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The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized
documents.

When Government drawings, specifications, or other data are used for

any purpose other than in connection with a definitely related Government
procurement operation, the U.S. Government thereby incurs no responsi-
bility nor any obligation whatsoever; and the fact that the Government may
have formulated, furnished, or in any way supplied the said drawings,
specifications, or other data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any other person or corpora-
tion, or conveying any rights or permission, to manufacture. use, or sell
any patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorse-
ment or approval of the use of such commercial hardware or software.

DISPOSITION INSTRUCTIONS

When this report is no longer needed, Department of the Army organi-
zations will destroy it in accordance with the procedures given in

AR 380-5.

e




(m

)

v

INGLASSIFIED

DEPARTMENT OF THE ARMY
U.S. ARMY AIR MOSILITY RESEARCH &4 DEVELOPMENT LABORATORY
EUSTIS DIRECTCRATE
FORT EUSTIS, VIRGINIA 23604

This report was prepared by Pratt and Whitnev Aircraft, a Divi-
sion of linited Aircraft Corporation, West Palm Beach, Florids,
under the terms of Contract NMAAIN2.T1-.C-0043, The ST? Demon-
strator Fngine IR Suppressor was optimized throuch analyses
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information, A significant IR signature reduction over pre-
vious measurements was predicted and verified by tests.
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(U'y ABSTRACT

The purpose of this program was to optimize the suttace temperature/emissivity
of the ST9 Demonstrator Engine infrared (1}) suppressor to vield the lowest IR
signature possible without additional cooling flow requirements. New IR-
signature analysis computer programs developed by General Dynamics - Pomona
under U. S. Army Air Mobility Research and Development Laboratory (USAAMRDL)
Contract DAAJ02-G9-€-0077 werce used lo conduct an analytical optimization

study. A parametric variation of the temperature and emissivity of the suppressor
wall surfaces, divided into many scegments, permitted the optimum combination

to be chosen, Emissivity-control coatings were then applied to the suppressor
surfaces, and the coated suppressor was tested under simulated engine operating
conditions. The test results showed that a 227 veduction in the IR signature was
achieved, and that the measured signature comparcd favorably with that predicted
by the computer programs.
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Area, in.2 or fl:')'

Pressurce recovery coclficient

Shape, or configuration factor, of radiation heat transfer
Radiant flux intensity, w,’ft“)/sr

Source radiant intensity, w/sr

Spectral source radiant intensily, w/se ‘u

Mach number

Pressure, lb{/in.:2

Heat transfer rate, w

Dynamic pressure, lbl./in.2

Separation distance, in. or ft

solid angle unit of measure, steradian

velocity, ft/sec orin, ‘sce

Emissive power, \\'/t‘t2

Mass flow rate, Ibm/scc .
Angle of swirling flow relative fo axial direction, deg
Surfacc emissivity '

Normal dircction to an incremental surface area
Wavelength, u '

Density, lbm/n"

Angle, deg

SUBSCRIPTS

S s "

>

Denotes emitting surface when used with respect to shape factors
Denotes receiving surface when used with respect to shape factors
Denotes total, or stagnation «ondinons

Denotes suppressor inlet conditions

Denotes suppressor exit conditions

Denotes speettl values when used with 1R-related terminology
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(1) INTRODLCTION

An infrared-suppressing exhaust diffuser was designed for the ST9 engine under

the ST9 1500-shp Demonstrator Enuine Progriun. A\ full-scale, hot-flow suppressor
test rig was then built and tested, with the resulls presented in Reference 1. With
the ST9 suppressor, IR suppression is achieved by blocking line-of-sight viewing

of the turbine, and then cooling all of the surfaces that are visible. Thus, no hot
metal surfaces are visible at any aspect angle. However, reflected radiation is

also impnrtant; i. e., radiation that originates from the turbine and the nonvisible,
uncooled upstream walls of the suppressor that is reflected into the environs by

the visible surfaces, thereby contributing substautiallv to the It signature. The
level of reflected radiation is primarily a function of the reflectivity (or emissivity)
of the surfaces of the suppressor, To minimize rc¢flections, emissivity-control
coatings must be applied to the suppressor surfaces, Thus, the design of an IR
suppressor involves the calculation of not onlv the direct emission, which is a
relatively straightforward process, hut also the reflected radiation, which is
considerably more ¢‘fficult because of the coinplex geometry, and thus re-reflections,
of curved-wall suppressors. Further, it is desirnble to optimize the distribution

of cooling air, in conjunction with emissivitv~contrel coatings, to minimize cooling
air requirements,

New IR-signature analysis computer programs, devieloped by General Dynamics-
Pomona under USAAMRDIL contract (Reference 2), enable more accurate calcu-
lations of reflected radiation, and thus total cmwis<ion, than has heretofore been
possible, Thus, the primary objective of this program was to use these new
computer programs to uptimize the surface temperature ‘emissivity of the ST9 IR
suppressor. The goal was to attain the lowest possible IR signature without in-
creasing the cooling flow, so as not to degrade engine performance.
The 7-month program was divided into three tishs as follows:

I. Analytical Optimization Study

i, Design of Suppressor Modificatuons

{18 Modification and Test of Suppressor

!
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(1Y DESCRIPTION OF DEMONSTRATOR SUPPRESSOIR

The ST9 Demonstrator IR suppressor is =hown i Figure 1, It is Jdegigned to
achieve IR suppression by blocking line of sight to the power turhine with a
curved-wall annular flow path, then cooling all of the visible surfares. Cooling
louvers made of FINWALLTM material, shown in Figore 2, are used to form the
cooled structure for the visible inner (centerhadvy and outer walls of the sup-
pressor. An internal blower mounted on the power turbine shaft pumps the cooling
air from the atmosphere. The front hall of the six partitioned struts serves as the
coolant inlets.

The suppressor test rig shown in Pigures i and 1 was built and tested in the
Demonstrator Program, with the results presented in Reference 1. This same
rig was tested under this contract, The test rig is of flightweight construction
where practical, including the FINWALI conling louvers., The cooling air is
supplied by an auxiliary test stand supply svstem to plenums for each of three
cooled regions: the inner wall, outer wall, and hasze, The individual louvers
are then fed from the three plenums. In this mamner, the coolant flow rate to
the three cooled regions is individually controllable,

The Demonstrator suppressor test rig also includad a high-emissivity coating on
both the visible inner and outer walls to reduce the reflected radiation from the
turbine and the uncooled, nonvisible walls of the suppressor, A high-temperature,
flat-black paint, PTI-404A, was used as the coating, However, problems with the
coating coming off were experienced, primarily when testing unconled, where the
wall temperatures were over 100017,

To accomplish the objectives of this progr.un, the following ground rules were
established:

1. The Demonstrator IR-suppressor geometry, i. e., the aerodynamic
flow path and cooling louver configurations, was not to be changed.

2. The total coolant flon riate was no! to Le increased from the 0, 778
Ib/sec design value of the Demonstrator configuration. However,
the distribution, or split, of the total cooling flow to the three
independently supplicd regions could he varied to obtain maximum
suppression, as long as the variations are accomplished without
hardware changes.

3. The optimization study was to be conducted for the normal-rated-
power (NRDP) setting of the S1'09 Demonstrator Engine, which is 837
maximum rated power (MR,
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(1) DESCRIPTION OF IR SIPPRESSOR Ci'TIMIZA JON COMPUTE G PROGIAMS

The development of new, rigorous computer proprams by General Dvnamics-
Pomona for USAAMRDI. has made the optimization of suppressor surface tem-
perature and emissivity combinations hy computer methods feasible. The
Configuratinn Factors Program (CF D) deck of the computer program provides
the capability of exact geometric simulation of suppressor gecometry, The
radiation calculations included in the Infrared Radiation Analysis Program
(IRAP) portion of the computer program account for the effects of multiple
reflections through the use of the shape factors, which are input to the IRAP
deck after their determination from the CIFDP Jdeck.

CONFIGURATION FACTORS PROGRAM

The basic meaning of shape [actors is explained in Figure 5, This sketch shows
an elemental area dAj of total emissive power W radiating equally in all direc-
tions (diffuse or Lambertian) from one side, with some of its radiation being
intercepted by another clemental area dAj at a distance r from dAj. A line
connecting the two clemental arcas forms the angles ¢4 and ¢; with the normals
n; and 7; to the elemental areas, iespectively.  The heat transfer rate from
dAj to dAj. dQj —§ is directly proportional to the product of the apparent area
of dAj as ‘seen from dAj (dAj coso;) and the apparent area of dAj as seen from
dAj (dA{ cose§). It is also inversely proportional to the square of the separa-
tion distance r. A proportionality term lj, representing the emitted intensity at
the surface of dAj, must be introduced. Thus, dQ; _ ;is

A § . 08 o,
I dAl cos o dAJ ¢ >

in _’l = r2 (])

Since W has been defined as the total emissive power of ('Ai' (IQI = may also
be expressed as

= 9
4Qy _y = WA Fya; - ay @
where FdA; - A 18 deflined as the shape lactor between the clemental areas
dAl and (IAj. gcthng equation (1) cqual to cquation (2) yields
Ak ) ll dAi cos o (I,\j oS °j -
- 9
1 7 dA; dA’ wrl

The definition of a Lambertian radiator st.tes that the total emissive power
W is ¥ times the intensity of the emitted radiation, lence, W = »x 1 substituted
into equation (3) ylclds

L AT )
- (A &
i } rr

dA Fya
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To determine the total configuration factor hetween surfaces i and j in *aguee &)
dAj is integrated over Aj, then dA; is integrated over Aj. The first integration

yields

coso' Cus «pi d\.
dAj F dA f —_— -——--—.—-—-—-’- (Y]
dA; - A i 2
i i A nr

)
and the second integration yicelds

(oS oi Cos 0 dA; d\J
MFs A MNFy f f — ()
S 3 ‘ T

Hence the shape factor from surface i o surface j F” is

cos °l cos ¢ d.'\‘d.»\.

