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ABSTRACT é

The prototype scrubber and augmentation system design-
ed for and operated in Black Point Test Cell Number 1
NARF-Jacksonville has abated emissions to the projected
design level. The engines operated with the system were
the J-79, TF-30, and J-52. Particulate emissions were
reduced to the 0.002-0.005 gr/SCF level. The visible
emissions fell well within the Ringleman 1/2 level after
dissipation of the steam plume. No fallout was evident
during operation of the system. It was further establish-
ed that engine test performance was not affected by the
TESI system.

The scrubber system was mounted on the exhaust stack
of the cell thus obviating the necessity for costly duct-
ing and the requirement for ground utilization.

The size requirement of the scrubber was reduced signi-
ficantly with the use of a new augmenter design that decreas-
ed the induced air to jet exhaust flow ratio from values
in the range of 2:1 to 0.4-0.6:1. This new augmenter can
reduce the augmentation even further, thus providing the
potential of retrofit of existing cells to accommodate eng-
ines larger than now being tested. Sound levels were reduced
by the installation of the scrubber from 6-10 decibels (dBA),
where the original sound level was of the order of 90-95
dBA.

In order to prevent the mere transfer of pollution from
airborne to waterborne, a loop system should be considered
for all installations. The TESI scrubber recovers 74-96% of
the energy of combustion in the engine and recovers up to 95%
of the submicron particulates (up to 1/2 ton/day). Thus clean-
up and cooling of the water with total recycle is necessary
for all installations.
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OVERVIEW: Overall Task

PART 1
Chapter T

The task for this project was established by NAVFAC,
Southern Division, as follows:

A.

General Requirements

The Engineering Service Contractor shall perform
the following services:

s

6.

Determine by field t
ating in its present
pollutants emitted,

ate points in the ce

and ten ratures at

cell 101se leve
flu () othemr
Ee design a
S | to determ

1 tectiveness.

Design a nucleation
augmentation system
abate pollution to a

estiswithtestocelldl 774 oper-
configuration; (a) types of
(b) flow rates at appropri-
I (e operating pressures
appropriate points in the
ls, (e) Ringleman test of ef-
operating data that may be
nucleation type scrubber
ine by post installation test,

type scrubber system and an
foxr the test cell which will
degree commensurate with loc-

al and Federal regulations and which will conform
to other local and Federal regulations (such as
thermal and particulate pollution of water). De-

sign should provide

for use of any materials avail-

able at NARF, Jacksonville.

Erection of the design system, including necessary

alterations.

Accomplish post installation tests necessary to

determine the effect
to establish the val

iveness of the scrubber and
idity of the augmentation for-

mula derived under contract N62467-70-C-0078.

Based upon tests in
accomplish modificat

item 4 above, determine and
ions and/or adjustments requir-

ed to optimize the operation of the abatement sys-

tem.

Retest as necessary
the final system.

to determine effectiveness of
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members of NAVAIR, NAVFAC and NARF-JAX in bringing this
system to its state of operation. As a result of this

aid,
foll

1
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PART 1
Chapter 1
General Requirements (Continued)
7. Prepare a report evaluating performance of the

abatement and augmentation systems and recom-
mending criteria and design parameters to be
used in modifying other existing test cells and
constructing new cells for the abatement of pol-
lutant emission.

NOTES: All tests other than air pollution tests
will be provided by NARF, Jacksonville personnel.
Testing done under this contract shall be accom-
plished by subcontract with an approved firm
with demonstrated capabilities for the testing
involved. The final test in item 6 above shall
be scheduled so as to permit observation by vari-
ous Government representatives to be determined.
Pollution tests will be accomplished as follows:

Test  Befoxre Test Prior |
Any To Final
Modification Optimization Test

J-79-8 X X X
CBC Engine
iProEaEly
Ji=52 5 80) X X

Ehits'-reports Eulfild s Taisk 7

wishes to acknowledge the aid and cooperation of

the task requirements have been exceeded in the
owing areas:

3 engines were tested rather than 2 (by mutual agree-
ment) .

Gas analyses were made to include loadings and parti-
cle size as well as Ringleman.

