CRMATC(1H ¢SX¢"ITSRATION FOR JET SEPARATION POINT IS DIVERGINGs AN
1ALYSIS IS TERMINATED*/)

38 TORMATIULIH 4o X g M aa a a a a A A A AR A AN KR R AR KRN AR R A AR R R AN AR AR AR N CA RO A bR & 1
LN R e A AR R RN KR AR R R AR A AR AR AR RN ANR AR AN AN ARCR RO KA RN RN RROEAN/)

39 “ORMATUCLH sSXe"ITERATION FOR JET SEZEPARATION POINT DID NOT CONVIRGE
1 TO WITHIN "eF3ele® FEET AFTIR "oI34™ ITERATIONS"/)

41 FORMATCIHO 93X eM"JET CXHAUST REACHES THE AUGMINTER WALL AT AN AXIAL
1JISTANCE OF "94F4.0¢™ FESCT FROM THE INLET"/)

42 CTOIRMATIOLIHO 93X "UET EXHAUST NEVER REACHES THE AUGMENTIR WALLS"/)

43 “ORMATC(1HO9/6Xy"MASS FLOW RATES (LB/SEC) VARIATION WITH AXIAL LOCA
1TION (FT) AND JET RADIUS (FTI"/)

44 “ORMATC(IH ¢S5Xe"DIST FM INLET"91X410F10.2)

46 TIRMATCIH ¢SXe"RADIUS OF JET"41X910710.2)

47 SORMATCLIH 35Xe"JET FLOW™¢6X910F10.2)

48 “DORMATC(LIH 95Xy "SECONDARY FLOW™910F10.2)

49 “ORMATILIH ¢SXy"ITERATION FOR TEM2PEIATURES IS ODIVZRG5INGe ANALYSIS I
1S TERMINATED"/)

51 FORMATC1H +SX"ITERATION FOR TEMPZRATURES DID NOT CONVERGE TO WITH
1IN "yF3.19"0DEGF AFTER "y I3e® ITZRATIONS"/)

52 TIRMATCIHOy/SX9"TEMPTRATURE (DE3F) VARIATIOIN WITY AXIAL LOCATION (
1°T)e THE WALL OD INCLUDES ACOUSTIC PILLOMWS, IF ANY."/)

53 “TORMATCLIA ¢3Xe"JC T TEMP® 46X 410F10.1)

i ,iAi'«¢1§ <o AR
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54 TORMATCLH ¢S5X¢"SEC FLOW TEMO® 41X410710.1)

S6 “ORMATC(1H 953Xe"AUG WALL ID"93Xe10F10.1)

57 “ORMATOIH ¢SXe"AUG WALL ND"e3Xe10F10.1)

S8 “ORMAT(IH »/5Xy"TOTAL STEAM GENZRATION IN JATSZR-JALL 30ILER = ",71
10444" L3/HR®/)

S9 TORMATC1HOySXy"WATZR-WALL STEAM GENERATION (LB3/HR) VARIATION WITH
1AXTAL LOCATION (FT FROM AUGMENTEZR INLET)I®/)

61 “ORMAT(1H ¢SXy"STEAM GEN"y5X410F10.1)

62 “ORMAT(1H /76X s“FRACTION OF WATCR=-WALL STEAM GENERATION 3Y CONVECT
110N AND BY RADIATION®/)

63 “ORMAT(1IH +3Xe"CONVECTION™y4X913F10.3)

64 “IRMATC(1IH ¢5X¢"RADIATION™45Xe10F10.3)

66 “ORMATCIH o /6X9"TOTAL STEAM GENERATION IN CONVICTION WATER~-TU3E B
10ILER = "4E1044¢™ LB/HR®)

67 “ORMATC(1IH +3Xo"AMBIENTY CONDITIONS™)

68 “ORMAT(IHO 10Xy "TEMPZRATURE = "9F4e09™ DESG™" 4 /11X o"CONVECTIVE FILM
1 COEFFICIENT = ", FSely"™ BTU/HR-SQAFT-D5GF"//)

69 “ORMATC(IHO ¢/6Xe"BULK VELOCITY OF JZT AT AUGMENTEIR IXIT = "yr3ele"
1°T/7Sz=Cn /)y

71 “ORMATC1HO9s3Xs"AVERAGE GAS TEMPZRATURE AT BOILER INLET = ®er5,.,0,4"
1J0SG6F "¢ /75Xy "BOILER OVTZRALL HEAT TRANSFER COEFFICITNT = "4-5414" BTU
2/HR=-SQFT-DEGF" 3 /56X ¢"TOTAL HEAT TRANSFERRED = "eE10e84s" 3TU/ZHR™)

T2 “ORMATCIHO o/6X o "EXHAUST GAS EMISSIVITY AND CONVEZTIVZ FILM COEFFIC
1IENT (BTU/HR=-SQFT=DZGF) BY LOCATION"/)

73 “ORMAT(1H »SXe"FILM COEFF"4X4123F10.2)

T4 “ORMATC1IH 93Xy "EMISSIVITY"44X910710.4)

76 “ORMATC1IH +3Xe"TOTAL HEATYT TRANSFERREZD = "4C10e49" 3TU/HR"/)

T7T “ORMATCLH 45X¢"THE WATER-WALLS ARE LOCATZD ALONG THZ SECTION BEGIN
INING "yFS5.1¢"™ FEFT FIOM THE AUGMENTER INLET",/5Xy"AN) TNDING AT A
2)ISTANCS OF ®3FS.1e™ FEST FROM THE AUGMEZINTZR INLIT"/)

78 FORMAT(F10414110492F15,42)

79 “0RMAT(1IHO9//5Xy"THE ECONOMICS OF GAS TURBINE TEST CILL ENZRGY REC
1JVERY™)

81 “ORMAT(1HO ¢//76X 4" THE PURCHASE PRICEZ OF THE WATER-WALL HEAT EXCHANG
1ZR IS $"3F10.29"y PAYABLE WHEN INSTALLATION IS COMPLETE®/)

82 “ORMAT(1HO¢SX9"THE ACCUMULATED PRESENT VALUE OF SAVINGS RISULTINS
1 ROM THE ADDITION DF THT WATER-WALL 30ILTR"4/6Xy"ASSUMING A DISCOU
2NTY RATE OF ®%oF4,1y" PERCENTy A CURRINT STEAM PRICE 0OF $"eF3.207/MB
3TJy AND AMG/S5Xe"STEAM ESCALATION RATE OF "Fa,1¢" PERCENT®)

83 “ORMAT(1AD¢SXe"ECONOMIC™ 96X y"OPZRATION" 11Xy "ACCUM PV DOF"912X4e"SIR
1"9/6Xe"LIFE (YRS)IM™ySXo"(HRS/DAY)" 10X ¢"STEAM GEN ($)")

84 TORMATC(1Y ¢8XeI2912X9F2e2910X oF1l%e04910X9F5,2)

B7 “DRMATC1HO ¢3Xo"THE ACCUMULATED PRISENT VALJE OF SAVINGS RESULTINSG
1°R0M THE ADDITION OF THE CONVECTION BOILZR"4/6Xy"ASSJMING A DISCOU
2NT RATE OF "oF8,14" PERCENTy A CURRINT STEAM DPRICE 0 $"yF3.29"/M8
STUs AND A®o/6Xe“STEAM ESCALATION RATE OF "gF4el¢™ 2ERCENT™)

38 “ORMATC(1HO+//6X¢"THE PURCHASE PRICE OF THE CZONVECZTION HEAT ZXCHANG
1ZR IS $",F10e2+"y PAYABLE WHEN INSTALLATION IS COMPLZTE®™/)

89 “IRMATC(1HO+2Xe"™ SOLUTION CONVERGED AFTZR "eI3¢"™ ITERATIONS TO WITH
1IN ®4F&4,29" DEGREES™/)

91 TORMAT(L1HO s/6Xe"WATER-WALL HEAT TXCHANGER"™)

92 FORMATC1IHO o /AXe"CONVECTION (WATZR TUBE) HEAT EXCHANGZIR")

IND




TUNCTION SPHTI(T.]I)

PRO3IAM TO CALCULATE THZI MEAN SPECIFIC HEAT BETWEEN T AND 60 JIGF

OF & MIXTURZ OF GASZSeeeeTHTZ GASES CON3SIDIRED ARE OXYGENy NITROGEN

CAI3ON MONOXIDE,» HYDROGENs WATER VAPORy AND CARZON DIOXIDEZ

SPECIFIC HEZAT CALCULATED IN BTU/LB~DEGF

. REAL MW IMOLES¢N2yNIT(S0) yMONOX(50)

COMMON OXYyNITeDIOX eWATERyMONOXsHYDoLUM

JIMENSION OXY(50)9DIOX(50) 9 HATERCSO) oHYD(S0)

JIMENSION CP(5)

JATA TDATUM/S20./

SPHT=0.