1 ) 1
Fi j ",—‘\’ f f ..2 N

.-\l .-\j

Therefore, the shape factor is, by dofinition, a dimensionless coefficient repre-
sentative of that fraction of the total emitted flux leaving surface i incident on
surface §. TPis is clearly seen by examining the definition of FdA; - dAgin
equation (2), where F is first defined. Equation () rearranged ylel« s )

dQ
dA; = dA; “yia

L (8

where dQ; -} is the heat transfer rate from d to dA;, and WdAj is the total rate
of heat transfer from dAg.

F

The CFP deck calculates shape factors among all suppressor surfaces. The
number of shape factors nccessary to define the geometry is determined by the
number of segments into which the suppressor wall contours are divided and the
number of viewing, or aspect, angles for which calculations are desired. Figure 6
i{s an example of a typical suppressor, illusirating the segment and aspect angles,
The number of segments is determined by the number of zones into which the in-
vestigator wishes to input separate surface temperatures and/or emissivities.
Each segment of the wall contour is defined as a specific gecometric shape or body
of revolution, and appropriate translation, pitch, roll, and vaw inputs position

the segment in the overall suppressor geometry construction, Figure 7 illustrates
the input necessary to define, for example, a dise segment.  Similar inputs are
required for use of any of the geometric options included in the CFP deck.

4
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The degree of accuracy attained in the caleulation of the shape factors is also
affected hy the caleulation grid <ize that is superimposed on each segment,  That
is, the numher of rows avd columns into which each segment is divided is also
input, thus determining the size of the incrcmental areas necessary to calculate
shape factors and ultimately, the accuracy of the final culeulations.  The shape
factor calculations are then basced en the interactions between the individual in-
cremental areas of suppressor segments.  Thus, computational complexity
(i.e., conputer time) is directly proportional to grid fineness, A trade-off study
is necessary to determine the number of rows and columns for the segments; the
usc of an insufficient number of increments results in inaccurate shape factor
calculations, but computer time requirements hecome excessive if the number of
incremental areas is large.

IR ANALVYSIS PROGRAM

When a matrix of shape factors represcentative of the suppressor geometry has
been calculated, the set of shape factors, along with emissivity and temperature
values for cach segment of the suppressor, is input fo the IRAP deck to obtain

the IR signature, An option in the deck allows cooling flow distributions and heat
transfer methods to be input in place of segment temperatures, and subroutines
arc employved to calculate average segment temperatures,  Unfortunately, the
heat transfer calculation techniques presently incorporated in the IRAD deck are
inadequate for this study because different cooling techniques (film, transpiration,
and convection), though considered sceparately, are not considered in combination
in the IRAP deck (the ST9 suppressor emplovs ‘wo cooling methods simultancously -
film and convection). Also, the influence of internal cooling wall geometry on
convection cooling is not treated in the IRAD dech, This precludes consideration
of the fin cffect, flow area variation, and eoolant property varviations associaled
with internal-wall convection cooling. In the optimization study, previously ob-
tained experimental data and heat transfer technology developed under the ST9
Demonstrator program were uscd Lo oblain values of surface temperature for
input to the IRAP deck.

The IRAP deck uscs the input shape factors, segment temperatures, and cmis-
sivity characteristics to generate a matrix of radintion exchange factors, which
define the radiation relationships bhetween all segments of the suppressor.  The
radiant intensitics and the IR signature are then caleulated from the radiation
exchange factors. The radiation exchange factors are defined similarly to the
configuration factors, cxcept that they aceount for multiple reflections in addition
to the dircct radiant heat transfer,

The main output from the IRAD deek is the caleulated IR signature. The input
matrix of shape factors defining the soppressor geometry  and the caleulated
malrix of radiation exchange factors, if desived, are also printed out,  These
factors arc uscful if the offects of intereal radinat heating are desired, since they
define the internal radiant heat transfer as well as the heat transfer rat > to ex-
tornal viewing locations,  The calendated 1R signature is also hroken down into the
percent total and reflected radiation emanating from the individual segments, or
predefined grouped sepments, which is helplul in a detailed analysis of the sup-
pressor., A complete user's manual ianl deek listings are provided in Rererence 3.
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(U) SHAPE FACTOR CALCULATIONS

CONVERSION AND CHECROUT OF COMPUTER PROGRANIS

The CFP and IRAP portions of the suppressor optimization computer programs
previously described were almost completely compatible with the IBM System
360/75 as received. Thercfore, little conversion was necessary. The example
cases included in the optimization program user's manual (Reference 3) were
input and successfully executed, thus verifying the conversion to the programs.

COMPUTATION OF SHAPE FACTORS

The suppressor was segmenled for input to the CFP deck as shown in Figure 8.
The suppressor geometry is mathematically represented by dise sections for
scgments 1, 10, and 11 and by polynomials of revolution for the remaining 12
segments comprising the suppressor. The polvnomial curve fits were formulated
using a least-squares curve-fit computer program with the coordinates from the
suppressor bluepriut (DKJ-5600) input. The resulling equations were also plotted
to ensure that the polynomials were accurate representations of the suppressor
geometry.

To calculate the shape factors, the segments must be divided into rows and
columns, thereby forming multiple fNat-plate clements, The size of the elements
determines the accuracy and computing lime requirements of the CFP calcu-
lations, To determine the optimum number of rows and columns, parametric
cases were run for disc-to-polynomial and polynomial-to-polvnomial shape
factors, with the resulls presented in Figure 9. These dala were obtained by
varying the number of rows and columns, individually, on the emitter section,
while the recciver grid size remained unchanged, The disc-polvnomial shape
factor is ior Scctions 1 and 2 of the suppressor segmentation, and the polynomial-
to-polynomial is for Scctions 4 and 13, These calculations show that for these
segments, a grid sizc of 72 rows and 25 columns is necessary. Based on these
results, grid requairements were chosen for the other segments of the suppressor
based on the type of scction and its proximity (o other sections, which also
strongly affects the accuracy of the shape factor calculations.

Table 1 is a tabulation of the completed shape factor matrix. The zeros in the
table indicate that the surfaces do not have ''line of sight'* between them: hence,
the shape factor value is zero. The five viewing angles that were selected as
being adequate are shown in Figure 8,

Several basic relationships between shape factors permitted a check to be made
on the validity of the calculated Fyj values.  The two most extensively used werc

the following:

Proportionality: l"”Ai Fii'\i
15

summation Rule: 3> ’ By 100
i1
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TABLE 1. (U) MATRIX OF SHAPE FA(

: Viewing A
Areg Segment
{in. =) No. 1 2 3 4 5 6 7 8 9 I
67.4 1 0 0.270 0,110 0.026 0,556 0,046 0 0 0 0
146 2 0,124 0 0.022 0.005 0.641 0,158 0 0 0 0
176 3 0.042 0,018 0 0 n, 161 0,482 0 0 0 "0
172 4 0.010 0,004 1] 0 0.006 0,055 0 0 0 0
193 5 0.194 0,487 0.146 0,005 0.061 0.050 0 0 0 0
155 G 0.020 0,149 0,545 0.060 0.062 0,041 0 9 0 0
94.5 7 0 0 0 0 0 0 0 0 0 0
85.3 8 0 0 0 0 0 0 0 0 0 0
91.8 9 0 0 0 0 0 0 0 0 0 0
51.3 10 0 0 (1] 0 0 0 0 0 0 0
15.9 11 0 0 0 0 0 0 0 0 0 0
107 12 0 0.021 0.363 0.346 0,012 0,040 0 0 0 0
221 13 0 0,013 0.070 0.465 0.008 0,025 0.076 0.006 0,001 0
225 14 0.003 0 0.009 0.119 0.011 0,031 0.279 0.144 0,047 0
206 15 0.001 0 0 0.003 0.008 0.027 0,076 0.196 0.221 0.0

*Row numbers designate suppressor emitter segment.
¢+*Columns 1-15 designate suppressor receiver segment,

Columns 16-20 represent the viewing angies of 0, 15, 30, 45 and 60 deg.
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ATRIX OF SHAPE FACTORS
Viewing Angle Segments *+
8 9 10 11 12 13 14 15 16 17 18 19 2!)___ ]
0 0 0 n 0 0 0.010 0.002 0 0 0 0 0
0 0 0 0 0.015 0,020 0 0 0 0 0 0
0 0 0 0 0.222 0,088 0,017 0 0 0 0 0
0 0 0 0 0,217 0.599 0.156 0.003 1] 0 0 0 0
0 0 0 0 0.007 0.009 0,012 0,009 0 0 0 0 0
9 0 0 0 0,027 0,035 0.045 0.035 D] 0 0 0 0
0 0 0 ] 0 0.177 0.664 0,167 -0,107 0,037 0,009 0 0
0 0 0 0 0 0.015 0.380 0.475 0.191 0.159 0.064 0.016 0,001
U] 0 0 0 0 0,002 0.115 0.496 0.215 0.207 0.173 0,093 0,022
0 0 0 0 0 0 0.073 0.330 0,318 0.283 0,228 0,158
0 Q 0 0 0 0.047 0.330 0,318 0,283 0,228 0,158
0 0 0 0 0,020 0,071 0.102 0.030 0.050 0.041 0.021 0,011 0
6 0.066 0,001 0 0 0.035 0,045 0.124 0.075 0 0,050 0.043 0.022 0,008
79  0.144 0.047 0 0 0.048 0.131 0.043 0.057 0,026 0,047 0,059
76 0.19 0,221 0,018 0.004 0.015 0.080 0.062 0.041 0.016 0.040 0,063
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The summation rule is only valid for segments that are completely enclosed hy
other suppressor scyments, i.c¢., none of their radiant heat transfer can esecape

to the external viewing angles,  This includes segments 1 through 6 of the suppres -
sor. (Sce Figure 8.) Checking the values of the completed shape factors by these
two methods verified the accuracy of the CFP deck caleulations,
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(%) COMPARISONS WITH PREVIOUSLY MEASURED TR SIGNATURES (17)

(1Y To indieate the accuraey of the computer programs, the deck ealculations
were compared with some previously measured IR signatures,  ‘The surfiace
emissivity and temperature data from the electrically heated hatf-scale model
tests and the full-scale ST9 Demonstrator suppressor test programs (ileference 1)
were input to the IRA D deck, along with the matrix of shape factors, The emis-
sivities for these cases had heen previously measured, and the temperatures hal
Leen measured with thermocouples on both the cooling louvers and the uncooled
surfaces of the suppressors. Although large axial temperature gradients occur
on the cooled portions of the walls, there was a sufficient number of thermo-
couples to caleulate average louver temperiatures with rensonable accuracy. How
ever, there is generally more uncertainty in the temperature values for these
cases than in the emissivity values.