Gas flows through the test cell were reduced up to
1/2 of the conventional flow.
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PART 1
Chapter 5

OVERVIEW: Summary

Evaluation of the performance of the test system for pollu-
tion abatement of operating effluents from a jet engine
test cell was conducted at NARF, Jacksonville, Black Point
Cell No. 1, during the period from December 1970 through
May 1971. Characteristics of performance were obtained
with the following engines:

i
Jis
B

w3 u
O

T 0
under operating conditions of idle through afterburner
throttle setting conditions where applicable.

The results of the tests are as follows:

Abatement of particulate emissions was achieved for
all engines at all conditions of test to well within
all existing codes and regulations. The system per-
formed in accordance with design projections for par-
ticulate emissions.

Existing codes call for Ringleman 1/2 as emission
equivalent opacity after evaporation of steam. Execu-
tive Order 11282 implies a requirement of 0.0608
grains/cu. ft. Design projection was 0.004 grains/ cu.
Eilers

The effluents from the system were:

J=52 Average 0.0026 grains/cu. ft.
TF-30 Average 0.0017 grains/cw. ft.
J=79 Average 0.0044 grains/cu. £t

The Ringleman equivalent after dissipation of the
steam was below Ringleman 1/2.
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VAR A Reduction in total gas flow in the test cell in the
order to 38-47% was achieved via use of the proprie-
tary augmenter. The reductions in augmentation flows
were as follows:

TABLE 2.1 §

EFFECT OF NEW AUGMENTER ON SECONDARY AIR FLOW

Augmentation Ratio Percent Reduction
in Augmentation ?
i NEW AUG Air with New Aug |
S ] |
J
SHauIp, 30'"D S0 301D ;
I Eiial IThroat Throat Throat Throat 1
|
: 1 2
J=79 Mil 2 .1 106 50
J=79 AJB 1.9 Uaieh 67
TF-30 Mil 1.221 062 0.38 - 49 69
TF-30 Mil 2,12 0.62 0.38 il 82

Forcing cone placed on old
augmenter. The forcing
cone reduced augmentation
50 below conventional op-
eration.

All positions except L' (See Tabile =35}

All at position +2'

(Reading 1.06 - 100% vari-
ation from other four delet-
ed).
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PART 1
Chaptcr 2

(Continued)

Overall flow reduction through the test cell

was :
Reduction in Total Flow - (%)

Large Cone Small Cone

J-ral = Mil 34

J-79' A/B 44

TF-301 Mil 27 38

TE-30" Mil 49 50

1 - Comparison is with forcing

cone on old augmenter.

2 - Comparison with forcing
cone that had been normally
used in the installation.

The objective of flow reduction was the decrease of
size and cost of the abatement systems. The impli-
cations are that larger engines can now be tested
in existing cells if appropriate changes to the
thrust systems are made.

Sound levels were reduced from 6-10 decibels (dBA)
after installation of the scrubber indicating poten-
tial for reduction of installation of high mainten-
ance sound attenuation equipment in test cells where
the scrubber is installed. All data with the scrub-
ber in operation were taken in the northwest quad-
rant and thus included intake noise. The reduction
in sound level, therefore, is considered conserva-
CLEVes:

The test system has been in continuous operation
since April 1971 in stable regime and providing ef-
fective reduction in test cell gas flow, abatement
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Chapter 2

(Continued)

of particulate emissions, and sound level reduction.

Effluent water temperatures exceeded those projected
on the basis of estimated heat transfer coefficients
in the scrubber. Whereas peak effluent water temper-
atures of 145°F had been anticipated, the water ef-
fluent temperature during J-79 A/B operation was 165°F
to 168°F. During military operation for the J-79 (the
hottest engine tested), the temperature rise at the
surface of the river was of the order of 25°F, and 6°F
at 1 foot below the surface at a distance of 40 feet
from the discharge. A mathematical model based on
average of 33% of the time in military throttle and 5%
in afterburner with an average scrubber water tempera-
ture rise over the 5-hour operating period of 13.8°F,
showed a 4°F average rise in river water at a distance

of 100 ft from the discharge point. The actual temp-
erature rise in the scrubber water for this type of
cycle is 26.3°F. Thus, an average rise of 8°F would be

projected.