JELTA=T~TDATUM

32=0XY(D)

N2=NITC(D)

SO=MONOX(I)

H2=HYDC(D)

420 =WATER(])

C02=DIIXLI)

b * C FIRST CALCULATE THE MEAN SPECIFIC HIAT OF INDIVIDUAL COMPONENTS
C USING THE RELATIONSHIPS OF SWEIGERT AND B8EARDSLEYy REFe GZORGIA
€ INST. OF TECHe BULLZTIN 2 €(1333)

CPL1)=C11+515*DELTA=344«+(SIRT(TI-SART(TDATUM))+1520.
1« (ALOGI(T)-ALOG(TDATUM)I)I/DELT Ax02
SPL2)=(9.47+DCLTA-3.4TE3«(ALOGC(T)~ALOGITDATUM) ) ~1.1536
1v(1e/T=1./7TDATUM) )/OZLTARN2
CP(3)=(3.46+DELTA-3,29E3«(ALOG(T)-ALOG(TDATUM))I-1.0776
: 1¢¢1./T7-1./TDATUM) )/DZLTA=CO
¥ SPCA)=(S5.T5%0CLTA+2,8FE-A#(Tex2-TOATUM*#2)+40.«(SART(T)
1-SQRT(TDATUM) ) ) /DELTA N2
CPU(S)=(13486+DELTA-11944+(SARTI(TI-SARTI(TDATUM)II+7500,
1«(ALOGC(T)-ALOGCTDATUM)I I /DELTA*H20
CPUE)=(16e24DELTA-6.53E3+(ALOGI{T)-ALIGC(TDATUM)) ~1,41E6
1#€(1e/T-1/TDATUM) I/DELTA®CO2

C THE TOTAL NUMBER OF MOLES IN THE MIXTURE

YOLES=02¢N2+CO+H2+H20+C02
C THE MOLECULAR WEIGHT OF THE MIXTURE

UN=(022324+N2228e+C02%2B0e +H242,+H20418.+C02%44,)/MOLES
C ALLIWJING THE MEAY SPECIFIC HEAT TO 3£ DETZRMINID

30 S J=1»96

SPHT=SPHT+CP(J) /MOLES/MW

S CONTINUE
RETURN
ZND
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SUNCTION EMISSU(TeLsD)
PROSRAM TO CALCULATZ THE EMISSIVITY OF A MIXTURE OF COM3USTION GASES.
CAR3ON DIOXIDEs WATZIR VAPORy AND CARBON MONOXIDE ALL CONTRISBUTZ AND
THEIR INDIVIDUAL EMISSIVITIES ARE OBTAINED FROM CURVE FITS OF THE
TA3LES OF MCADAMS, ®"HE AT TRANSMISSION", MCGRAW-HILLe(1554)

REAL LoMOLZSHN2HNIT(50),MONDOX(SO)

ZOMMON OXYoNIT»DIOXeNATZReMONOXsHYDyLUM

JIMENSION OXYCSO0)sDIOX(S0)WATER(S0) +HYD(50)

JATA DELTA/0./

IF SEGMENT “I™ OF THE JET ZXHAUST IS LJUMINOUS,y SET THE ZMISSIVITY
EQJAL TO ONEZ

IF (I.GT.LUM) GO TO 5

IMISS=1.

350 70 50

S 02=0XY(CI)
N2=NITC(D)
Z0=MONOXCI)
H2=HYD(I)
H20=WATERC(I)
C02=DIO0XCI)

CALZULATE THE PARTIAL PRESSURE OF INDIVIDUAL GASES IN ATMOSPHZIRES
ASSJMING A TOTAL PRESSURE OF ONE ATMOSPHERE
MOLES=CO2+H20+CO+0D2+N2+H?2
2C02=C02/MOLES
PH20=H20/MOLES
PCO=CO/MOL:S
THT INDEPENOENT VARIABLZ IS PARTIAL PREISSURE TIMES MEAN BEAM LINGTH
2L02L=PLCN24L
PH20L=PH20+L
2COL=PCOsL

CALZULATE EMISSIVITY OF CARBON DIOXIDE
IF (PCO2L+LE.O.) GO TO 10
P0WER==-0.721+3.215«ALOG10L(PCO2L)
IMAX=-0.02+10.++«POWER
TMAX=26)0++800.+ALOG1OCEMAX)
SOWER=((T-TMAX)/2800,) %22
P0WER=EXP(-POWERY -1,
ICO2=EMAX*10.++POWER
CORRECT FOR OVERLAP WITH WATER VAPOR
ZC02=ECO02~-D=LTA
30 70 15
10 £C02=0.
CALZULATE CMISSIVITY OFf WATER VAPOR
15 IF (PH20L.LELO.) GO TO 20
IMAX=2,+ALOG10(PH20L)
EMAX=Z=20077408321 *EMAX-0 1115 +EMAXS(EMAX-1+)-040055T7+EMAX
12(EMAX=-1s) ¢(EMAX~24)
POMER=Z(EMAX-0e59) ¢(T+50006)/77000.+¢0.59
ZH20=10.+2PONER
CORRZICT FOR PARTIAL PRESSURE OTHER THAN 2ERO0
TH20=EH20#(1++4(Na62-0+1+ALOGIPH20L))*PH29)
30 T2 2%
20 EH20=0.
CALCULATE EMISSIVITY OF CARRON MONOXIDE

D-20




25 IF (PCOL.LE.04) 30 TO 30
P0WER=-0.8477+0.1809+AL0G10(PCOL)
MAX=-0e0403+10.++PO4ER

TMAX=1600.+3280.*(0.122-EMAX)
FO0WER=((T-TMAX)/1800.) =2
POWER=-1.+EXP (-POWER)
ZCO=EMAX*10.2«POWER
C CORRECT EMISSIVITY OF CO FIR OVIRLA? WITH C)h2
FC0=0e7+-CO
350 1O 35
30 ZCO=0.

vt

C CALZCULATE THE TOTAL EMISSIVITY OF THC COM3USTION GASES
33 TMISS=ECQ02¢EH20+ECO
i IF (EMISSeLE«le) GO TO SO
o ARITE(S41)
} WRITZ (642)
E dRITZ(5+3)
& 50 IZTURN
A 1 :ORMAT(lHO’///ISX,"it.tt.ttttttttti.ttttlttttttttttttttttttttttttt
I L P Y R P R R SRR Y R R EY R PR IR IWER PR YRy greppapapy e B )
2 “ORMATCLIH o/7/6Xs"EMISSIVITY GREATER THAN OVZeeeesTHE GAS COMPOSITI
12N IS PROBABLY INCORRECTW™)
3 FORMATUIULIH o//76X gt a s a At A At A A R A S A AR R M A RS A AR KA RA RN AP RANSAARNE R RR S
N (X R AR R R Y Y Ry N R e S N N T R I R Y R R R 2 oA

e , IND

e — e
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3JRROUTINE SHAPECRI9R 09l 9FoN)
PRO5AM TO CALCULATZ THI SHAPE FACTIRS F0OR RADIANT HEAT TRANSFZIR
BETAEZEN CONCENTRIC CYLINDERS OF VARIOUS LENGTHS AND ASPECTS
THZ tXPRESSIONS USED HERZ WERE DEVELOPED FROM EZXPRESSIONS FOR SHARE
FACTORS DZRIVED 3Y LEUENBERGER AND 2ERSONs “COMPILATION OF RADIATION
SHA2E FACTORS FOR CYLINDRICAL ASSEM3LIES™, ASMZI PAPER 56-A-144 (1356)

RZAL Ll

JIMENSION F(S04¢5S0)9RI(SO)IFL(2)

JATA PI/3.1416/

FIRST CALCULATE SHAPE FACTORS OF DIRECTLY OPPOSED SZGMINTS
JO S I=1yN
I7 (RICI).LTLRO) GO TO 2
F€(IsI)=1.00
50 10 5
2 7=L
IF ((I1efQeldeDRa{IEDLNI) Z3DS5sL
AzZae2<-RO%a2+RT(I )22
3=24«2+R0%&2-R[([)xx2
>=A/3
I=Z422+ROxa2+RT (1) x4s2
T eI)=1e=1a/PI*CACOS(CY-04S/RICII/Z*(SQART(D*#22=(2,4T(1)*R0OI*12)
1oACOS{(C+«RICII/RO)«A*ASIN(RILII/R0O)I=-0,54P[+3))
5 ZONTINUE
AND THEN ALL OTHZRS
JO 40 I=1yN
13 35 J=1,eN
IF (1.EQedJ) G TO 35
I (RICID.LT.RO) GO TO 10
FCIeJ)=0.
33 10 33
10 CONTINUE
IF CJe«GTI)Y GO YO 20

FIRSTy SEGMENTS RADIATING "UPSTREAM"®
Jd=d+1 ;
11=1-1 ;
L1=C(I-Jdel) el :
IF €1e452eN) L1=L]1~0e5*L
JO 13 K=142
AzZL1442-RO%224RI(I) 22
3=L14¢2+R0022-RTI(I) *=?2
Z=A/B
I=L 122243002 ¢RI(I)**2
F1ICK)=RICIV«L1/PI/(RO*42-RI([)*we2)«C(ACOSCCI-0353/3TCIY/L1+(SIRT

1€0282<(24.+RICTIDI2RO)I*22)«ACOS(CeRICII/RO)I+AASINC(RICI)/RO)
2~045+P1¢3))
L1=Ll1-L .