() ELECTRICALLY HEATED MODEL COMPARISONS (1)

(V)  During the desiym of the Demonstrator 1R suppressor, a haif-scale electri-
cally heated model of the suppressor was built and tested to help determine the
surface temperatures required 1o meet the suppression goals.  In this rig, clectric
heating coils and water cooling tubes arce intized to the outer surfaces of the
Hastelloy X suppressor walls,  These afford the capahilitv to simulate the axinl
temperature gradients that occewr with the convection /film cooling scheme of the
suppressor without the need for hot exhaust flow,  Hot-parts emissions can there-
by be measured directly, A number of IR signatures were measured correspond-
ing to the simulation of a wide range of coolant distributions to the visible sup-
pressor surfaces, The test program also included tests with and without a high-
emissivity paint applied to the visible suppressor walls, The results of these
tests (Reference 1, Table XII) thus provide the IR signatures attained from a

wide range of surface temperatures and two different visible-surface emissivities.

(S)  The deck predictions, in terms of the agreement of maximum signature
levels, are compared in Table II tor the 2-3 and 3-iu bandwidths, (The 3-5u
data for the unsuppressed test are not presented because the radiometer was
overdriven when this point was recorded.) Although consistently higher than the
measured maxima, the computer program predictions were generallv in excellent
agreement, especially since the uncertainty in IR signature measurements has
been shown to be : 247 (Reference 4), The 2-34 bandwidth predictions are
~onsistently less accurate than the higher-absolute-magnitude 3-54 bandwidth
results, but this inaccuracy is probably due to radiometric uncertainties rather
than deficiencies in the deck. These comparisons are considered to he the best
verification of the IRAP deck's capabilities, since the measured data used in
these comparisons are actual radiometric measurements with no corrections for

exhaust plume emission/attenuation effects,

(8) DEMONSTRATOR SUPPRESSOR COMPARISONS (1)

(U) During the test program, the ST9 suppressor test rig was tested at four
power settings and several cooling flow rates, as well as with no cooling flow.
Suppressed and unsuppressed IR data were recorded with both a broadband and a
speetral radiometer, and hot-parts radiation levels were caleulated for the 2-3u

10
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and 3-5u4 bandwidths by using data recorded in bandwidths where plume emissions
do not occur, (See Reference 1,)

(8)  The results of the IRAP deck predictions for the full-seale suppressor testy
are compared in Table 1. As with the electrically heated madel comparisons,

the 2-34 results show consistently greater variations than do the highe r-magnitude
3-5M values, probably for the reasons stated previously. Note, however, that

the large percentage errors in the 2-34 band are small differences in absolute
magnitude. When the magnitude of the 2-34 radiation is large, as in the unsup-
pressed case, the predicted signature agrees with the measured within ¢' |, These
results further verify the accuracy of the IRAP deck predictions.

(S) A summary comparison of the predicted and measured IR signatures is pre-
sented in Figure 10 for the clectrically heated and suppressor data in the 2-3u and
3-5u bandwidths. For valucs less than 10 w/sr (not shown in the figure), the scatter
attributed to the measurement uncertaintics causes the comparison to hecome

poor. However, the comparison shows that, except for a few isolated points, the
measured and predicted signature lcvels agree within - 20°, » and the vast majoritv

of the points in the 10 to 20 w/sr range are within - 10" of perfect agreement.

The data from 19 to 100 w/sr appear to he randomly scattered ahove and helow

the zero error line, but the values above 100 w /sr indicate that the predicted
signature is conuistently higher than the measured, regardless of aspect angle.

(1)  All of the data comparisons were also prepared as individual polar plots for
each test, and are presented in Appendix 1.

SECRET [Tage 22X _of /ac Pages]




TRUMIPBUOD d X 1T daanjraadwo) st sneyxo 0) [enbo daom s18d) 1Ie 20J saanreaddwdn jjem pajoodu ), .
“IIX Olgel, ‘T 90unaa)oy woaq,

SECRET

] Lt~

0o LANTY |

61

¢t

ot

t1

0S¢

£e

8l

"

i

OLE

yoely

BasEjany pasodxg
faamprudys Jossaaddng
jeuld = danyeaaiwd |

lEM 22100 pastasou)

weig sorung pasod
-x3 "mol4 Bupood
passaadu] o) Buypoods
~231100 aansad

=waj (jey pampay

HITIE FodTpany
pasodxg Yy aan)
=g prossasdking

P 29T [N ST
e U (R B |
SaaEpIn posmixy

im wipepey)
PFMIIYIY e |
Prod

BIAITJIT IJOEMIE Y
1Y - woneipoy
paaaay) eel

danjrullys;
putsaacking

& s AINYEWH 1
passaakinsu )

o1

1

Yibtwpury  qiprepury ipmmpucqg

oot ne-c

rs-¢

Yyepmpueq
we-g

Yipwpuey
ne-¢

qpmpacy

1s91 Jo

ve-2 uondyrasag

404174 uaddad

a§,M —| poPPIdd UMWIXE}

I8/M -[ PIINSCON WNWXCH

«"ON uny

() S1S3AL TIAON dILVIH ATTVOIHLDATA HOd STIAZT Ml

A3LIAANd ANV QIUISVIN WINIXVN 4O NOSIHYVAKWOO (8) ‘11 T4Vl

SECRET

Ig_a_n 23 of /a0




*IIX dlqel ‘1 90ud13)aY woad.,

e Ay ofr2¢

£°6 v°e oLt 061 oct 081 Ppassaaddnsu) ‘qix m“”w.“

Mo
fuljoo) udisa(g

' 9

3

l

SECRET

0 st <o 1 (s S Ynm duix ,es 60°6

o= ) Bmjoo) wnwNely
S ¢°c CIA o ey LY [ xH Y°r it JdUIX v0°L
i .
[ X N0 Suijoo)

5 Ll- = (34 It ty = 101 it dUIX 10°F

tyiprapueg yipimpueq  yjpLwpueg Yyipwpuey Yiptwpuey Yiprwpueg
ne-g¢ -3 ne-¢ -t ne-¢ ng-¢ 1801 JO  *°ON uny

TR KE: RUESREN] IS, M= PI101padd WNWIXE]Y JS/M-f PIINSEIJ\ WnW XTIy uondiaasaqg

(1) S1S3L HOSSTUdd.AS HOLVHISNOINIAG HO4 STIAATT Ul
J3aLold3Hd ANV AIUASVIIN NANIXVIN 4O NOSIIVAINOD () ‘m 319vL




SECRET

(This Page 1 Unctassibedt

(U Using the completed shape fcetor mats, which o tines the suppressor geom-
etry, as input to the IRAP deck of the optimization computer program, a completc
parametric study of the effects of conlant distribution and suppressor surface
emissivities was conducted,

() TEMPERANTURES AND EMINSSIVILIES USED N THE PARAMETRIC STUIMES

Emissivity Vilues

Three levels of enissivity were varicd paramaotrically, The values were chosen to
correspond to known emissivities of three coating candidates that are representa-
tive of a wide range of possible emissivities,  Henee, the study was conducted
with the following emissivities:

Low, ¢ 0,1 (Hanovia Gold)

Intermediate, ¢ 0,5 (Mienesium Zirconate)

High, € = 0.9 (PTI=04A Black Paint)

Surface Temperatures

The temperatures of the cooled segments s a function of cooling flow rate were
determined using the heat transfer techool:-2v developed during the ST9 Demon-
strator engine program, Specifically, the lowv er wall temperature profiles
mecsured during the runs at NRP (9,0i-9, 10) of the suppressor test program
(Reference 1), combined with analvtical predictions, were used to determine the
average heated surface temperature for each louver as a function of the total
coolant flow rate to that region. The ¢nolant flow rates to each of the three cooled
zones were expressed as a percentage of the total coolant flow (which was held
constant), and the average individual louver wal! temperatures were then ex-

pressed in terms of these Mow-rate percentages,

The cooling louver temperatures used 1o the parametrice study arve preseated in
Figures 11, 12, and 12 for the inner wall, outer wall, and hase respectively,
These plots are graphicil representations of experimental and analvtical results
from the previous tests of the suppressor,  In some cases, the analyvtical pre-
dictions did not agree with the measured data, i.e., the predicted curves did not
pass through the measured data points, I these cases, the predicted curves were
simply translated vertically to pass throuygh the data points, so that the extrapola-
tions to smaller or larger coolant flon rat: s could be made with confidence.