Although SO, exhaust could be anticipated from the spec-
ifications 6f JP-5 fuel, the sulfur maximum in the fuel
is rarely evident and SO, levels were always below 10
PPM in the exhaust. i

The solids recovered in the scrubber are not consis-

tent in behavioral characteristics. In some cases,
settling rates indicated a 5-25 micron agglomerate as the
major constituent. In other cases, a stable emulsion

was evident. Separation and recycle studies are indica-
ted.




PART 1
Chapter 3

OVERVIEW: Recommendations

Regarding the present installation, it is recommend -
ed that:

3l A prototype cooling tower be installed to provide for re-
circulation of the water through the system and preclude
emission of particulate or thermal pollution into the
ELVET,

S A solids and oil separation system be installed in the
circuit to provide a sludge that can be added to the fuel
in the boiler plant.

Regarding future installations, it is recommended
that: =

5.5 Consideration be given to augmenter design in order to
maintain a minimum 400-500°F temperature in the mixed
jet augmentation air flow prior to quench. A variable
throat TESI augmenter can be used in order to properly
minimize flow for engines of different exhaust nozzle
diameter.

3.4 The slope of the packed scrubber be increased to prevent
breakthrough of water from the sides.

35 Thorough consideration of angle of gaseous emission
from the scrubber with regard to effect on sound levels
be made.

N
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PART 1
Chapter 4

OVERVIEW: Design Parameters, Criteria, and Costs

The size and operation of the scrubber were evaluated
based on the performance of the prototype. As a result
of this study, the following parameters were establish-
eds:

Height of packed section can be increased to 20 feet
without adverse effects on performance.

The size of the scrubber can be reduced from 10% to 20%
based on the Jacksonville unit. Thus the face dimen-
sign of the sgrubber could have been reduced from 960
ftc to 840 ft4, thus reducing the length of the scrubber
from 30 feet to 26 feet.

The scrubber can accept outlet flows in the range of
100 - 450 ft/min and inlet flows of 100-600 ft,/min.
—CUC

Stabiljity was maintained at an irrigation rate of 5-25
GPM/ft< of irrigation area. Fage spray flux was effec-
tive in the order of 1-3 GPM/ft=.

Effective operation is achieved with irrigation with
water in the range of 1-3 GPM per 100 CFM of outlet gas,
as a function of inlet gas temperature.

A demister zone of 1 ft. of 1l-inch Tellerettes is re- ‘
quired. {

Pressure drop of 6 in. w.g. should be considered as a
maximum, although in operations, reliable data indicat-
ed that a maximum of 3-4 in. w.g. occurred.
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The system was designed for 10 in. w.g. static pressure
and was effective.

Top roll turning vanes should be used at the top of the
scrubber.

The maximum operating temperature of the packing should
be 1757 F,

The cooling tower load, based on performance data, was
higher than that predicted because of the high heat
transfer rates. The thermal absorption is a function

of the inlet temperature of the quenched gas. It repre-
sented 83-96% of the thermal value of the fuel burned
when the quenched gas temperature was below 140°F and
74% of the thermal value of the fuel burned at an inlet
temperature of 172°F.

The cost of the scrubber installed, exclusive of pip-
ing and pumps that will vary with the installation and
engines tested, is of the order of 25¢ to 45¢ per ACEM
inlet to the scrubber. This variation is a function

of the dimensions of the stack and the height above the
ground level.

The cost of the cooling tower, exclusive of pumps,
piping, and sump is estimated to range from 0.14-0.25¢/
(Btu/hr) for "average'" design conditions and 0.05-0.10¢/
(Btu/hr) for the responsive proprietary system at the
maximum load cogdition. The ground space will range
from 5 to 10 ft* Pcr 106 Btu/hr at "average'" design and
2 to 4 ft4 per 10° Btu/hr at maximum conditions.
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ChaRter 5

DESIGN CONSIDERATIONS: TEST SCRUBBER

Description:

The TEST Scrubber (Fig. 5-1) is a cross flow nucleation
system (proprietary) that provides for collection of
submicron particulates via the nucleation phenomenon (a
combined process of particle growth via condensation,
improved particulate collision resulting from wetting
via condensation, and codiffusional drag).