15 ZINTINUE
2=t
I (1eSQaN) 220450
eI o) =0a52C 1 o=FCIgI)=(RO®a2=-RI(II2e2)/RICII/Z2(Z1C(1)~-F1(2)))

NOTZ THAT THESE ARE COMBINED SHAPE FACTORS AND NEED YO 3£ SEPARATZD
350 10 35

20 ZIONTINUE
AND THEN SEGMENTS RADIATING "DOWNSTREAM"

D-22 1
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II=I+1
, Ju=d-1
N Li1=(J=]+1) L
IF (IefCQel) L1=L1-0,5*L
D 25 K=1,2
A=L1ex2~-RO%e2¢RI(I) %2
3=L12a2+R0«a2=RI(T)2xx2
Z2=A/8
I=L1422+R0«22+RI(I) %22
TICKY=RICII*L1/PI/(RO**2-RICI)2a2)+(ACOS(C)~0573TICI)/L1+(SART
1€02a2=(2,%RICIDeR0O)2«2)¢ACOSCCsRICII/RO)+A«ASINCRICI)/RD)
2-05+P1%B))
L1=CJ=-1)+L
25 CONTINUE
Z=L
I (Te€EQel) Z=045L
ST 0U)=0e5201le=FC(IgI)~(RO##2=-RICII*22)/RICII/Z+(F1C1)~=-F1€2)))
) IF (JelLEeII) GO TO 35
bt D0 30 K=II,JdJd
f SUIaUd=FCIyJ)=-F(I4X)
3 30 -ZONTINUE
: 35 ZONTINUE
40 CONTINUE

P

b C SEPARATE THE "UPSTREAM®™ SHAPE FACTORS
: 30 55 I=34N

N JJ=1-2

y Ltt=1-1

o J0 50 M=1.JJ
Jzdd=-M+1
(K=J+1

)0 45 K=KKyLL
TCIeJ)=F(I4JI)=F(IyK)
45 CONTINUE
50 CONTINUE
55 CONTINUE
RETURN
IND
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SUBROUTINE SHAPEL (RyZ ¢Foe N?
03AM TO CALCULATZ THZ SHAPE FACTOR “92R RADIANT HIAT TRANSFIR

BEYAZEN FINITE RING AREAS DN INTERIOR OF RIGHT CIRCULAR CYLINODER

RE

S
8

10

FoeeHOTTEL AND SAROFIMy "RADIATIVE TRANSFCR¥™y MCLRAW-HILL,y (1957)
JIMENSION F(S50450)

JATA PI/3e1415/

JO 10 I=1sN

J0 10 J=1eN

IF (1+EQ.J) GO TO 5

A=IABS(I=J)+2

3=(IABS(I=-J)~-1.,)¢7

S=CIABS(I-J)+1.)22
FUIpJI=PI/2e4(B222-BaSORT(4.oR*424B242)=2 ¢ (A+42-A*SART(4e2R#*=2
1+A¢22) ) +Coa2-CaSART (4 2R *%24+Cr22))

350 70 8
SCIgJ)I=SPIa(2.4R*Z42442-74SQRT(4.4R202470+2))
AREA=244PT*R«2

TCIsJI=FCI9J)/ARFA

ZINTINUE

RETURN

IND




e e SRS e o

TYPICAL RESULTS

This particular summary is for the J79 at A/B being tested in the
hush house at the Marine Corps Air Station, El Toro, Calif. Waterwalls
and a water tube boiler are examined together in order to illustrate the
capabilities of the model.

AUGMENTER GEOMETRY

INITIAL AREA OF JET = 8,20 SGFTY

CRO3S SECTIONAL AREA OF AUGMENTER = 63.0 SQFT
LENSTH OF AUGMENTER = 67.0 FT

THIZKNESS OF AUGSMENTER WALLS = <111 1IN
THICKNESS OF ACOUSTIC PILLOWS = 600 IN

PHYSICAL CHARACTERISTICS OF JET EXHAUST

MASS FLOM RATE OF JET = 180 LB/SEC

TOTAL VEMPERATUT = 3060. DEGF

TOVTAL PRESSURE = 36.8 PSIA

RATIO OF SPECIFIC HEATS = 1.40

COM>0SITION OF ZXHAUST (PERCENT WEIGHT)
OXYGENcecoseocccocnnse 0.00
NITROGENeeseovoosceea?500
CARBON DIOXIDEcooseelb600
CARBON MONJIXIDEeesee 1.00
MATER VAPOReeceeeoces 8.00
HYDROGENseo o ccsecesse 0,00

LENSTH OF LUMINDUS JET = 0.0 FT

PHYSICAL CHARACTERISTICS OF SECONDARY FLOW

SECINDARY FLOW ATE = 1130 LB/SEC
STATIC TEMPERATURE = TS DEGF

AMBIENT ZONDITIONS

TEMPERATURE = T75. DEGF
CONVECTIVE FILM COEFFICIENT = S+0 BTU/HR-SOFT~DEGF

HEAT TRANSFER PROPERTIES

THEIMAL CONDUCTIVITY OF AUGMENTER WALLS = 3040 3TU/HR-FT-DEGF
THEIMAL CONDUCTIVITY OF ACOUSYIC PILLOWS = o050 BTU/HR-FT-DEGF
EFFZCTIVE HUSH HOUSE CHARACTERISTICS

TEMPERATURZ AT AUGMENTER INLET = 70. DEGF

CONDUCTANCE AT AUGMENTER INLET = +500E+03 BTU/HR-DEGF

TEMPERATURZ AT AUGMENTER EXIV 130+ DEGF

CONDUCTANCE AT AUGMENTER EXIT «500E+03 3TU/HR-DEGF

wu

BULK VELOCITIES AT AJGHENTER INLET
JET VELOCITY = 2928, FTVT/SEC
SECONDARY FLOW VELOCITY = 259, FT/SIC

CRAYA-CUITET NUMBER = 62

JET FXHAUST REACHES THE AUGMENTER WALL AT AN AXIAL DISTANCE OF 24. FEETY FROM THE IMLET

D-25




et = = e g

MASS FLOJ RATES (LB/SEC) VARIATION WITH AXIAL LOCATION (FT) AND JET RADIJS (FT)

DIST FM INLET 0.00 .72 T.44 11.17
RADTUS 0 JEY 1.16 1.64 2.14 2464
JET FLOW tag.00 262451 375.07 518.86

SECONDARY “LOM 1130.00 1047.39 934.93 791.14

MASS FLOJ RAYES CLB/3EC) VARTAYION WITH AXIAL LOCATION

DISYT FM INLET 1r.22 40.9¢ .67 48.39
RADIUS 0F JET V.08 .48 4.48 4.48
JET FLOW 1310.00 1310.00 1310.00 1310.00
SECONDARY FLOW «00 <00 «00 «00

TEMPZRATIRE (DEGF) WARIATION WITHM AXNIAL LOCATION (FT).

DIST FM INLEY 0.00 3.72 Tete ftet7
JET TeEme 224849 1830.4 1417.1 1096,2
SEC FLOW TEMD 7540 7543 15.6 7548
AUG WALL 1O 117.4 235.2 264.7 2237
AUG dALL 00 7340 75.0 75.0 1540

TEMPERATJIRE (DEGF) VARIATION WITH AXIAL LOCATION (FT).