This technique was applied to all vooled segments of the suppressor, unless the
analytical and measured data agreed exactly,

Coolant flow distributions for the parametric study were selected such that a wide
range of possible combinations would he cunsidered, However, the overall range

of coolant flow splits was limited by the structural integrity of the cooling air
plenums, which were not designed for high-pressure operation,  Other factora con-
sidered in the selection of the high and low limits for the inner/outer wall distribution

1
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were the wall temperatures attained,  After consider.ation of these factores, (20l
distributions of 10, 20, 30, and 1y were chosen for the mner wall louvery; 50
through 90' in 5 increments for the outer wal! lovvers; and 0, 5, and 10 for
the base. The application of theve coolant Tows to the parametrie studv will he
explained in subsequent paragraphs. Al percentages represent the fraction of
the total design value of cooling airflow, 0, 779 1h/sec,

The temperalwres input for the uneooled segmienls were those measured during the
previous tests, The turbine was simulated as heing ot exhaust gas temperature
with an emissivity of 1.0, This value is wstified when one considers that an the
test rig the turbine is simulated by o straight=pipe section upstream of the suppre<=
sor inlet, the walls of which are rudiating a2 exhaust gits temperatures. This i-n-
thermal cavity in place of the power turbine is vorv nearly representative of a

true blackbody source.

(U'y GENERAL DESCRIPTION OF METHODOLOGY

Onc of many uscful options of the suppressor aptimization computer program IRAP
deck allows the user to input individual segments, ior which separate shape factors
are defined, as a grouped surface, When using this aption, several suppressor
segments ave redefined as a gouper! =y 1 ¢ for vhich single emissivity and
temperature inputs are required, thus cons erving computer and input time,  This
option was utilized in the parametrie study, in which the nonvisible inner and

outer wall segments were cach grouped, thus forming two input regions from five
individual shape factor segments,  Purther, the visible inner and outer walls,

and the base, were considered to be grouped surfaces in the sense that individual
emissivities for these regions were use?, rather than attempting 1o vary each
louver emissivity individurlly, Howcever, 'wse regions were not input to the IRAP
deck as grouped surfiaces, since the optim precludes the ability to input separate
louver surface temperatures. ‘To present the parnmetric results, then, the
suppressor geometry shown in Pigure 1 was used,  Regions 1, 11, and I are the
nonvisible turbine, inner wall, .i.ul outer wall, and vegions IV, V, and VI are

the visible inner wall, base, and outer well,

Using the segmenta*ion by regions :s the defimitiny of the variables for the para-
metric study, there are five regions for which the emissivities must he optimized
(I-VI) and three regions for which the temperatures {cooling distribution) must he
optimized (IV, V, and V1), Furthcrmore, these two variables are not independent
of each other. Hence, the method of determining the optimum emissivity/coolant
distribution values must consider the combined, or interacting, effects of
emissivity and cooling distribution, A complete parametric variation of the terms
described above would result in a total of nearlv a thousand possible combinations,
assuming that an adequate numbher of conting distributions were investigated,
However, it was possible 1o reduce this pumbaer to less than 200 IRAD deck

cascs with no reduction in the total scope of the parametric studv, This was
accomplished by conducting two stdies o de cemine the radiation contributions of
(1) the nonvisible, incooled surfaces, and 2y the visible, cooled surfaces, and
then adding the results,  These two stuthes could e conducted independently be-
causc the radiation emanating frrom ke nonvigible surfaces (regions 1, 11, and 11,
Figure 14), and reflected to the environs by the visihle surfaces, is independent
of the temperatures of the visible surfaces,  Therefore, since the temperatures
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of the nonvisible surfaces remain constant, the reflected radiation can be mini-
mized by simply parametrically varying the emissivities of all suppressor sur-
faces (defined as regions) until a combination of surface emissivities which mini-
mizes reflected radiation is found.

Further, the radiation of the visible surfaces emanating directly to the environs
is independent of the emissivities of the nonvisible surfaces, assuming the effects
of internal radiant heating are negligible. Therefore, a studv was conducted to
determine the radiation of the visible, cooled surfaces by parametrically varying
their emissivities and cooling distributions while the temperatures of the non-
visible surfaces were held at zero. The independence of these two studies reduced
the number of computer runs necessary to conduct a complete parametric study by
more than 807,

Reflected Radiation From the Nonvisil.le Regions 1, 11, and 11

The conditions of this study were as follows:

1. The temperatures of the visible surfaces (regions IV, V,
and VI) were input as zero,

2. Nonvisible surface temperatures (regfons 1, I, and D
were held constant at the value equal to measured tem-
peratures from the Demonstrator tests at NRP,

3. Power turbine emissivity was assumed to be 1,0 for
all cases.

A typical reflected radiation study matrix is shown in Figure 15, Each element
JR;; in this reflected radiation matrix represents the source radiant intensity
prediction for the ith row and jth column emissivity conditions,  Since visible
surface temperatures are input as zero for this study, the results of the JR
matrix represent the true prediction of refleeted emissions from internal sources,
independent of the distribution of cooling flow to regions IV, V, and V1.

Radiation From the Cooled Regions IV, V, and \ i

The conditions of this study were as follows:

1. The temperatures of the nonvisible surfaces (regions 1,
11, and 1) were input as zero,

2, The temperature of region V (the base) was input as a
function of thc cooling flow remaining after regions 1V
and VI were supplied,

A typical study matrix is shown in Figure 16, Each element 1) of the matrix
represents the source radiant intensity prediction for the ith row emissivity
conditions and the jth column cooling flow distribution to regions 1V and V1, i.e.,
the visible portions of the inner and outer will, Note that the pradiation of the
visible base area (region V) has hecn omitted. From examination of the geometry
of the suppressor, it was determined that the base area of the centerbody acts
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only as a specular reflecting surface at aspect angles hetween 66 and 80 deg. The
pmijected visible surface area of the base is relatively small at these large aspect
angles, and it was concluded that the radiation reflected from the base was
negligible. This conclus’on is verified by the sinall values of the shape factors
from segment 15 (the last louver of the ouler wall) to the base segments (Figure 8),
which is indicative of low diffuse reflections,  Since the bhase contributes direct
radiation, the obvious optimum value of emissivity is 0.1, or the lowest emis-
sivity attainablc with coatings. Thus, the only studv necessary for the hase is

the cffect o1 cooling flow, This study was not conducted separately, bul was
combined with the computer runs that comprise the JD matrix. Each column j

of the JI) matrix has a specific percent Wi assigned to the inner and ouier cooled
walls, Obviously, all columns do not total [y ’, The difference represents the
amount of cooling air supplied to the base for that particular case. Thus, column |
computer runs included the base segment temperatures that correspond to 107 base
cooling flow; column 2 included 577 base conling, c'¢. Hence, the JD matrix
elements represent predicted source radianl intonsity levels from all visible sur-
faces, independent of the temperatures and emissivities of the nonvisible surfaces.
The total number of input cases required to generite the JR and .JJ1) matrices pre-
sented above was 189,

Since the radiant intensities of the JIR and D matrices are independent of each
other, they may be systematically added, or combined, into an expanded matrix
that is representative of a complete paramatric studv of all the variables included
in the two constituent matrices. The common denominator hetween the JR and JD
matrices is the region 1V and VI emissivity comhinations, which define the rows
of both matrices; e.g., the radiant intensity predictions in any row i of JR are
compatible with those in row i of JD. The resulting three-dimensional matrix
expansion may be gencralized as JTpkj = JR,; - IDpj for cach row n, column k

of JR, and row n, column j of JD, However, since the objective was to determine
the combination uf emissivities and cooling distributions resulting in the minimum
value of JT, a complete expansion, which would resuit in 972 possible total source
radiant intensities, was not required. Rather, the n inimum, or optimum JTyjk
value, was determined as follows: :

1, The minimum value from cach row of the JR and JD matrices was
selected.

2,  The corresponding row valucs (1R, ¢ JDp) \nininyy, rows 1 to 9
were added.

3. The optimum configuration was then the minimum value from the
resulting nine possibilities.

Since the computer program IRAP deck allows the user to select two bandwidths, JR
and JD matrices were formed for both the 2-3 and 3-5M bands. The complete
matrix expansions for all viewing angles and radiation bandwidths are presented

in Appendix 11, along with the combined optimum for each aspect angle and
wavelength band.,
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(S) OPTIMIZATION RESULTS (1)

(U)  Belore the veflected radiation ¢IR) and direet vadiation (D) matrices were
combined to determine the optimum configuration for the suppressor, sceveral
conclusions were obvious from examining the individuial matrices. The JR

matrix results clearly showed that the cooled outer wall must have a high emis-
sivity to reduce the potentially large reflected radintion emanating primarily from
the uncooled inner wall. In addition, the reflected radiation matrix showed that
the optimized emissivity for the uncooled inner wall vas 0.1, thus further reducing
the reflected radiation. Results of the .JI matrix were not so easily interpreted.
There arc no "obviously optimized” emissivities and/or coolant distributions,
since the emissivity/coolant distribution combinations have interacting effects,
and also because the trends with aspect angle are not consistent, However, it was
clear from the JD results that 5 base flow was slightly superior te the 107,
which was tested in the Demonstrator suppressor program, and the 0., The 0%
resulted in an intolerably large signature from the hase,

(S) Results of the combined matrix are presented in Figures 17 through 20 for
the 15-deg aspect angle. These show typical effects of inner and outer wall
emissivity variations for the four coolant flow distributions, Figure 17 shows that
for low coolant flow rates to the innar wall (resulting in higher inner wall temper-
atures), the emissivity of this surface should he as low as possible, The same
trend [s apparent in Figurc 18, but the effrct of the inner emissivity is negligible,
since the three curves almost converge at the minimum IR level of 21 w/sr, In
Figures 19 and 20, the trend is reversed and the minimwn IR signature occurs when
the visible inner wall has a high emissivity. All of these curves show the desir-
ability of a high emissivity coating on the visible outer wall, since this reduction

in IR signature is due to decreased reflections, vhich are independent of the coolant
distribution. However, because these are for the 15-deg aspect angle only, a
comparison of the absolute levels of these four figures, which would indicate that
the 40/55/5 percent coolant distribution is optimum, is misleading. Nevertheless,
tke relationships represented in these graphs do demonstrate that the optimum
emissivity combinations are not independent of the coolant flow distribution,

(S) Figures 21, 22, and 23 show the IR signature results in the 3-5 4 bandwidth
as a function of aspect angle for the three most promising emissivity combinations.
In each figure, the nonvisible outcr wall emissivity is 0,5 (representative of no
emissivity-control coating - just bare metal), the visible outer wall emissivity (s
0.9, and the base emissivity i8 0.1, Further, the base flow rate is held constant
at 55 inall three graphs., Hence, the only variable factors are the inner/outer
wall percent coolant split (the abscissa of each graph) and the emissivity of the
visible inner wall, which are 0.1, 0.5, and 0.9, respectively. A comparison of
these three figures shows that the emissivilv comhination of 0.9 on both visible
walls (Figure 23) clearly yiclds the minimum IR signature of only 17 w/sr, which
18 26% below the 23 w/sr maxima of the Demonstrator suppressor design.