The scrubber was designed as two identical reflection
sections mounted with independent supports parallel to
the 20 ft sides of the stack. The overall scrubber di-
mensions are 30 feet long x 20 feet high x 28'6" wide,
including gullwings and sides. The packed sections have
a face dimension of 30 ft x 17 ft and each contained a
4'6" depth of 2-inch nominal Tellerettes followed by a
divider support plate and 9 inches of 1-inch nominal Tel-
lerettes. The 2-inch packing was irrigated with 4000
GPM for each 30-foot section. The water feed is divided
into two components, sprays at 20 PSIG washing the 30 ft
x 17 ft face at the rate of 1000 GPM per section and top
distributors irrigating the 4'6" depth of the 2-inch
packing at the rate of 3000 GPM per section. The 1-inch
Tellerettes (9-inch depth) are not irrigated and serve
as a demister section.

The gas flow (quenched test cell gas) is distributed to
the two packed section faces by turning vanes on each
side of the stack. The face sprays are used for initial
reduction in temperature as well as to protect the pack-
ing from any '"hot spot conditions' resulting from incom-
plete quenching in the augmenter section.

After leaving the packed demister, the gas is directed up-
wards at an angle of 45° by gull wings mounted on the
scrubdver section.

The liquid effluent is collected in sloped bottom troughs
containing baffles to prevent gas bypass. The collected

liquid is discharged by gravity to the river via a seal-

ed underflow weir and an overflow weir.
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The characteristics of the

No. of scrubbers

Type of scrubber

Face Dimension for
Gas Flow, Each
Scrubber

Depth of Packing

Volume of Packing

Grating

Separation between
Recovery and Demist-
ing Sections

Face Sprays

Top Distributor

Top Baffles

scrubber

PART I1I
Chapter 5

are as follows:

)
<

Packed, cross flow,
nucleation

1 § SIS S 7

4'6" - 2" Teller-
ettes for cross
flow nucleation

g9'* - 1" Tellerettes
for demisting

4600 cu.ft. = 2" Tel-
lerettes

770 cuw.ft. = 1" Tel-
lerettes

Polyethylene 1" x 1"
grating with 2" shelves
for strength.

Polyethylene grating
with 1" x 1" mesh cover.

4 each section (4"D) -
g total; 29" long, 8
nozzles per distributor

3 (6"D x 30%) each
scrubber section - 6
total. Each distributor
20 nozzles (120 total)

2 each side, 4 total
26" X 30' each.
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Chapter 5

(Continued)

Bottom Baffles - 6 en l=-foot centers
following full length
of sump with 2' x 4"
notches at deep end.

Bottom Sump - 2 required, 1 for each
scrubber; 30' long x 7'
wide x 1' deep at shallow
end and 3/6' deep at
flooded end - Discharge
through 24" D pipe.

Gull Wings - 4 on each section of
scrubbex - 8 total.
6 x 30" each.
Turning Vanes - 2 each side - 4 total.
2-3' Radius, 2-6' Radius
plus straight sections -
Epoxy painted steel.

Cover Sections - Corrugated FRP -
Fiberglass reinforced
plastic

Pipe baffles (FRP) were added at the top section ot the
existing stack because of severe maldistribution of gas
flow entering the scrubber section. These were placed

on the south end of the scrubber. Baffles consisted of
4' lengths of 3" D FRP pipe mounted on 7-1/2" centers
(Fig. 5-2). The scrubber is independently supported.

The top of the trough is breeched to the top of the stack
by 1/4" thick Neoprene sheet.

R —— t
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PART 11
Chapter 6

DESIGN CONSIDERATIONS: Water System

The water system for the TEST scrubber-augmenter unit
consists of two major components:

1- River water for packed scrubber

2- Fresh water for augmenter

The flow diagram for the system, is indicated in Figure
6-1. The water intake system is shown in Figure 6-2.