DIST FM INLEY 31.22 40.94 A%.67 48439
JET TEue 503.0 309.1 508.8 508.5
AUG WALL 1D 333.2 353.2 353.2 353.2
AUG WALL 00 3520 352.0 352.0 152.0

BULK VELICITY OF JET AT AUGMENTER EXIT = 508. FT/SEC

EXHAUST 3AS EMISSIVIFY AND CONVECYIVE FILW COEFFICIENT

01ST FM INLET 0.00 3.72 Tos4 {117
FILM COEF 33015 17.87 10.71 T.70
EMISSIVITY «1711 2048 1997 <1340

EXMAUST GAS EMISSIVITY AND CONVECTIVE FILR COEFFICIENT

DIST FM INLEY 3r.22 40.94 48.67 48.39
FILM COE"F 23.61 23.61 2361 23461
ENISSTIVITY ~1164 «116% «116¢ ol16¢

14.99
J.20
695492
614.08

18461 22.33 26406
.66 4.19 4,48
308.57 1159.60 1310.00
401.43 150.90 <00

{FT) AND JEY RADIUS (FT)

52.11
4.48
1310.00
00

SOLUTION CONVERGED AFTIR 32 KTERATIONS TO WITHIN 84 OCGREES

THE WALL

14,89
86149
7159
190.6
15.0

THE WALL

52.11
508.3
353.2
352.0

55.83 59.56 63.28
Y48 4e48 4,48

1310.00 1310.00 1310.00

00 «00 «00

18«51 22.3) 26405

690.0 5634 S0%.5
T6e1 T6e5

169.6 173.9 49345
75.0 75.0 7540

5583 99.56 63428
508.1 508.0 508,.2
353.2 353.2 35342
352. 0 352.0 352.0

(BTU/HR-SQFT~DEGF) BY LOCATION

14.89
Gel19
21646

18.61 2233 26.06
5045 5«58 23.51
«1510 <1376 1201

tBTU/HR-SQF T-DEGF) BY LOCATION

52411
23460
o116

D~26

55.83 59.56 63.28

2360 23.60 23.61

#1164 ~11564 ol16%
'

JUPSRIPTu I,

29.78
4.48
1310.00
<00

67.00
4.48
1310.00
«00

00 INCLUDES ACOUSTIC PILLOWSs IF ANY.

29.78
509.7

498.9
7540

0D TNCLUDES ACOUSTIC PILLOWSe. IF ANY.

67.00
S08.8
352.6
352.0

29.78
23e61
<1164

67.00
23.61
o1164

33.50
4.48
1310.00
«00

33.50
509.7

497.3
71540

33.50
23451
1164
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THE FACILITY HAS BOT4 A WATER-WALL BOILER WRAPPED AROUND THE AUGMENTER AND
A STAGGEIED WATER-TU3IE BOILER IN THE GAS PATH AT THE AUGMENTER EXIT

WATER-WALL BOILER CHARACTERISTICS
STEAM TEMP>ZRATURE = 352, DEGF
STEAM PRESSURE = 138.2 PSIA
HEAT OF VASORIZATION = 869.1 B3TU/LB
TOTAL HEAT TRANSFER AREA = 950, SQFT

THE WATEI-WALLS ARE LOCATED ALONG TH: SECTION BEGINNING 40.0 “EET FROM THE AUSMENTER INLEY
AND ENDING AT A DISTANCE OF 67.0 FEEY FROM THE AUGMENTER INLET

ko TOTAL STZAM GENERATION IN WATER-WALL BOILER = ,4005E+04 LB/HR

TOTAL HEAT TRANSFERRZID = +3481£+07 BTU/HR

WATER-WALL STEAM GENZRATION (L B/HR) VARIATION WITH AXIAL LOCATION ¢(FY FROM AUGMEINTZIR INLET)

DISY FM INLEY 0.00 3.72 T.40 1117 14.89 18.61 22.33 26405 29.78 33.50
STEAM GEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
DIST FM INLET 37.22 40.94 49.57 48.39 5211 55.83 59.56 63.28 67.00
STEAM GEN 259.7 5233 516.9 S51%.0 5126 5122 51246 514,.2 130.3

' FRACTION OF WATER-WALL STEAM GENERATION BY CONVECTION AND BY HRADIATION

H DIST FM INLET 8.00 3.72 Ta44 11.17 14.89 18.51 22433 26405 29.78 33.50
¥ CONVICTION . 0.000 0.000 0.000 0.000 0.000 3.000 0.000 0.000 0.000 4.000
3 & RADIATION 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
g { FRACTION OF WATER-WA_L STEAM GENERATION BY CONVECTION AND BY RADIATION
3
§ OIST FM INLET 37.22 40.94 44,67 48.39 52411 55.83 59.56 63.28 67.00
CONVECTION «335 «961 «972 «975 «977 <978 978 «973 989
RADIATION «065 «039 «028 «025 «023 «022 «022 «022 011

CONVECTIIN WATER-TU3T BOILER CHARACYERISTICS
STEAM TEMPIRATURE = 352, DIGF
STEAM PRESSURE = 138.2 PSIA
HEAT OF VA20RIZATION = 86%.1 BTU/LB
TOTAL HEAT TRANSFER AREA = 1520. SOFTV
OUTER DIAMITER OF TUBES = 3.00 IN

TOTAL ST-AM GENERATION IN CONVECTION WATER-TURE BOILER = 13206405 LB/HR
AVERAGE 5AS TEMPERATURE AT BOILER INLET = 6509. DEGF

BOILER OVERALL MEAT TRANSFER COEFFICIENY = 4B.1 BTU/HR-SQFT-DLGF
TOTAL HEAT TRANSFERIZID = o1147E+08 BTU/HR
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THE ECONIMICS OF GAS TURBINE TEST CELL ENERGY RECOVERY

THE PURCYASI PRICE 0° THE WATER-WALL HEAT EXCHANGER IS $1000000.009 PAYAILE WHEN INSTALLATION 1S COMPLETS

YHE ACCUMULATED PRESINT VALUE OF SAVINGS RESULTING FROM THE ADDITION OF THE WATER-WALL BOILER
ASSUMING A DISCOUNT ATE OF 10.0 PERCENTe A CURRENT STEAM PRICE OF $ 9.7Y/MBTU. AND A
STEAM ESCALATION RATZI OF 8.0 PERCENT

ECONOMIC OPERATION ACCUNM PV OF SIR
LIFE (YRS) (HRS/IAY) STEAM SEN (3)
S 25 14632, «01
10 25 27981. 03
15 23 40159, <04
29 23 51271, «05
25 25 61404 . «06

THE PURCHASI PRICE 07 THE CONVECTION HEAT EXCHANGER IS $2000000.00+ PAYAILE WHEN INSTALLATION IS COMPLETS

THE ACCUMULATED PRESINV VALUE OF SAVINGS RESULTING FROM THE ADDITION OF THE CONVECTION BOILER
ASSUMING A DISCOUNT RUATE OF 10.0 PERCENTy A CURRENT STEAM PRICI OF 8 9.73/MBTU, AND A
STEAM ESCALATION RATZ OF 8.0 PERCENT

ECONOMIZ OPERATION ACCUM PV OF SIR
LIFE (YR3) CHRS/DIAY) STEAN GEN (3)
5 25 48203, «02
10 23 92180. «05
15 23 13230Lk. «07
20 «23 168906 «08
25 25 202302 «10

WATER=WALL HEAT EXCHANGER

ECONOMIC OPERATION ACCUM PV OF SIR
LIFE (YRS) CHRS/IAY) STEAM GEN (%)
3 50 29263. «03
10 «50 55961. «06
15 50 80319, <08
20 50 102541, 10
25 «50 122816« el2

CONVECTIDON (WATER TUJIE) MEAT EXCHANGER

ECONONMIZ OPERATION ACCUN PV OF SIR
LIFE (YRS) CHRS/DAY) STEAM GEN (3)
3 «50 96405. «0%
10 50 18435%9. «09
15 50 264603, 13
20 «50 337812, ot?7
?5 «51 N08R08, 2?0
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WATER-WALL HEAT EXCHANGER

ECONOMIC OPERATION ACCUM PV OF

LIFE (YRS) CHRS/)AY) STEAM GEN ($)
S 1.00 58527
10 1.00 111923.
15 1.00 160638,
20 1.00 205083,
25 1.00 245631.

CONVECTION (WATER TU3IE) HEAT EXCHANGER

ECONOMIZ OPERATION ACCUM PV OF

LIFE (YR3) C(HRS/DAY) STEAM GEN (3)
S 1.00 192810.
10 1.00 368718
15 1.00 529206,
20 1.00 675625
25 1.00 80%20A,

WATER-WALL HEAT EXCHANGER

ECONOMIZ OPERATION ACCUM PV OF

LIFE (YRS) CHRS/DAY) STEAM GEN ($)
S 2.00 117053.
10 2.00 223845,
15 2.00 321276«
20 2.00 410165.
25 2.00 491262

CONVECTIIN (HWATER YUIE) HEAT EXCHANGER

ECONOMIZ OPERATION ACCUM PV OF

LIFE CYRS) (HRS/2IAY) STEAM GEN ($)
] 2400 385621.
10 2.00 737437.
15 2.00 1058412.
20 2.00 1351249,
25 2.00 1618416.