(8) A comparison of Figures 21 and 23 shows the interdependence of surface
emissivity and coolant distribution, illustrating that these two variables cannot be
"optimized" independently. The optimum coolant distribution in Figure 21 is
17/78 (inner/outer wall percent coolant flow), resulting in a maximuni IR signature
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of 21 w/sr at 0 and 15 deg. The optimum conlant [li~tribution In Figure 23 is 29/466.
Thus, the change in the cooled inner wall emissiviiy Letween these two figures
radically changed the optimum coolant distributica, which illusteates the inter-
dependence of these two variables. This comparison also illustrates that the opti-
mum choice cannot be based on a single aspect angle, but that the overall trend of
the IR signature with aspect angle must be considered,  This is a factor which is also
optimized with the 29/66G percent coolant distribution and the high emissivity
visible walls shown in Figure 23, Using the paramecters defined in Figure 23 as

a starting point, additic al IRAP deck cases were run with small coolant distribu-
tion changes to further 1cfine the IR signature optimization. Figures 24 and 25
present the results with the base flow held at 3", while the distribution to the

inner and outer cooled walls is varied. These results, though slightly higher
overall than those previously presented and showing less sensitivity to the coolant
distribution, are essentially identical to the levels with 5% base flow. Considering
the limitations in the measurement accuracy of hot-parts IR radiation, the
differences observed in the maxima are negligible; however, since the predicted
maximum signature occurs over a smaller range of aspect angles with 37 base
flow, the 29/68/3 distribution was selected as the optimum coolant distribution

for the test program. With less than 37 base flow, substantially higher signatures
result, since the base temperature increases very rapidly.

(S) The optimized IR signature is shown in Figures 26 and 27 for the 2-3 and
3-5 M bandwidths, The measured IR signature from the ST9 Suppressor Program
is also plotted on these graphs for comparison. The optimized design gives a 25%
reduction in the maximum IR signature in the 3-5u bandwidth, and a 13% reduction
in the 2-3u bandwidth, Whereas the maximum signatures previously occurred at
zero deg aspect angle, the optimization yiclds an essentially constant level from
20 to 50 deg. Table 1V shows how the IR signatures were decreased in terms of
the change in emissivity and coolant flow distribution from the Demonstrator
design to the optimized suppressor. The two changes that give the largest signature
reduction are (1) coating the nonvisible inner wall with a low-emissivity coating,
which substantially reduces the reflected radiation, :ind (2) changing the cooling
flow distribution from 22/68/10 to 29/68/3 percent, which substantially reduces
the direct radiation,

(S) After the emissivity-control coatings were chosen, the computer program
IRAP deck was rerun with the actual coating emissivities of 0. 05 and 0. 95. The
results are presented in Figures 28 and 29, along with the signatures based on

the 0.1 and 0.9 emissivities, The trends are the same, at a slightly lower over-

all level in the 3-54 bandwidth and a significantly lower level in the 2-3u4 bandwidth,
resulting (n final predicted signature reductions of 26 and 287 in the 2-3 and 3-5u
bandwidths, respectively. As previously discussed, this maximum occurs over a large
aspect angle, approximately 20 to 50 deg. lence, lhe final emissivity/coolant
distribution values that minimize the IR signature are (1) 0. 05 emissivity on the
uncooled, nonvisible inner wall and the cooled plug base, (2) 0. 95 emissivity on

the cooled, invisible inner and outer walls, and (3) 1 29/68/3 (inner wall/outer wall/
base) percent coolant distribution. The results of the parametric study indicated
that the emissivity of the uncooled, nonvisible portion of the outer wall had no
appreciable effect on the reflected radiation. For this reason, emissivity control
was not deemed necessary for this surface,
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(S) SELECTION AND APPLICATION OF EMISSIVITY-CONTROL COATINGS (U)

(U) Two emissivity-control coatings had to he selected for application to the sup-
pressor, The selections were made hased on the emissivity values of the coatings
investigated under an Army-sponsored program (Reference 2) as being capable of
withstanding turbine exhaust gas temperatures for prolonged periods of time, Of

the coatings recommended for IR suppressors, the highest and lowest emissivity
coatings were selected: the phosphate-bonded ceramic coating for the high-emissivity
coating, and the gold film over a zirconium diffusion barrier for the low-emissivity
coating.

() The recommended surface preparation and coating application techniques
described in Reference 2 were followed to the extent possible with the full-scale
suppressor. However, before the coatings were applied, an application study
using sample coupons of Hastelloy X FINWALL and sheet stock was conducted to
evaluate the use of Hastelloy X as a substrate and to investigate alternate methods
of surface preparation. The best samples were then subjected to a 1200°F exhaust
plume environment for 12 hours to determine their durability under actual test
conditions. There was no change ‘n the appearance of the coatings at the end of
the 12-hour test, thereby indicating the acceptability of Hastelloy X,

(S)  The changes in recommended surface preparation included using a haad-polished
surface preparation, instead of the stipulated electropolishing for the low-emissivity
coating. This change was necessary because the struts and the complex curve

surface of the suppressor precluded electropolishing without significant development
time and expense. Also, after recommended application of the gold film and the

low temperature bake, an additional baking operation at 800°F for 20 minutes was
found to be required to produce a high gloss gold surface, :

(S) The high-emissivity coating was applicd to the suppressor surfaces In
accordance with instruction. The ferric chloride etching process stipulated by the
Army-sponsored coating Investigation for preparation of this coating was not used
because of the possibility of damaging the 0. 005-in. louver material. A grit

blast was substituted, Bend tests and 12-hour exhaust environment endurance tests
of coupon samples indicated that the coating adherence was comparable to that
demonstrated In the Army-sponsored program.

(U) The details of the surface preparation, application, and baking procedures
used are outlined in the following paragraphs. Figure 30 shows how the suppressor
was disassembled to facilitate application of the coatings. The coated suppressor
{s shown in Figures 31, 32, and 33.

(S HIGH-EMITTANCE COATING (U)

(U) The phosphate-bonded ceramic coating was applied to the four cooling
louvers that make up the outer wall and to the three cooling louvers of the inner

wall,
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(8) Surface Preparation (U)

Louver surfuces were prepared as tollows:

1. Mask all surfaces except thosce to be cleanced,

2, Grit blast exposed arcas with No. 90 silicon carbide grit
at 30-50 psig nozzle pressure,

3. Clean any arcas missed by the grit blast with 80-grit silicon
carbide paper, :

4, Wipe all exposed surfaces with cloth dampened with perchlor-
cthylene.

(S) Coating Application (L)

The eeramic coating application is as follows:

1. Pour off excess solvent such that the Sermetal material
to be applied consists of 5077 solvent and 50 solid particles

by volumc.

2 Using a soft camel's hair brush, apply a uniform coat to
surface (coating was applied to the inner wall louvers by
using a spray gun rather than a brush),

3. Allow coating to dry in air for 30 minutes.
4, Bake In air-atmosphere furnace for 1. 0 hour at 300°F.

5. Repeat steps 2-4 four times,

() LOW-EMITTANCE COATING (U)

(S)  Eight coats of zircontum oxide diffuser barrier material were sprayed and
baked on the highiy polished surfaces of the hase and uncooled inner wall. One
coat of gold resinate was then brushed onto both swifaces and baked to produce

a high gloss gold finish.
(S) Surface Preparation (1)

The surfaces were prepared as follows:

1, Remove oxide layer from uncooled inner wall by using a very
fine grade emery cloth.

2, Polish uncooled inner wall and base with buffing wheels and
compound until a mirror-like surface is obtained.

22
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(S) Application of Diffusion Barricr (U)

The diffusion barricr is applied as follows:

1.

5.
6.

7.

8.
9.

Thoroughly mix one part zirconium resinate (Hanovia No. 5437)
with seven parts cineole (eucalyptus oil) by weight and filter
solution to remove foreign particles.

Clean uncooled inner wall and basc with clean cloth dampenced
fn Varsol (refined kerosene) to remove polishing compound.

Remove Varsol by wiping surfaces with a clean cloth dampened
with perchlorethylene,

Spray a very thin coat of zirconium resinate solution on
uncooled inner wall and base,

Air dry for 15 minutes.

Bake part fn a dust-free, air-atmosphcere furnace at 200°F
for 25 minutces.

Bake part in a dust-free, air-atmosphere furnace at 960°F
for 20 minutes.

Vacuum clean saifaces after part has cooled to 140°F or less,
Repeat steps 4-8 a total of cight times,

(S) Application of Gold Film (L)

The gold film is applicd as follows:

1.

3.
4.

5.

Clean zirconium oxide surfaces with cloth dampened in
accetone. Vacuum clean to remove dust,

Brush on onc coat of gold resinate (Hanovia "N") over
uncooled {nner wall and basc.