River water is pumped at the rate of 8000 GPM (81 foot
head) by a Johnston Vertical Mixed Flow Right Angle Drive
2-Stage Pump, Model F-250, driven by a 250 HP Diesel
Engine , Cummins Model NT 280-1F. The intake of the pump
submerged in the river was placed approximately 250 feet
from the bulkhead, to achieve proper submergence. The 18"
D carbon steel transfer line to the scrubber was approxi-
mately 350 feet long. Flow was measured by a by-pass ori-
fice flowmeter. The discharge from the scrubber was 20'"D
and was placed along the bulkhead discharging at rip rap
into the river at a 260 feet distance from the scrubber.
The displacement of inlet and outlet, 540 feet on an east-
west line and 120 feet on a north-south line, was chosen to
minimize the potential of recycle to the scrubber. No
evidence of recycle was observed.

The quench water was supplied from two (2) 20,000 gallon
tanks with common feed from the station potable water system.
Two pumps were used to provide water under head to the

quench zone, one for the venturi throat spray ring and one
for the diverging section sprays. The pumps were started by
the test cell operator with starter switches in the control
room.

The spray ring pump specifications were:

Ketchum Pump Model 3 ADIO
Head 175 ft.
600 GPM
S0 HP Motor
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6.3 (Continued)

The diverging section spray pump provided by the U. S.
Navy was a:

Ketchum Pump Model 5874
Head 175 §f¢t.
500 GPM
30 HP Motor

The water feed to the augmenter was delivered through
6"D lines with positive shutoffs controlled from the
test cell operating room.
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DESIGN CONSIDERATIONS: Augmenter

The augmenter system (Fig. 7-1)(6'4"D x 12') was design-
ed to provide for reduction of augmentation with minimal
or no physical interference with the flow of the jet.
The flow system was conceived as follows:

Converging throat (25°) as entrance for the jet ex-
haust stream. The throat diameter, 3'0" is 6"
greater than the exhaust bell diameter of the larg-
est engine to be tested.

A minimum horizontal open distance of 1'0" with no
directional structure before the position of the
diverging venturi section (%v7°). The open space
houses the recessed high velocity spray ring and
the remaining annular area for recycle flow.

The recessed annular spray ring is a 6"D pipe roll-
ed to a 4'0" centerline diameter and perforated
with 1/4"D spray orifices (40). These spray ori-
fices direct the flow at a velocity of 80 fps ra-
dially into the jet exhaust stream.

The diverging section of the venturi, expanding at
a half angle of approximately 7°, is hollow and is
perforated with 1/4"D orifices to provide secondary
quench water at 60 ft/sec to 80 ft/sec. The outer
diameter of the diverging section is 4'7', thus
providing an annular cross section between the dij
verging section and the augmenter I.D. of 13.1 ft<.
This represents 41.8% of the total augmenter Cross
section, and is the flow area for the recycle gas.

A recycle circular baffle is placed 1'8" downstream
from the end of the diverging conical section in

wmve —————— - e ey
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(Continued)

order to aid the recycle of the quenched gas. The
flange height is 4" and can act as a baffle. One
additional baffle was provided to increase the
scoop baffle height to 12".

A removable axially located hollow conical core
buster was located with the leading point 6" up-
stream of the trailing edge of the diverging sec-
tion. This unit was placed in the augmenter to
determine the necessity for final breaking of the
jet core. The core buster was 32-1/4"D orifices
for secondary irrigation and quenching.

BASIS OF DESIGN

The objective of this augmenter system (Fig. 7-1) was
to minimize the total gas flow in the exhaust in order
to reduce the capital cost and size of the pollution
abatement system. The secondary objective was to re-
duce the total gas flow with the possibility resulting
that the existing test cells, with thrust bed modifica-
tion, could be used for the new, larger engines that
are adopted by the Navy.

The design and development of this augmenter was based
on the following:

Hypothesis 1: The presence of non-aerodynamic fixed
bodies in the path of the jet exhaust,
as a secondary effect, precludes reduc-
tion in augmentation because of the
turbulence developed. As a result of
turbulence occurring in augmenters with
fixed bodies in the path of the gas
stream, the engine must be blanketed
with secondary air, in the order of aug-
mentation of 1-3, in order to maintain
engine stability.
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The kinetic energy of the exhaust, approx-
imately 1/2 of the total energy in the A/B
range (calculated), can be relieved by en-
trainment, turbulence, or pressure drop

due to friction. The most effective mode
is entrainment combined with friction loss
in an area outside the main flow zone, be-
cause it minimizes reflection of instabil-
ity to the engine. The design objective
was to maintain, as much as feasible, the
entrainment mechanism but to provide it,
not with secondary air only, but with flash-
ing water and an internal recycle. The an-
nular space around the diverging section
was the mechanism projected to achieve both
these phenomena. Based on the cross sec-
tional area of the annulus, the following
internal recycle augmentation rates for the
J=79 were projected:

PABEE S

Effect of Recycle on Augmentation Ratio

Internal
Recycle Recycle Flow Internal
Velocity Augmentation

sfps SEECS lb/sec Ratio

50 655 SRR 029

100 1310 L05.8 059

16E00; 1965 eSS RS 0.88

200 2620 AT 1.08

Thus by air flow recycle alone, assuming
an augmentation ratio of 2.0, reduction
to ratios of 0.92 to 1.71 could be
achieved within the recycle velocity
range of 50 to 200 sfps, provided the
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(Continued)

Hypothesis

3

recycle air is introduced at the venturi
throat. If the recycle air does not re-
turn at the throat, no significant ef-
fect will occur. An additional and major
factor for the reduction of augmentation
is that the recycle flow, entering the
augmenter at the throat of the venturi,
carries unevaporated water in the strean.
If it enters at the periphery of the jet
exhaust, it can flash to a vapor thus
satisfying a part of the need for jet ex-
haust entrainment. This type of augmen-
tation is most desirable because it ful-
fills the system's dual need for thermal
and momentum transfer. The steam augmen-
tation is also condensible and, therefore,
does not burden the pollution control sys-
tem with non-condensible flow.

The problem in design was that the quanti-
tative prediction of the quantity of drop-
let flow back to the throat is, to say the
least, difficult. However, spray orifices
were located near the trailing edge of the
diverging section of the venturi in order
to maximize the recycle quantity.

The air scoop was incorporated in the de-
sign 1n order to maximize the recycle.
The recycle phenomenon should occur be-
cause of decrease of the velocity of the
gas stream as it expands into the diverg-
ing zone of the venturi. Inasmuch as the
ratio of the two cross sections is 2.6,
the system gas flow will have a ratio of
6.7 velocity heads. With a total augmen-
tation ratio of 2 (sum of external, re-
cycle, and flash), an increase in static
pressure of 3 to 5 in. w.g. was estimated
at the trailing edge of the diverging sec-
tion of the venturi. This increase in
static pressure is theoretically capable
of causing a recycle rate in the annular
section as high as 800 fps exclusive of
friction and reversal losses.

o ey
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T2 (Continued)

Hypothesis 3: (Continued)

The air scoops were placed in the augmen-
ter on an experimental basis in order to
aid the turnaround.

Hypothesis 4: The core buster in aerodynamic form was
placed, in removable condition, in the
augmenter if final destruction of the jet
core was required. The maximum jet dia-
meter (J-79 AB) was 28 inches. Under
these conditions, it would naturally dis-
sipate at a distance of 20 feet from the
engine discharge. Inasmuch as the aug-
menter was only 12 feet long, it was in-
dicated that the possibility existed for
presence of the hot core at the termina-
tion of the augmenter.

7.3 AUGMENTER - THEORETICAL EVALUATION

7.3.1 The use for augmentation in the test cell has been justi-
fied on the basis of cooling the exhaust gases from the
jet engines for protection of structure and sound attenu-
ation equipment, cooling of the engine, and stabilization
of the engine. Thus, a large quantity of augmented air
was desired as long as drag turbulence in the cell and
the velocities in the acoustic treatment section were with-
in acceptable limits. However, with the imposition of
the pollution control, the total gas flow becomes criti-
cal because of its effect on capital and operating costs,
and size of the polluticn control system.