WATER-WALL HEAT EXCHANGER

ECONOMIZ OPERATION ACCUM PV OF

LIFE (YRS) CHRS/DAY) STEAM GEN (%)
5 3.00 175580,
10 3.00 335768.
15 3.00 431914,
20 3.00 615248,
25 3.00 736893.
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«32
o4l
.‘9

SIR
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«34
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CONVICTION (WATER TU4Z) HEAT EXCHANGER

ECCNOMIT OPERATION ACCUM PV OF
LIFC CYR3) (HRS/2AY) STEAM GEN (3)
3 3.0 578431,
10 3.00 1106155«
15 3.00 1587614
20 3.00 2026874,
25 3.00 2427623

SATER-WALL HTAT EXCHANGER

ECONOMIZ OPERATION ACCUM PV OF

LIFE CYRS) (HRS/DJAY) STEAM GEN (3)
5 5400 2926335,
10 S5.00 553613
15 5«00 803157,
20 S.00 1025413,
25 5.0 1228195

CONVICVION (WATER TUu3£) HEAT EXCHANGER

ECCNOMIZ OPERATION ACCUM PV OF

LIFZ (YR3) (HRS/IAY) STEAM GEN (S$)
5 S5.00 964052,
10 500 1843592,
135 5319 264503N.
20 500 3376123,
25 500 4046039 .

WATE-WA_L HTAT £XCHANGER

ECONOMIZ OPERATION ACCUM PV OF

LIFE C(YR3) (HRS/)IAY) STEAM GEN (%)
3 8,00 468213,
10 8,00 895381,
15 A.00 12R5103.
20 A.01 1640640«
2 H.on 196%0644,°

CONV ( TIIN CWATI I TUL. ) HEAT EXCHANGF R

£CoNoMIz OPERATION ACCUM' PV OF

LIFE (YR3) (HRS/DAY) STEAM GEN (3)
3 R.ON 15424853,
1o A.08 294974,
15 8.00 4233644,
20 8.00 5404957
25 8.00 647366%.
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023
«55
«B0
1.03
1e23
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«92
1.32
l.453
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o7
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NAVAIRSYSCOM Code 41712A (Michols) Washington, DC: PMA 258 Washington, DC

NAVAIRTESTCEN PATUXENT RIVER PWD (F. McGrath). Patuxent Riv. MD

NAVAVIONICFAC PW Div Indianapolis. IN. PWD Deputy Dir. D/701. Indianapolis. IN




NAVAVNWPNSFAC Sec Offr St. Mawgan, England: Wpns Offr, St. Mawgan. England

NAVCHAPGRU CO Williamsburg VA: Engincering Officer. Code 60 Williamsburg, VA Operations Officer.
Code 30 Williamsburg, VA: Supply Officer, Code 70 Willlamsburg, VA

NAVCOASTSYSCEN CO. Panama Cily FL: Code 423 Panama City, FL: Code 715 (J Quirk) Panama CGity. FL:
Code 715 (J. Mittleman) Panama City, FL; Code 719, Panama City, FL: Code 772 (C B Koesy) Panama City
FL: Library Panama City. FL: PWO Panama City, FL

NAVCOASTSYSTCTR Security Offr. Panama City FL

NAVCOMMAREAMSTRSTA Code W-60, Elec Engr. Wahiawa, HI: Maint Control Div.. Wahiawa, Hl: PWO.
Norfolk VA: SCE Unit | Naples Italy; SCE. Wahiawa HI

NAVCOMMAREAMSTRSTA Security Offr, Norfolk VA

NAVCOMMSTA CO. San Miguel, R.P.. Code 401 Nea Makri, Greece: PWD - Maint Control Div. Dicgo
Garcia Is.. PWO, Exmouth, Australia: SCE Keflavik. Iceland: SCE Rota Spain: SCE. Balboa. CZ: Sccurity
Offr. Stockton CA

NAVCONSTRACEN Code 00UILS. Port Hueneme CA: Curriculumiinstr. Stds Offr. Guifport MS

NAVEDTRAPRODEVCEN Technical Library, Pensacola, FL

NAVEDUTRACEN Engr Dept (Code 42) Newport. RI: PWO, NAVBASE, Newport, Rl

NAVELEXSYSCOM Code PME 124-61. Washington, DC. Commander. Washington, DC: PME 124-612. Wash
DC; PME-12] Washington. DC

NAVENENVSA Code 11 Port Hueneme, CA: Code 1A (Winters) Port Hueneme CA

NAVENVIRHLTHCEN CO, NAVSTA Norfolk. VA

NAVEODTECHCEN Code 605, Indian Head MD

NAVFAC PWO, Brawdy Wales UK: PWO. Centerville Beh, Ferndale CAD PWO. Point Sur, Big Sur CA

NAVFACENGCOM Alexandria. VA Code 03 Alexandria, VA: Code 03T (Essoglou) Alexandria, VA: Code
(44B) Alexandria, VA: Code 0451 (P W Brewer) Alexandria, Va: Code 0451, Alexandria. VA: Code
04532D. Alexandrai. VA: Code 1453 (D. Potter) Alexandria. VA: Code 0453C. Alexandria. VA: Code (M54B
Alexandria. Va; Code 046; Code 0461D (V' M Spaulding) Alexandria, VA: Code 04A1 Alexandria, VA:
Code (UB (M. Yachnis) Alexandria, VA Code 04B3 Alexandria. VA: Code 051, Alexandnia. VA Code
OS1A Alexandria, VA: Code 06, Alexandria VA: Code 063T, Alexandria. VA: Code 09MS4. Tech Lib,
Alexandria. VA: Code 100 Alexandria. VA: Code 1002B (J. Leimanis) Alexandria. VA: Code 1113,
Alexandria. VA: Code 111B Alexandria. VA: Code 1IN Alexandria. VA: Code 461D. Alexandria. VA
code OST Alexandria. VA

NAVFACENGCOM - CHES DIV. Code 05, Wash. DC: Code 10011 Washington DC: Code 101 Wash, DC:
Code 403 Washington DC; Code 405 Wash, DC: Code 07 (D Scheesele) Washington, DC: Code FPO-1C
Washington DC: Code FPO-1E. Wash. DC: Contracts, ROICC. Annapolis MD: FPO-1 Washington. DC:
FPO-1EAS Washington DC: FPO-1P'1P3 Washington. DC: Library. Washington. D.C.

NAVFACENGCOM - LANT DIV. Code 04 Norfolk VA Norfolk VA Code @3, Norfolk., VA Cade 1),
Norfolk. VA: Code 111, Norfolk, VA: Code 403, Norfolk. VA: Code 405 Ci. " Engr BR Norfolk VA: Code
08, Norfolk. VA: Eur. BR Deputy Dir. Naples Italy: Library, Norfolk, VA FOT&ELO 102A. Norfolk.
VA

NAVFACENGCOM - NORTH DIV. (Boretsky) Philadelphia. PA: CO: Code 04 Philadeiphia. PA: Code O4AL.
Philadelphia PA: Code 05, Phila. PA: Code (WP Philadelphia PA: Code 111 Philadelphia, PA: Code 114 (A
Rhoads) Philadelphia. PA: Code 114 (A. Rhoads): Code 405 Philadelpiia, PA; ROICC. Contracts. Crane
IN

NAVFACENGCOM - PAC DIV. (Kyi) Code 101, Pearl Harbor, HI: CODE (WP PEARL HARBOR HI. Code
04 Pearl Harbor HI: Code 05, Pearl Harbor. HI: Code 11 Pearl Harbor HI: Code 2011 Pearl Harbor, HI.
Code 402, RDT&E. Pearl Harbor HI: Code 405 Civil Engr BR Pearl Harbor HIL: Code 406 Pcarl Harbor, HI:

Commander, Pearl Harbor, HI: Library, Pearl Harbor, HI

NAVFACENGCOM - SOUTH DIV. Code 04, Charleston, SC: Code 05. Charleston, SC: Code (9 (Watts)
Charleston. SC: Code 11, Charleston, SC: Code 403, Gaddy. Charleston, SC: Code 405 Charleston. SC:
Code 411 Soit Mech & Paving BR Charleston, SC: Code 90, RDT&ELO. Charleston SC: Library,
Charleston, SC

NAVFACENGCOM - WEST DIV. 102; AROICC. Contracts, Twentynine Paims CA: Code 04, San Bruno, CA:

Code (4B San Bruno. CA: Code 05, Sanp Bruno, CA: Code 101.6 San Bruno, CA: Code 114C, San Dicgo
CA; Code 402 San Bruno, CA: Library, San Bruno. CA. O9P/20 »an Bruno, CA: RDT&ELO San Bruno.
CA: Secunity Offr. Scattle WA

NAVFACENGCOM CONTRACTS AROICC, NAVSTA Brooklyn, NY: AROICC. Quantico. VA: Colts Neck.
NJ. Contracts. AROICC. Lemoore CA: Dir. Eng. Div., Exmouth, Australia: Eng Div dir. Southwest Pac,
Manila, PI. Engr. Div. (F. Hein). Madrid, Spain: NAS. Jacksonville, FL: OICC, Southwest Pac, Manila, PI.