Alr dry for 45 minutes.
Bake part in dust-free, air-atmosphere furnace at 392°F
for 15 minutcs,

Bake part in dust-free, air-atmosphere furnace at 800°F
for 30 mioutes.
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(1) TEST PROGRAM

MOUNT AND CHECKROUT

The tests were conducted in the D=-32 stand at Pratt & Whitney Aircraft's Florida
Research aand Development Center,  Figure 34 shows the suppressor test rig
mounted in the stand with a swirl generator mounted just upstream of the sup-
pressor. The swirl generator, shown in Figure 33, has adjustable vanes to swirl
the fiow entering the suppressor, simulating the turbine exhaust flow at off-design
power scttings. The downstream end of the swirl generator is Instrumented to
define the flow conditions at the suppressor inlet,

The main air supply for the D-32 stand is compressor bleed air from a J57 slave
enzine. Maximum airflow capability is 15 Ib-sec at 100 psia, which is more than
auequate to simulate the ST9, A JP-d-fucled heater burner is installed in the
main supply line to heat the air before entering the suppressor test rig.  Thus,
through appropriate controls, the flow entering the suppressor duplicated the
engine exhaust flow rate, temperature, pressure, and swirl angle.

Cooling air for the test rig is supplicd by two centrvifugal blowers connected fn
series and regulated by remote-controlled butterfly valves.  The cooling air is
then split into three separate lines: one {or the outer wall, one for the inner wall,
and one for the base. Each supply line has a flow-measuring orifice and a hand
control valve to permit individual control of the coolant flow to cach cooled section

of the suppressor.

All data were taken by manually recording manometer readings for pressure data
and potentiometer readings for thermocouplc data,

Plywood shiclding painted with flat black paint was installed such that rig and stand
parts were hidden from the [lield of view of the radiometers. A sketch of the
shielding relative to the suppressor and radiometers is shown in Figure 36, The
suppressor exit after installation of shiclding but prior to the first checkout tests

is shown in Figure 37,

After completion of mounting and Instrumentation hookup, six hot-flow checkout
tests were conducted at a simulated englne operating condition of 837 MRP, The
test log, precanted in Table V, gives the test conditions for all the tests. Dif-
ferent total coolant flow rates were run in the checkout tests to provide orifice
data needed for setting the total coolant flow at the design value of 0,788 Ib/sec.
During the checkout tests, satisfactoryv performance of the test stand heater
burner, cooling air supply system, and the suppressor was verified by recording
and analyzing all data needed for running the test program. The only irregularities
detected during the checkout tests were that wall temperatures of the base louvers
and the last outer wall louvers were about 100°F lower than predicted, and the
coolant AP had increased over that of previous tests of the suppressor.

’1]
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TABLE V. (U) OPTIMIZED R SUI'PRESSOR T!

Hot Gas Flow Conditions

Power Swirl Total ow v
Setting Argic Flow Rate Temperature Flow Rate Flow
Date Run No. Test Objectives T MRP (deg) (ib/sec) (i 2] Mach No. (1b/sec) (d/
10/11/71  1.01  Test Rig Chechout 3 16 1.08 1030 0.338 0.582 0.2
10/13/71 1,02 Test Rig Checkout 8 18 1.13 1038 0.338 0. 640 0.2
10/11/71 1,03 Test Rig Checkout " 16 .23 1030 0.342 0.483 0.1
10/13/71 1.04  Test Rig Checkout 8 1 7.9 1030 0.381 0.583 0.2
10/13/71 1.06  Test Rig Checkout 0 16 1.0 1030 0.361 0.831 0.2:
10/13/71 1.08  Test Rig Checkout Y 16 7.48 1008 0.431 0.489 0.1t
10/13/11 2,00 | Performance and IR Y 1s .82 1038 0.373 0.528 0.2
1013/ 2,02 | Seneture at 837 MRP 0 16 .07 1038 0.374 0.532 0.2
10/14/71 2.03 Performance aad IR 83 16 17.70 1038 0,268 0, 343 0.2
Signature With Ad-
10/1/11 2,00 | EmeTe o 8 1 .72 1038 0. 369 0.548 0.2
10/18/11  3.01 | Performance and IR 100 21 8.4t 1148 0.416 0.517 0.2
10/18/11 3,02 | Menature at 1005 MRP 2 8.39 1140 0.412 0.529
10/18/71 4.01 | Performance sod IR I 21 652 835 0.281 0.522
10/18/71 4,03 | Siesature at 40% MRP © 21 6.52 ) 0.201 0.814
10/18/11  8.01 | Performance and IR ") ° 1.01 028 0.320 0.518
10/18/11  s.03 | Sensture ol 0% MRP 0 0 1.0 923 0.322 9.821
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1ZED IR SUPPRESSOR TEST LOG

Coolant Flow Condilions

ow w Basc Total Totat
Flow Rate  Flow Rats Flow Rate Flow Rate Temperature  Hot Time
Mach No.  (Ib/sec)  (Ib/sec)  (lh/scc)  (ib/mec) (‘F) {hr) Remarks
0.338 0.552 0.233 0.026 0.811 118 0.5 Test Objectivos Achieved
0,338 0. 6840 0,270 0.030 0. 940 118 1.0 Test Objectives Achieved
0.342 0.453 0.181 9,023 0.687 110 1.5 Test Objectives Achieved
0,381 0,563 0,238 0,014 0.816 90 2.0 Test Objectives Achieved
0,361 0,531 0. 228 0,028 0,792 120 2.5 Test Objectives Achisved
0.431 0, 459 0.192 0. 022 0.673 120 3.0 Test Objectives Achioved
0.373 0.528 0.220 0,028 0.772 138 4.1 Initial Coolant Flow Split Resulted
in High lnner Wall Temperatures
0.374 0.832 0,208 0.025 0,768 110 8.3 and Lo Base Tempersturas
0,368 0,543 0,233 0,013 0.790 110 6.2 Base Flow Reduced and Inner Wall
0.369 0,548 0.234 0.018 0,797 100 8.0  Flow Increased; Test Objectives
b Achieved
0.416 0,517 0.226 0.016 0,739 107 9.3 Test Objectives Achieved
0.412 0,529 U, 228 0.016 0.770 106 9.6 Test Objectives Achieved
0.281 0.522 0,230 0,017 0.769 115 10.7  Test Cbjectives Achieved
0.281 0.514 0,226 0.018 02,756 110 1.0 Test Objectives Achieved
0.320 0.518 0.243 0,016 0,777 100 1.7 Test Objectives Achieved
0.322 0.521 0.242 0.018 0.778 100 12,2 Test Objectives Achieved
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TEST

As shown in the Test Log, 10 hot-flow tests were conducted with the optimized suj.-
pressor. Due to the time required to make a radiometer traverse to take IR data
at five aspect angles, two sets of pressure and temperature data are recorded

for each IR traverse. [In tests 2,01-2,02 at 83, MRD, the optimum coolant dis-
tribution determined in the analytical study, 29768 3 (" to inner wall/outer wall
base), was used. However, the data showed that the base temperatures were ahownt
100°F lower than predicted. Since the predicted IR signature was based on wall
temperatures rather than flow rates, the base coolant flow rate was reduced unti
base temperatures near those predicted were attained. ‘Two additional tests at

837 MRP (2.03-2,04) were then conducted, and are considered the "design point”
tests for comparison with the predicted IR signatire. The temperature of the

last two outer wall louvers still ran somewhat low, however.

Using essentially the same cooling flow-rate distribution developed during tests
2.03-2, 04, tests were run at power scttings of 100, 10, and 607 MRDP, as shown
in the test log. No difficultics with the stand, suppressor, or radiometric equip-
ment occurred during these tests, and the planned test program was thus com=
pleted with test 5. 02,

Alfter completion of the test program, the suppressor was demounted and the
coatings cxamined to determine if any deterioration had occurred. As shown in
the photograph of the suppressor exit in Figure 358, a discolored arca appeared
in the gold coating on the outer hase louver at about the 1 to 3 o'clock position.
Close examination of this arca indicated that the thin gold film had come off
during testing. However, this defect appearced carly in the test program and did
not increase significantly in size after it was irst observed.  Apparently, im-
proper coating application or contamination resulted in poor bonding of the gold
to the diffusion barricr in this area. The high-cmissivity coating, with the ex-
ception of a few small areas where the coating chipped off, showed no deteriora-
tion from the 12 hours of hot-flow tests,  Examintion of the upstream, inlet end
of the suppressor reveiled that a laver of rust-tvpe dust had been deposited all
over the gold-coated surface of the uncooled inner wull, However, removal of
the dust with a cloth showed that the gold film was still in excellent condition,
Photog raphs taken before and after removal of the dust are shown in Figures 39
and 40. Although the dust laver probably increased the emissivity of the coaling,
the good agreement hetween predicted and measured IR signatures indicates that
a major increase in emissivity did not occur hefore completion of the 83 MRP
design point test,
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(U) COOLING SYSTFM PFRFORMANCE

The results of the anatvtieal study showed that the optimum cooling How sphit

was 2976873 (. to inner wall“outer wall bascd, which, for the design total

flow rate of 0. 778 Ih’/sce, transiates to flow rates of 0,230 0,530 0,020 1Y ‘«ec,
However, the analvtical study was based on the surface temperatures predicted as
a function of flow rate, not on flow rate specifically.  The initial tests »howed

that the cooling flow split had to be changed to obtain the surface temperatures
approximating those shown to be optimum in the analvtical study, Unfortuniately,
the resulting wall temperatures were still somewhat different from the predicted,
or optimum, values shown in Figures 41, {2, and 43 for the inner wall, outer
wall, and base respectively. These data, at the design point of 83'7 MRP, show that
the first inner wall louver was cooler than predicted, but that louvers 2 and 3
were hotter than predicted.  The average louver temperatures, shown in Tuble Vi,
differed by 45° to 85°F, The nct effect of these inner wall differences was a
small increase in the IR signature at the low aspect angles where the inner wall

is visible.

The main discrepancy with the outcr wall temperatures (Figure 42) was that the
last two louvers were about 100°F cooler than predicted, resulting in a reduced TR
signature at high aspect angles.  The base temperatures (Figure 43) agreed fairly
well with predicted vilues.