7.3.2 The objective of the TESI augmenter system was to minimize
. the non-condensible gas flow without affecting the engine
operation. The theoretical evaluation was made to guide
the achievement of this objective. The following assunp-

tions were made in the model:
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(i) Ideal gas law is valid.
(ii) Energy loss in droplet formation is negligible.
(iii1) Gas leaving the augmenter is saturated with
water vapor.
(iv) Frictional losses are considered negligible
except for the recycle flow.
(v) Gases leave outlet stack at ambient pressure.
TABLE 7-2
NOMENCLATURE FOR AUGMENTER DERTVATION
Augmenting Air:
H Relative Mass Rate, lbm/sec. of augmenting air
Tbm/sec. of engine exhaust
Oa Relative Temperature, augmenting air temp., °R
engine exhaust temp., °R
pa Relative Pressure, ambient air pressure
engine exhaust pressure
Aa Relative Flow Area, flow area for augmenting air
area of engine exhaust
Water:
v Relative Mass Rate, lbm/sec. of water
1bm/sec. of engine exhaust
Tw Temperature of water, °F
A Latent heat of vaporization
Cp Specific heat of water
W
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75,2 TABLE 7-2 (Continued)
Water: (Cont inued)
X Relative Velocity, velocity of water

velocity of engine exhaust

0 angle of water injection with respect to axis of
the augmenter.

Engine Exhaust:

MF Mach No.
Cp Specific heat of engine exhaust.
TF Temperature of engine exhaust, °R
Y Specific heat ratio for engine exhaust
PF Engine exhaust pressure, PSIA
1 Relative ambient pressure, 14.7
S T
E
Outlet Flow:
Y Relative Mass Rate, 1b fsec. of total outlet flow
1bm/sec. of engine exhaust
OO Relative Temperature, outlet gas temperature, °R

engine exhaust temperature, °R

p Relative Pressure, outlet pressure
engine exhaust pressure

A0 Relative area of outlet flow area
Augmenter, area of engine exhaust
A Relative stack area, outlet stack area

area of engine exhaust

o
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7.3.3 (Continued)
Momentum balance:
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Equation for Saturation

Condition:

POpE 760

1n y

= 2T
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(Continued)

The above equations, derived for a fixed geometry and
given engine parameters, are quite general. The vari-
ables in these equations are explained in TABLE 7-2).
The variables - namely pressure, temperature, flow
areas and mass rates - are made dimensionless based
on the engine parameters.

Equations 7-1, 7-2, and 7-3 are conventional mass, mo-
mentum, and energy balances. Equations 7-4 and 7-5
relate the partial pressure of water at saturated con-
ditions as a function of temperature in the range of
130°F-170°F. Equation 7-6 relates the augmenter out-
let pressure as a function of the outlet velocity.
Equation 7-7 describes the pressure drop for recycle
flow assuming non-compressible isothermal flow.

The above equations 7-1 through 7-7 define the simpli-
fied augmenter flow conditions. 1In general, knowing
the geometry and the engine exhaust parameters, there
are eight unknowns:

and n

Thus, it is possible to obtain the values of first
seven unknown variables for an assumed value of the
reeycle. (n).

The major difference between this model and that pre-
sented in the initial report (Cont. No. N62467-70-C-
0078) is consideration of the effect of saturation of
the gas and the recycle phenomenon.

CALCULATIONS

The simultaneous solution of the design equations was
carried out on a computer. The calculations were car-
ried out for the following data:
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7.3.4 (Continued)
(A) J-79-8 MAX A/
Mass flow,
1bm/sec 180
Temperature, °F 3140
Exhaust pressure,
PSTA 36
Engiie nozzle dia. " 30-1/8
Dew Point, °F 80
(B) Ambient air:
Temperature = 80°F
Pressure = 14,7 PSIA
(€) Water:
Temperature = 80°F
Angle of
Injection = 90°F
(D) Outlet =
Stack Area = 80 ft-
(E) Recycle Flow Annulus:
Length: =SS BT
Frictional coefficient =
7.4 DISCUSSIONS
7.4.1 1In the earlier study (Contract No.
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B TF-30-P8 MIL
260
618
28.9
26-5/8
80
Dew Point = 60°F
Injection
Velocity = 80 ft/sec
Pressure at
Qutlet of
Stack = 14.7 BSIA

BEgquivalent dia. - 1.5 Et

0.05 (assumed)

N62467-70-C-0078) ,
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(Continued)

pp. 20), it was established that the air augmentation
could be minimized by manipulation of the augmenter
dimensions. From the present theoretical study, the
effect of changing augmenter dimensions is indicated
in Figures 7-3 and 7-4, and TABLE 7-4).