OICC-ROICC, NAS Oceana. Virginia Beach, VA: OICC/ROICC, Balboa Panama Canal; ROICC AF
Guam:; ROICC Code 495 Portsmouth VA: ROICC Key West FL: ROICC MCAS El Toro; ROICC Rota
Spain; ROICC. Diego Garcia island; ROICC, Keflavik, Iceland: ROICC, NAS, Corpas Christi. TX:
ROICC, Pacific. San Bruno CA: ROICC, Point Mugu. CA: ROICC. Silverdale, WA: ROICC. Yap:
ROICC-OICC-SPA. Norfolk. VA

NAVFORCARIB Commander (N42), Puerto Rico

NAVHOSP PWD - Engr Div. Beaufort, SC

NAVINVSERVHQ NIS-243 (J OHara) Washington, DC; Security Officer, Alexandria, VA
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NAVMAG PWD - Engr Div, Guam; SCE, Guam: SCE. Subic Bay. R.P ; Security Offr, Guam

NAVMAG Seccurity Offr, Lualualei. HI Waianae, 11

NAVMAG Wpns Offr, Guam, Mariana island

NAVOCEANO Code 3432 (). DePalma). Bay St Louis MS: Library Bay St Louis. MS

NAVOCEANSYSCEN Code (8 (Talkington). San Dicgo. CA: Code 4473 Bavside Librarv, San Dicgo, CA;
Code $473B (Tech Lib) San Dicgo. CA: Code 5204 (). Stachiw), San Diego. CAL Code 5214 (H. Wheeler).
San Dicgo CA: Code 5221 (R.Jones) San Diego Ca: Code 523 (Hurleyv). San Dicgo. CAL Code 3322
{Bachman) San Diego, CA: Code 6700, San Dicgo. CA: Code 811 San Dicgo. CA; Hawaie Lab (R Yumori)
Kailua. HI: Hi Lab Tech Lib Kailua Hl

NAVORDFAC CO (Code 66). Sascbo. Japan

NAVORDMISTESTFAC PWD - Engr Dir, White Sands. NM

NAVORDSTA PWD - Dir. Engr Div. Indian Head. MD: PWO. Loasville KY: Sceunty Oftr. Indian Head MDD

Security Offr, Indian Head MD

NAVPETOFF Code 30, Alexandria VA: Code 8DI07, Alexandria. VA

NAVPETRES Director, Washington DC

NAVPGSCOL (Dr. G. Haderlic), Monterey, CA: C. Morers Monterey CA: Code 0l WEL (O Wilson) Monterey
CA: E. Thornton, Monterey CA

NAVPHIBASE CO. ACB 2 Norfolk. VA; COMNAVBEACHGRU TWO Nortolk VAL Code S3T. Norfolk VAL
Dir. Amphib. Warfare Brd Staff. Norfolk. VA: Harbor Clearance Uait Two. Little Creek, VAL SCE
Coronado. SD.CA: Sccurity Offr. Norfolk VA

NAVRADRECFAC PWO. Kami Seya Japan

NAVREGMEDCEN Chief of Police. Camp Pendleton CAD Code 290 By, Health Serv. (Al Bryson) San Diego.
CA

NAVHOSP CO. Millington. TN

NAVREGMEDCEN PWD - Engr Div. Camp Lejeune. NC: PWO Portsmouth, VAL PWO., Camp Lejeune. NC

NAVREGMEDCEN PWO. Okinawa. Japan

NAVREGMEDCEN SCE: SCE San Dicgo. CAL SCE. Camp Pendicton CAL SCE. Guam: SCE. Newport, R
SCE. Oakland CA

NAVREGMEDCEN SCE. Yokosuka. lapan

NAVREGMEDCEN Securits Offr. Qukland CA

NAVREGMEDCLINIC A. Watanabe. Pearl Harbor, HI

NAVSCOLCECOFF C35 Port Hueneme, CA: CO. Code CHA Port Hueneme, CA

NAVSCSOL PWO. Athens GA

NAVSEASUPPCENLANT Code 800 Portsmouth VA

NAVSEASYSCOM (R. Sca). Washington, DC: Cade 0432 Washington, DC: Code 0SEL. Wiash, DC: Code
0S1.213 (Newhouse) Wash DC; Code 62120 Wash DC: Code C132 (Mr. ). Peters) Washington, DC: Code
00C-D. Washington. DC: Code PMS 395 A 3. Washington. DC; Code PMS 395 A2, Washington, DC:
Code PMS 96,3311 (Rekas), Wash.. DC: Code SEA OOC Washington, DC: E. Wuigk. Washington, DC:
MCLNQO. Washington, DC: PMS-395 A1, Washington, DC: PMS295-A3. Washington. DC: SEA (ME (L
Kess) Washington, DC:L SEA 0SL213, Washington, DO SEAGHT, Wash DC: SEA-OSR? (3. Freund)
Washington, DC: SEA-5433, Washington, DC: SEA-9943 Washington, DC: SEA-99611. Washington. DC:
SEAOSEL. Washington, D.C.

NAVSEC Code 6156D. Washington. DC. Code 6157, Washington, DC

NAVSECGRUACT Facil. Off., Galeta Is. Panama Canal: PWO. Adak AK: PWO, Edrelt Scotlund: PWO,
Puerto Rico: PWQ, Torri Sta. Okinawa: Sccurity Offr, Winter Harbor ME :

NAVSECSTA PWD - Engr Div. Wash.. DC

NAVSHIPREPFAC Library. Guam: SCE Subic Bay

NAVSHIPYD (Code 452) Shop 02 Portsmouth, VA: Bremerton, WA (Carr Inlet Acoustic Range): Code 134,
Pearl Harbor, HI: Code 202.4. Long Beach CA: Code 202.5 (Library) Puget Sound. Bremerton WAL Code
280, Mare Is.. Vallejo. CA: Code 280.28 (Goodwin), Vallejo. CA: Code 380, Portsmouth, VA Code 382.3,
Pearl Harbor, Hi; Code 400, Pugetl Sound: Code 410, Mare I, Vallejo CA: Code 3440 Portsmouth NH:
Code 440, Norfolk: Code 440, Puget Sound. Bremerton WA: Code 453 (Util. Supr). Vallejo CA;
Commander. Philadelphia. PA; 1.D. Vivian: Library, Portsmouth NH: PW Dept. Long Beach, CA: PWD
(Code 420) Dir Portsmouth, VA: PWD (Code 450-HD) Portsmouth, VA: PWD (Code 453-HD) SHPO 03,
Portsmouth. VA; PWD (Code 457-HD) Shop 07, Portsmouth, VA, PWD (Code 460) Portsmouth, VA:
PWO. Bremerton, WA: PWO, Mare Is.. PWO, Puget Sound: SCE. Pearl Harbor HI: Security Offr,
Bremerton WA: Security Offr, Charleston SC: Security Offr. Vallejo CA: Tech Library. Vallejo. CA

NAVSTA Adak., AK: CO Roosevelt Roads P.R. Puerto Rico: €O, Brooklyn NY: Code 4. 12 Marine Corps
Dist. Treasure Is.. San Francisco CA: Dir Engr Div. PWD. Mayport FL: Engr. Dir., Rota Spain: Long
Beach, CA: Maint. Cont. Div.. Guantanamo Bay Cuba: PWD (LTIG.P.M. Motolenich). Puerto Rico; PWD
- Engr Dept. Adak. AK: PWD - Engr Div. Midway Is.: PWO, Guantanamo Bay Cuba: PWO. Keflavik
lccland: PWO. Mayport FL; SCE. Guam: SCE. Pcarl Harbor Hl: SCE. San Dicgo CA: SCE. Subic Bay.
R.P.. Sec Offr. Roosevelt Roads. PR: Sccurity Offr. Guam: Sccurity Offr. San Francisco, CA; Utilities Engr
Off. Rota Spain

NAVSUBASE Code 23 (Slowey) Bremerton, WA: SCE, Pearl Harbor Hi

NAVSUPPACT CO, Naples. Italy; Engr. Div. (F. Mollica). Naples Italy: PWO Naples Ttaly