The difference was unexpected since the predictions were based on previous test
data at nearly the same coolant flow rates (Reference 1), The main reason the
tamperatures didn't agree with the predictec valucs is believed to be the grit-
blasting operation (rccommended in Reference 2) used to prepare the surface

of both the inner and outer wall louvers for the high-cmissivity coating. The
force of the 30-psi grit blast could have reduced the cross-sectional area of the
coolant passages by slightly collapsing the 0. 005-in, -thick FINWALL «kin,
Although close inspection of the louvers did not res eal any obviously depressed
areas, a few thousandths reduction can make a large difference in the 0, 040-in,
coolant pagsage height. The increiase in coolant plenum pressures (also listed in
Table VD) required to obtain the desired coolant flow rates supports this belicf,
The very high inner wall plenum pressure was noted immediately during the check-
out tests. It was first thought that the coating (which is a liquid applied by
spraving or brushing) had plugged the coolant passages., Accordingly, all the
coolant passages were then rodded out with a picee of wire. However, onlv
insignificant nlugging was found, and only a slight decrease in the coolant 3P was

achieved.

Since the grit blasting was a manual operation, it is probable that the various
louvers were affected randomly, Thus, the 3 P of xome louvers could have been
more scriously degraded than others, resulting in some louvers running cooler
and some hotter than predicted. (The amount of cooling flow an indwvidual louver
passes Is not controlled; it is a function of {ta cross-soctional arca and the

plenum pressure. )

24

e ygs]  UNCLASSIFIED




UNCLASSIFIED

TABLE VI, (U') STY9 SUPPRESSOR COOLING SYSTEM PARAMETER

COMPARISON
Predicted Mcasured
Parameter Value Value-Run 2, 04

Coolant Supply Temp, °F 120 125
Total Coolant Flow Rate, Ib/sec 0.778 0.797

INNER WALL
Coolant Rate, 1b/sec 0.2310 0. 234
Coolant Plenum Pressure, psia 16.2 18.4
Average Surface Temp - Louver 1, °F 510 435
Average Surface Temp - Louver 2, °F 310 395
Average Surface Temp - Louver 3, °F 395 440
Uncooled Surface Temp - °F 970 990

OUTER \WALL
Coolant Flow Rate, Ib/sec 0. 530 0.548
Coolant Plenum Pressure, psia 15. 6 15,9
Average Surface Temp - Louver 1, °F 430 445

|

Average Surface Temp - Louver 2, °F 465 450
Average Surface Temp - Louver 3, °F 330 455
Average Surface Temp - Louver 4, °F 480 370
Uncooled Surface Temp - *F 850 780

BASE !
Coolant Flow Rate, 1b/sec 0,020 0.015
Coolant Plenum Pressure, psia 14.8 14.9
Average Surface Temp - Louver 1, °F 360 335
Average Surface Temp - Louver 2, °F 350 315
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These results negate the analvtical optimization studv as to the optimum cooling
flow distribution. lowever, the primary objective of atltaining a significant de-
crease in the It signature with no increase in cooling flow was achieved.

The remainder of the test at the other power settings proceeded without further
anomalies. The surface tempereatures, as expected, generally varied directly
with power setting, as shown in Figures 44, 45, and 46 for the inner wall, outer
wall, and base. The onlv exception was the inner wall, which ran cooler at 60"
than at 40';. This is consisteni with the Demonstrator test results, and is due to
the better film cooling achieved with the 0-deg swirl angle at 60°. MRP, With the
high swirl angle of the other power settings, the cooling film discharged from
each louver tends to be washed away and quickiv degraded.  Thus, the 21-deg
swirl angle at 407 power reduces the film cooling effectiveness more than enough
to offset the 90°F reduction in exhaust gas temperature. This effect is more pro-
nounced on the inner wall because it has a severe adverse pressure gradient that
also degrades the film. The fact that the third inner wall louver is film cooled
only also makes the inner wa!l more susceptible lo film coonling effectiveness
changes.

(S) IRSIGNATURE U)

(Uy Infrared radiation measurements were made using a Mark IX spectral
radiometer and a R8K broadband radiometer. The spectral radiometer uses a
variable 1. 6-5.3u filter, and the broadband duta were taken using 2-3, 3-5, and
3. 79-4. Oy filters.

(U} The radiometers were traversed from 0 deg (dead aft) to 80 deg on an arc
approximately 200 feet from the suppressor cxit, with data recorded at five
equally spaced aspect angles for eacn IR signature measured. All radiation
measurements were made at night to minimize the background radiation.

(U) A calibration source made from a flat copper plate 10 in. in diameter was
placed adjacent to the suppress~v. PTH04 paint was used as a high-emissivity
coating on the copper plate, anc calibrated thermocouples were imbedded in the
plate for accurate temperature measurement, Measurement of the IR emissions
of the calibration source was made consecutively with each mcasurement of the

suppressor,
) lzn_ta__quu_c_t_lop Procedures

The radiant intensity of the ealibration source, in units of watts/steradian, was
calculated from its temperature and emissivity using standard grav-bodv radiation
formulae. The responsivity factors of the hroadband radiometer, in units of
watts/steradian/millivolt, were then calculated by dividing the reading of the
radiometer (in millivolts), when viewing the calibration source, into the calculated
radiant intensity of the calibration source for each band-pass filter:

ity = /
Responsivity factor, R Jcnllb vcnllb, w/sr/mv

The spectral data were recorded on a strip chart recorder. Responsivity factors
for the spectral data were calculated by measuring the iwreas under the spectral
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plots for the bandwidths of interest with a planimeter, and dividing the calculated
radiant intensity for the same bandwidths by the measured areas. Spectral data
were calibrated for the 2-3, 3-5, and 3-4uhandwidths.

The source radiant intensity of the suppressor, in units of w/sr, was then cal-
culated by multiplving the readings of the broadband radiometer (in mv) by the
appropriate responsivity factors, and multiplving the areas under the spectral plots
by the spectral radiometer responsivity factors, In this manner, the true radiant
intensity of the suppressor was measured. The atmospheric attenuation did not
have to be corrected because the path length from the calibration source to the
radiometers is the same as the path length from the suppressor to the radiometers.

Since the measured emissions in the 2-3 and 3-5u handwidths include large plume
contributions, hot-parts emissions were calculated using the 3, 79-4.0 and 3-4u
data, where the exhaust plume emissions are negligible, This was accomplished
using standard blackbody radiation formulae to caleu!ate an effective temperature
for the suppressor from the emissions in these two bandwidths, This effective
temperature was then used to calculate the hot-parts radiant intensity over the 2-3
and 3-5u bandwidths, Because the broadhand and spectral calculations are based
on data from different handwidths, the answers do not agree exactly: they are only
an approximation of the "correct' answer. The spectral values are considered
more accurate, however, since large absolute levels are used in the extrapolation.
This same procedure was used in the ST Demonstrator program, and is described
in detail in Reference 1.

In addition to the bandwidth radiation calculations described abhove, the spectral data
were used to calculate the spectral distribution of the emissions. The calibration
technique described above was used, except that the absolute levels (height) of
the various wavelengths on the spectral plots were used to calculate responsivity
factors, as opposcd to the areas used for the bandwidth calibrations. Standard
gray-body radiation formulae were used to calculate the calibration source emis-
sions at the specific wavelengths, and these values were divided by the measured
heights on the spectral plot at the same wavelengths. A bandwidth of 0. 14 was
used for wavelengths other than the plume emission handwidths around 2. 7 and
4.3u, where increments of 0. 054 were used to better define the steep slopes of
the plume emission spikes,

(S) Test Results (1)

(U) The measured IR signature of the optimized suppressor (s compared with
that of the original Demonstrator suppressor design in Figures 47 and 48 for the
2-1 and 3-5u4 bandwidths at the design point of 837 MRP, Thoesa data show that
the optimized suppressor gave a reduction in the IR signature of 227 or more in
both bandwidths, which is a significant reduction, cspecially since it was attained

with no degradation in engine performance.

(S) The measured IR signatures for the two bandwidths are compared with those
predicted from the analvtical studv in Figures 49 and 50. These data show that
the measured IR signature is slighlly higher than the predicted signature at aspect
angles between 0 and 10 deg, At aspect angles (rom 130 to 90 deg, however, the
measured IR signature decreased considerably more rapidly than did the predicted
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signature. The reason for this is the measured wall temperature distributions
(Figures 41 and 42), which show that the temperatures of the last two outer wall
louvers were lower, and the temperatures of similar inner wall louvers higher,
than those predicted and used in the optimization study. Since the last two outer
wall louvers contribute most of the IR signature at high aspect angles, the reduced
temperature of these louvers reduced the radiant intensity at high angles. Con-
versely, the increased inner wall temperatures increased the signature at the low
aspect angles. The IRADP deck was therefore rerun with the measured values of
wall temperature; the results are presented in Figures 51 and 52, The agreement
is much better, and these results verify the accuracy of the IRAP deck.

(S) The spectral data for the 837 MRD tests were also reduced to obtain curves
of source spectral radiant intensity (w/sr/u), as shown in Figures 53 through 57
for all five aspect angles recorded. Because the measurements were made at a
distance of 200 fect from the target, the intervening atmosphere significantly
attenuated the measurad emissions in the HoO und COg bandwidths around 2.7 and
4.3u. Therefore, the readings received at the radiameter for these wavelengths
were nearly zero for the target and zero for the calibration source. Because of
these low levels, the radiometer data in these regions cannot be considerced valid;
therefore, only dasbed lines are shown in the figures near the plume emission
peaks at 2.7 and 4.3 u.

(S) The blackbody radiation curves superimposed on the spectral traces of
Figures 53 through 57 illustrate the method used to ealeulate the hot-parts radia-
tion. These curves are for the effective temperature corresponding to the
radiation between 3. 0 and 4. 0 4, where plume emissions are negligible, and the
radiation can be attributed to hot parts alone. The blackbody curves are then in-
tegrated from 2-3 and from 3-5u to obtain the hot-parts radiation for these band-
widths, Note that the blackbody curves agree reasonably well with the measured
data in the 3-4p range. The agreement is not exact because the radiating hot
parts are not actuallv at a constant temperature, and there is also reflected radia-
tion emanating from the much hotter uncooled portions of the suppressor.