The decrease in relative augmentation flow area at a
constant outlet area brings about a decrease in aug-
mentation ratie. (Figure 7-3). This effective "close-
coupling'" is dependent upon the engine location with
respect to the inlet cone and the jlet exhaust diameter.
For example, for engine locations away from the inlet
cone, the limiting constant and its magnitude is deter-
mined by the annulus between the engine exhaust core
and the venturi throat, or radial distance to converg-
ing throat (if controlling). Thus beyond a given point,
the distance of the tailpipe from the throat should not
affect augmentation ratios greatly.

Therefore, it is implied that the augmentation ratio
will be vary greatly with change of distance of the
jet exhaust to the throat. This was confirmed with
the TF-30 (TABLE 7-3). However, a 15% to 20% increase
in augmentation was observed in the case of the J-79
(Military firing) at a critical distance change from
14" to the 16! position (TABLE 7-3).

For J-79-8 engine at Max. A/B rating, the engine loca-
tion will be critical in that the limiting augmentation
flow area could be determined by the clearance between
the engine shroud and the inlet cone. With engine core
expansion to a diameter of 33" at the 36’ venturi throat,
the relative augmentation flow area is 0.22 and, conseq-
uently, augmentation ratio was predicted to be about

0.65 (TABLE 7-4). These values of augmentation ratios
are in range of the observed limits (0.55-0.94). (TABLE
7-3). The lower values of augmentation achieved in

test work may be attributed to boundary eddies developing
in the jet enhaust, resulting in an effective decrease of
the augmentation area.

For a constant relative augmentation flow area, the aug-
menter performance with respect to variations in outlet
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diameter is shown in Figure 7-4. As the downstream

outlet diameter increases, the exhaust gases are slow-
ed down and, consequently, the augmentation ratio is
increased. Conversely, it is possible to decrease

the augmentation ratio by decreasing the outlet dia-
meter.

For the J-79-8 engine at Max. A/B condition, the calcu-
lative saturation temperature is in the range of 160° E-
175°F and is relatively independent of the augmentation
ratio. u

At first glance, the theoretical analysis indicates

(see computer results, TABLE 7-4) that for a given geo- :
metry, the recycle ratio does not affect the augmenta- 1
tion ratio. This behavior was observed in the actual

data when the recycle flow was blanked off. Referring
to Figure 7-4, it is seen that the augmentation in-
creases with the increase in the cutlet diameter for a
constant augmentation flow area. Inasmuch as the pre-
sence of recycle flow has an effect of decreasing the
outlet velocity, the total augmentation may increase.
However, with the partial augmentation requirements
supplied by the recycle flow, the induced non-condensi- ‘
ble augmentation may still remain constant. It is be-

lieved that for the recycle flow to reduce the induced
non-condensible augmentation, the injection of recycle

flow must be obtained at the inlet cone such that simul- .
taneous reduction in augmentation flow area is achieved.

Inasmuch as this effect of reducing augmentation area

by the recycle flow was not accounted for in the theoret-

ical model, the theoretical analysis was incomplete and

no augmentation effects were predicted.

In the earlier study (Contract No. N62467-70-C-0078,

pp. 1-6), it was pointed out that the quench input down-
stream of the augmenter forcing cone would not affect
the degree of augmentation. (Figure 7-5). This be-
havior is also established in Figure 7-3, where it is
seen that augmentation ratio is essentially independent
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(Continued)

of irrigation at a constant outlet area condition. Data
obtained by NARF personnel for the TF-30 and J-79 en-
gines indicated no statistically valid decrease in aug-
mentation for the J-79 with introduction of 600 GPM of
quench as opposed to no water and approximately 8% re-
duction (within range of accuracy of the data) for the
TF-30 with the same water variation. (TABLE 7-4).




EFFECT OF TESI AUGMENTER TABLE 7-3
ON TOTAL AIR FLOW

AUGMENTER OPERATION QUENCH AUGMENTER ATR FLOW
ENGINE CONDITION MODE GPM RATIO LB/SEC
s Lo bbb L L ]
J52 =BG 01d Augmenter Military 0 [i=55 411
J52-=P8 New Military 200 1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>