NAVSUPPFAC PWD - Maint. Control Div, Thurmont, MD
NAVSUPPO PWO. La Maddalena, ltaly
NAVSURFWPNCEN G-52 (Duncan) Dahlgren, VA; PWO, White Oak. Silver Spring, MD: Silver Spring MD
NAVTECHTRACEN SCE. Pensacola FL
NAVTELCOMMCOM Code 53, Washington, DC: Security Offr, Washington DC
NAVUSEAWARENGSTA Security Spec (Code 01A) Key- wt. WA
. NAVWARCOL President, Newport, RI
NAVWPNCEN Code 24 (Dir Safe & Sec) China Lake. CA: Code 2636 China Lake: Cmdr. China Lake. CA;
Code 26605 China Lake CA: Code 3276 China Lake, CA: Code 623 China Lake CA: PWO (Code 266) China
Lake. CA; ROICC (Code 702), China Lake CA
NAVWPNEVALFAC CO Kirtland AFB, NM: Sec Offr, Kirtland AFB. NM: Technical Library, Albuquerque
NM
NAVWPNSTA (Clebak) Colts Neck. NJ: Code 9, Concord. CA: Code (92, Colts Neck NJ; Code 092, Concord
CA: Code (92A. Scal Beach. CA: Munt. Controt Dir., Yorktown VA; Nav Wpns Hnading Cen (Code 8052)
Colts Neck NJ: Nuc Safe Offr, Yorktown, VA
NAVWPNSTA PW Office Yorktown, VA
F NAVWPNSTA PWD - Maint Control Div, Charleston, SC: PWD - Maint. Control Div., Concord, CA: PWD -
Supr Gen Engr, Seal Beach. CA; PWO, Charleston. SC: PWO, Seal Beach CA: Safety Br. Concord, CA:
Sec Offr, Charleston. SC: Security Offr, Colts Neck NJ: Security Offr, Concord CA: Security Offr.,
Yorktown, VA: Special Wpns Offr. Concord. CA; Wpns Fac Offr. Colts Neck, NJ: Wpns Offr. Charleston.
SC. Wpns Offr. Colts Neck. NJ; Wpns Offr. Yorktown. VA
NAVWPNSUPPCEN Code (9 Crane IN
NCBU 405 OIC, San Diego. CA
b NCTC Const. Elec. School. Port Hueneme. CA
P NCBC Code 10 Davisville. RI: Code 15, Port Hueneme CA: Code 155, Port Hueneme CA; Code 1552 (Brazele)
H Port Hueneme. CA: Code 155B (Nishimura) Port Hueneme. CA; Code 156, Port Hueneme, CA; Code 156F
L (Volpe) Port Hueneme. CA: Code 1571, Port Hueneme, CA: Code 25111 Port Hueneme, CA: Code 300,
e Gulfport MS: Code 430 (PW Engrng) Gulfport. MS; Code 470.2. Gulfport. MS: NEESA Code 252 (P
F Winters) Port Hueneme, CA: PWO (Code 80) Port Hueneme. CA: PWQO. Davisville Rl PWO, Gulfport.
MS
- NCBU 411 OIC. Norfolk VA
- NCR 20. Code R70: 20. Commander: 20th, Code R50; 30th Det, OIC. Dicgo Garcia I: 31. Cmdr. Port
j Hueneme, CA: 31, Code RS0, Port Hueneme. CA

3 NMCB 3. SWC D. Wellington; 74, CO: FIVE. Operations Dept: Forty, CO: THREE. Operations Off.
k- NOAA (Dr. T. Mc Guinness) Rockville, MD: (M. Ringenbach). Rockville. MD: Library Rockville. MD
NOAA DATA BUOY OFFICE Engrng Div (Riannic) Bay St. Louis, MS
NORDA CO, Bay St. Louis, MS: Code 350 (Swenson) Bay St. Louis. MS: Code 410 Bay St. Louis. MS: Code
440 (Ocean Rsch Off) Bay St. Louis MS: Code 500. (Ocean Prog Off-Ferer) Bay St. Louis. MS
NRL Code 1226.1, Washington DC: Code 5800 Washington, DC: Code 5843 (F. Rosenthal) Washington. DC:
Code 8441 (R.A. Skop). Washington DC: Griffith, Wash., DC
NROTC J.W. Stephenson, UC, Berkeley, CA
NSC CO. Biomedical Rsch Lab, Oakland CA: Code 44 (Sccurity Officer) Oakland, CA: Code 54.1 Norfolk.
VA: Nuc Wpns Supply Dept, Security Offr; Security Offr. Hawaii
NSD SCE. Subic Bay. R.P.
NSF Polar Info Service
NSWSES Code 0150 Port Hueneme. CA
NTC OICC. CBU-401, Great Lakes Il
NTSB Chairman, Wash DC
NUCLEAR REGULATORY COMMISSION Off Prog Dev Div of Safeguards., Washington. DC: T.C. Johnson,
Washington, DC
NUSC DET Code 131 New London, CT:. Code 332, B-80 (J. Wilcox) New London, CT; Code 4t11 (R B
MacDonald) New London CT; Code 5202 (S. Schady) New London, CT: Code EA123 (R.S. Munn). New
London CT: Code SB 331 (Brown). Newport RI; Code TA13!1 (G. De la Cruz). New London CT
NUWPNTRAGRULANT CMDR. Norfolk, VA
NUWPNTRAGRUPAC Code 334 (Nuc Safe Offr) San Diego. CA
OFFICE SECRETARY OF DEFENSE ASD (MRA&L) Code CSS/CC Washington. DC. OASD (MRA&L)
Dir. of Energy. Pentagon, Washington, DC
ONR Cagle, Pasadena. CA; Central Regional Office, Boston, MA; Code 221, Arlington VA; Code 461,
Arlington VA (McGregor). Code 481. Bay St. Louis, MS; Code 485 (Silva) Arlington. VA Code 700F
2 Arlington VA, Security Offr. Arlington VA
3 PACMISRANFAC HI Area Bkg Sands, PWO Kekaha, Kauai, HI
4 PHIBCB | P&E, San Diego. CA; 1. CO San Diego, CA
. PMTC Code 3144, (E. Good) Point Mugu, CA; Code 3331 (S. Opatowsky) Point Mugu. CA: Code 4253-3,
Point Mugu., CA: EOD Mobile Unit, Point Mugu. CA
POMFLANT Dir Mgmnt Staff. Charleston, SC: Security Offs, Charleston, SC
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PWC ACE Office Norfolk. VA: CO Norfolk. VA: CO. (Code 10}, Oakland. CA: CO, Great Lakes 1L CO,
Pearl Harbor HI: Code 10, Great Lakes, L Code 105 Oakland. CA; Code 110, Great Lakes. IL: Code 110,
Oakland, CA: Code 120, Qakland CA: Code 128, Guam: Code 154 (Library). Great Lakes, IL: Code 200,
Great Lakes 1L Code 200, Guam: Code 30V, Norfolk. VA: Code 400, Great Lakes, 1L: Code 400, Pearl
Harbor. HI: Code 400, San Dicgo. CA; Code 420, Great Lakes. 1L Code 420, Oakland. CA: Code 424,
Norfolk. VA: Code 500 Norfolk. VA: Code S0SA Ouakland. CA: Code 600, Great Lakes. 11 Code 610, San
Dicgo Ca: Code 700, Great Lakes. 1. Code 700, Norfolk, VA Code 700, Sun Dicgo, CA: Dir of Security,
Subic Bay RP: Library. Code 120C, San Dicgo, CA: Library, Guam: Library. Norfolk. VA: Library. Pearl
Harbor. HL; Library. Pensacola. FL: Library, Subic Bav. R.P.: Library. Yokosuka JA: Util Dept (R Pascua)
Pearl Harbor. HI: Culities Officer. Guam

SPCC PWO (Code 1200 Mechanicsburg PA

SUBRESUNIL OIC Scachff. San Dicgo: OKC Turtle. San Dicgo

SUPANX PWO. Williamsburg VA

SWFPAC Sceunty Oftr. Bremerton, WA Wpns Offr (SPB3) Bremerton, WA

IRIREFFAC SCE Bremerton, WA

VA Solar Group, Arnold. Kpoxsille, TN

UCT ONE OIC. Nortolk, VA

UCT TWO OIC, Port Hueneme CA

PETRO MARINE ENGINEERS

US DEPT OF HEALTH. FD . & WELFARE Food & Drug Admin. (A, Story). Dauphin s, AL

US DEPT OF INTERIOR Bur ot Land Mgmnt Code 383, Washington DC: Natl Park Service Code 535,
Wishington DC

US GEOLOGICAL SURVEY (F Dyvhrkopp) Mctairic. LA (R KrahD) Marine Oil & Gas Ops. Reston. VA:
Off. Manne Geology. Pitelehi. Reston VA

US NAVAL FORCES Korea (ENJ-P&O)

USAF HOSPITAL Castle AFB. CA

USAF REGIONAL HOSPITAL Fairchild AFB. WA

USAF SCHOOIL. OF AEROSPACE MEDICINE Hyperbaric Medicine Div, Brooks AFB. TX

USCG (G-MP-3 USP 82) Washington De: (Smith). Washington, DC: G-EOE-2 61 (Espinshade). Washington.
DC; G-EOE-4 (T Dowd). Washington. DC: G-MMT-4 82 (J Spencer)y: Gulf Strike Team. Bay St. Louis. MS:

Lant Strike Team Elizabeth City. NC: Oceanographic Unit Technical Ref Sect. Washington, DC: Pac Strike
Team. Hamilton AFB. CA

USCG R&D CENTER CO Groton, CT: D Motherway. Groton CT: DU Paskausky. Groton. CT: Debok. Avery
Point, CT: S Rosenberg. Groton, CT

USDA Forest Products Lab, Madison W Forest Products Lab, (R, DeGroot), Madison W1 Forest Service
Reg 3 (R. Brown) Albuguerque. NM: Forest Service., Bowers, Atlanta, GA: Forest Service. San Dimas. CA

USGS Gregory. Reston. VA

USNA Ch. Mech. Engr. Dept Annapolis MD: ENGRNG Div. PWD. Annapolis MD: Encrgy-Environ Study
Grp. Annapolis. MD: Environ. Prot. R&D Prog. (). Williams). Annapolis MD: Mech. Engr. Dept. (C.
Wu). Annapolis MD: PWO Annapolis MD: USNA SYS ENG DEPT ANNAPOLIS MD

U'SS ACADIA Repair Officer San Francisco, CAD Weapons Officer San Francisco. CA

USS FULTON WPNS Rep. Offr ("WV-3) New York, NY

USS JASON Repair Officer. San Francisco. CA

USS ORION Repair Officer New York

USS YELLOWSTONE Repair Officer. New York, NY: Weapons Officer. New York, NY

WATER & POWER RESOURCES SERVICE (Smouk) Denver, €O

BROOKHAVEN NATL LAB M. Steinberg. Upton NY

GEORGIA INSTITUTE OF TECHNOLOGY (LT R. Johnson) Atlanta, GA

NUSC DET Library. Newport, Rl

LINEFAST CORP (J. DiMartino) Hotbrook, NY

ROHR IND. INC (D. Buchanan) Chula Vista, CA
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DISTRIBUTION QUESTIONNAIRE

The Naval Civil Engineering Laboratory is revising its primary distribution lists.

SUBJECT CATEGORIES

SHORE FACILITIES

H
2 Construction methods and matenials L.nctuding €orros10n

control, coatings!

Eaptosives salety

Fire prevention and control
Antenna rechnology

WO OO s W

computer techmiguest

Watertront structures [maintenance/deterioration contintl
Utibnies unciuding powee conditinnming)

Construction equipment ang machinery

Structurat analysis and design hinc'uding numer cu' ana

10 Protective canstruction (including harderen sheiters
shochk and vibrat on studies)

11 Soil'rock mechanics
13 BEQ
14 Awrfields and pavements

15 ADVANCED BASE AND AMPHIBIOUS FACIVLITIES
16 Base tacilities linclud.ng shelters, POwet Jeneration, wate supi.lies)
17 Expedient roads/atrtielas/bridges
18 Amphibious operations hincluding breakwaters, wave T cest
19 Over tne Beach operat-ons inciuding contamneri. ation,
mutenel transter, highter age anc cran.s!
20 POL storage transter and distabution

24 POLAR ENGINEERING

24 Same as Advanced Base aond Amphibious il
except hmited 10 COd r@GION eNvIrONMents

TYPES OF DOCUMENTS
85 Techdata Sheets
83 Table of Contents & Indexr

Ro Technical Reports and Techiical Notes

to TDHS

28
29

30

3

32

33

34
35
36

4q)
a8
a9

50
o1
52
£3
54

FNERGY/POWER GENERATION

Thermal conservation (thermal engneering of buildings, HVAC
systems, ene' gy 10ss Mmeasurement, power gengration)

Contiols and electrical conservation lelectrical systems,
energy monitoring and cantrol systems)

Fuef flexsbibity (hquid fuers, coal utiization, energy
trom sohid wastel

Alternate eng -y source {Jeothermat powei, photovoliac
pon et SYSTEMS, s01ar systems, wind Systems, energy stcrage
systems’

Site gata and systemns integration 'enevgy resource datg, energy
corsumpnion datd, integrating energy systems)

ENVIRONMENTAL PROTECTION

Sl waste mandgerrent

Haza duus toxic materdls management

Wastewdter mandygement 3nd sanitary engineering

O pollution remov s and recovery

A pollution

Noise abatement

OCFAN ENGINEFRING

Seatioor sods and toundations

Sedfioor construchion systems ang operations lincluding
diver and mangadiatos 10018)

Undersed strugtures and materials

Anchors ang mouorings

Undersed power aystems. electromechanic 3 cables,
and connectos s

Prossure vessel tacthities

Physical envi:onment Cincluding stte surveying)

Ocean buised concrete steuctures

Hyperbaric chambers

Undersea cable dynamics

B2 NULEL Guide & Updates None -
remave my name

V1 Physicad Secunity
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INSTRUCTIONS

The Naval Cwvil Engineering Faboratory has revised its primary distribution lists. The bottom of the label
on the reverse side has several numbers listed. These numbers correspond to numbers assigned to the list of
Subject Categories. Numbers on the label corresponding to those on the list indicate the subject category and
tyvpe of documents you are presently receiving I you are satisfied. throw this card away (or file it for later
reference).

If vou want to change what vou are presently receiving

® Delvte muarr ot number an bottom ot Laigd

® AJd  ciraie number on i

® Remove miv namie trom wlbvour fsis check boy o i

® Change my ! hrese D outonconract e ndoore cncontacten 1 DO NOT REMOVE L ABEFL).
® Number of copasshooa o eatered o the nfe ot the subrect daregonies vou select
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DISTRIBUTION QUESTIONNAIRE
The Naval Civil Engineering Laboratory is revising its primary distribution lists.

SUBJECT CATEGORIES

1 SHORE FACILITIES

2 Construction methods and materials (including corrosion
control, coatings)

3 Waterfront structures {(maintenance/deterioration control)

4 \Utilities (including power conditioning}

5 Explosives safety

6 Construction equipment and machinery

7 Fire prevention and control

8 Antenna technology

9 Structural analysis and design (inctuding numericat and

computer techniques)
10 Protective construction (including hardened shelters,
shock and vibration studies)
11 Soil/rock mechanics
13 BEQ
14 Asrfields and pavements
1S ADVANCED BASE AND AMPHIBIOUS FACILITIES
16 Base facihities {including shelters, power generation, water supplies)
17 Expedient roads/afieids/bridges
18 Amphibious operations {including breakwaters, wave forces)
19 Over-the-Beach operations {including containerization,
materiel transter, ighterage ang cranes)
20 POL storage, transter and distnibution
24 POLAR ENGINEERING
24 Same as Advanced Base and Amphibious Facilities,
except himited to cold-region environments

TYPES OF DOCUMENTS
85 Techdata Sheets 86 Technical Reports and Technical Notes
83 Table of Contents & Index to TDS

28 ENERGY/POWER GENERATION

29 Thermal conservation {thermal engineering of buildings, HVAC
systems, energy JOss measurement, power generation)

30 Controls and electrical conservation {electrical systems,
energy monitoring and control systems)

31 Fuel flexibility (hquid fuels, coal utilization, energy
from sohd waste)

32 Atlternate energy source {geothermal power, photovoltac
power systemns, solar systems, wind sysiems, energy storage
systems)

33 Site data and systems integration (energy resource data, energy
consumption data, integrating energy systems}

34 ENVIRONMENTAL PROTECTION

35 Solid waste management

36 Hazardous/toxic materials management

37 Wastewater management and sanitary engineering

38 Ol poflution removal and recovery

39 Air pollution

40 Nosse abatement

44 OCEAN ENGINEERING

45 Seafloor soils and foundations

46 Seafloor construction systems and operations (including
diver and manipulator tools}

47 Undersea structures and materials

48 Anchors and moorings

49 Undersea power systems, electromechanical cabtes,
and connectors

50 Pressure vessel faciities

51 Physical environment {(including site surveying)

52 Ocean-based concrete structures

%3 Hyperbaric chambers

54 Undersea cable dynamics
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INSTRUCTIONS

The Naval Civil Engineering Laboratory has revised its primary distribution lists. The bottom of the label
on the reverse side has several numbers listed. These numbers correspond to numbers assigned to the list of
Subject Categories. Numbers on the label corresponding to those on the list indicate the subject category and
type of documents you are presently receiving. If you are satisfied, throw this card away (or file it for later
reference).

If you want to change what you are presently receiving:

Delete — mark off number on bottom of label.

® Add - circle number on list.

® Remove my name from all vour hsts — check box on list.

® Change my address - line out incorrect line and write in correction (DO NOT REMOVE LABEL).
® Number of copies should be entered atter the title of the subject categories you select.

Fold on line below and drop in the mail.

Note: Numbers on label but not listed on questionnaire are for NCEL use only, please ignore them.

Foid on line and staple
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