(S) The IR signature at 1007 MRP is presented in Figures 58 and 59, along with
the results from the Demonstrator suppressor. The IR signature from the opti-
mized suppressor is higher than that of the Demonstrator suppressor at aspect
angles between 0 and 20 deg and lower at angles greater than 20 deg. The in-
crease in IR emissions at low aspect angles was caused primarily by the high base
temperature, which was 500°F during the test at 1007 MRP. This was caused by
the reduction in base cooling flow from 0,08 to 0,02 lh/scc. This optimized the
IR emissions at 837 MRP, but it is not an optimum coolant distribution at 100’/
MRP, as might be expected.  The optimum cooling distribution for the suppressor
is obviously dependent on the power sctting, i.c., the exhaust gas temperature at
which the optimization is conducted,

(S) Similar comparixons of IR signatures from the optimized suppressor and the
Demonstrator suppressor are prescented in Figures 60 and 61 for the 407 power
sotting and in Figures 62 and 63 for 60'. MRP, These data are the total measured
emissions, i.e., including the contributions of the plume. The comparisons show
that the emissivity/coolant distribution optimization made only a small improve-
ment in the maximum IR levels.  This is because the reduction in the temperature
of the nonvisible surfaces and the turbine at low power settings reduces the reflect-
cd radiation to a small percentage of the total,  Thus, the reduction due to emis-
32
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sivity control coatings is much less, The trend of lower emissions at high aspect
angles occurred because of the lower-than-expected temperatures of the last two
outer wall louvers, consistent with the results at 837 and 1007 MRP,

(U) In general, the emissivity/coolant distribution optimization resulted in
significant reductions in IR emissions at the design point of 837 MRP, lesser
reductions at lower power settings, and an increase in the maximum signature
at 10097 MRP., Thesc results, which clearly demonstrate that the optimum con-
figuration is a function of the power setting, indicate that future optimization
studies should also consider the engine operating regime, i.c., range of cxhaust
gas temperatures, as a criterion for choosing the optimum emissivity/coolant
distribution values.
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(This page is Unclassified)
() AERODYNAMIC PERFORMANCE

The acrodynamic performance of a diffuser is measured by the ratio of the slatic
pressure increase from the inlet to the exit of the diffuser ( p, = py) to the inlet
dynamic pressure (qq).  This ratio is termed the pressure recovery cocfficient,
Cp:

c D, - I)’ '
————— 9
p a 9

The numerator of this cocflicient is determined by assuming that the exit pres-
sure pg of subsonic flow exhausting to the atmosphere is equal to ambient pressure,
and by calculating an average of the measured inlet static pressures (py). The -
determination of the denominator, ¢y, given by

ap = ptl =Py (10)
requires an average inlet total pressure (Pgy). Values of P, are computed from
measurements of the two inlet iotal pressure rakes, which implies that the con-
ditions at the rake locations are representative of the conditions around the entire
inlet annulus. This was not the case, however, for some of the tests in this pro-
gram apparently because of inaccurate settings of the individually adjustable swirl-
generator vanes. This was determinced by comparisons of qq with a dvnamic pres-
sure computed from the measured mass flow rate for cach test assuming a uni-
form flow across the inlet. The mass-flow dvnamic pressure, fjow. Was com=
puted from the relations

v - ‘:V/(DAI cos a ) an

and
2,

q pV/2 - (12)

as
Q 2 1
Gow  (2/2(%) (—2 > (13)
Cos a

Note that a correction for swirl angle, cosa, has been included, since W/pA
represents only a mass-average axial component of velocity.

A comparison of qq,,, and q, for any test should show that q; > qg . This is
because dynamic pressure {8 a function of the square of the velocitvi a nonuniform
velocity profile, thercfore, has a higher dvnamic pressure than the same average
velocity with a uniform profile. In other words, it takes more energy to drive a
nonuniform flow through a duct than a uniform flow,

34
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In general, the ratio ql/qn has varied between 1,01 and 1. 15 during previous
small-scale and full-scale dMruser tests. Occasionally, values of ‘ll/"ﬂow he-
tween 0.9 and 1.0 occur because of circumferential distortions in total pressure.
In these cases, the inlet total pressure rake is located in the wake of a swirl vane
and the recorded total pressures are less than the circumferential average.
Therefore, a q1/qpow <1.0 is the result,

A tabulation of Cp's (based on ¢(;) and ratios of q /q" w is given in Table VII for
all tests of the coated suppressor and for selectec :es?s conducted at the same
power settings during the Demonstrator program. All tests of the coated sup-
pressor at 83" MRP had q,/qg) 4 Values less than unity and Cp's about 67 higher
than the value used in the Demonstrator program from test 9.10 (Cp = 0.62), This
indicates that wakes from swirl vanes impinged on one, or both, of the installed
inlet total pressure rakes. However, the good agreement of these data with the
average q)/qgow from Demonstrator tests 9,01 and 9, 11 (ql/q“ w = 0.98) in-
dicates that a similar problem existed in some of the Demonstralor tests. Since
the swirl vane angle was reset between Runs 9,01 and 9,11 to repair a broken
swirl vane, a slight change in swirl vane angle could have occurred. Hence, the
large variation in q,/q low €xperienced in the Demonstrator program was probably
due to shifting of wa eliocntions relative to the rakes. In this coated suppressor
program, where swirl vane angle was not changed between runs 1.01 and 2, 04,
only small variations in Cp and q1/qgow (2tributable to record.ng accuracy)
occurred during those tests, Therefore, the relatively high Cp's at 837 MRP

are attributed to wakes impinging on the towl pressure rakes.

In tests 3,01 and 3. 02, the roated suppressor was tested at conditions simulating
1005 MRP. Table VII shows a large reduction in Cp (nearlv 407) from that obtained
at 837 MRP. This was expected because a similar loss occurred in the Demon-
strator program caused by large wakes from the flow separation from the six
struts due to the high swirl angle (21 deg). llowever, the coated suppressor per-
formance (Cp = 0.408) was about 107 below that of the average of Demonstrator
runs 7.03 and 12,02 (Cp = 0,453). These dilferences in Cp can be explained by
analysis of the variation of Cp with swirl angle in Figure 64, which shows the
variation in the Cp of the coated suppressor as the power setting is increased
from 40 to 100" MRP. Note that Cp drops very rapidly between 83 and 1007
MRP even though swirl angle changes onlv 5 deg.  Thus, in this area, a small
variation in swirl angle produces a large variation in Cp, It is estimated that the
accuracy of setting the swirl vanes is about + 1.0 deg. As shown in Figure 64, a
1.0-deg error on cither side of 21 deg would result in Cp values ranging between
0.32 and 0.50, or a 227 variation about the average, This indicates that the
differences in Cp probably resulted from errors in swirl angle setting,

At 40" MRP, both Cp and q1/qgow are very close to the average hetween tests
8.01 and 11,01 of the Demonstrator suppressor, as shown in Table VII. Note
that the Cp at 407 MRP is about 207 higher than that obtained at 1007 MRP, al-
though the swirl angle is the same at both power settings.  This is because the
inlet Mach number at 407 MRP is abhout 0,28, while at 10077 MRP it is 0.41, as
shown in Table V. [Previous data from the Demonstrator program and from scale
model tests have shown that Cp losses increase with 1\1l at high swirl angles

[
(Reference 5).

UNCLASSIFIED  rpssersrrmwes




—t

pr————— s — e ———e

TABLE VIl (U) AERODYNAMIC PERFORMANCE bA’l'A
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Coated Suppressor

Demonstrator Suppressor

Swirl
Angle Run Run
% MRP (deg) No, Cp ql/qﬂow No. Cp ql/qflow

83 16 1.01 0. 643 0,977 9.01 0.714 0.917
83 16 1.02 0. 647 0. 964 9.10 0. 624 1.051
83 16 1. 03 0. 637 0. 967 9.11 0. 622 1. 056
83 16 1. 04 0. 664 0. 988
83 16 1. 05 0. 661 0. 950
83 16 1. 06 0. 665 0. 956
83 16 2.01 0. 662 0.973 9,01 0.714 0,917
83 16 2,02 0. G061 0. 959 9.10 0. 624 1. 051
83 16 2,03 0. 655 0. 999 9.11 0. 622 1. 056
83 16 2,04 0. (58 0.989

100 21 3.01 0.407 1. 080 7.03 0. 385 1. 148

100 21 3.01 0.408 1. 079 12,02 0.520 1.023
40 21 4.01 0. 504 1,083 8.01 0.459 1. 144
40 21 4,02 0.507 1.079 11,01 0.560 1,012
60 5.01 0. G419 1. 140 10,01 0.571 1,121
60 5,02 0. 648 1. 117 14.01 0. 564 1.118

K1H
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The last two data points presented in Table VII (runs 5,01 - 5, 02) were obtained
at zero swirl angle simulating 60'/ MRP, These results show that the Cp from
the coated suppressor was 14°/ higher than Demonstrator Cp's from runs 10,01
and 14,01, Although q /quow from the coated suppressor is higher than at other
power scttings, these data show good agreement with ql/qﬂo data from the
Demonstrator tests, The reason for the higher performance is not known, but in
general, performance losses in suppressors can be attributed to two effects:

(1) flow separation due to too much curvaturce of the walls or too high an angle

of attack on the struts, and (2) total pressure losses due to wall friction. Since
the swirl angle was zero in runs 5.01 - 5,02, stall of the struts should not have
occurred. However, a reduction in surface friction due to modification of the
uncooled inner wall from a relatively rough, oxidized surface to a highly polished
surface could produce highcr performance; ¢. g. . a previously undetected area of
separation could have been eliminated by reduced boundary layer thickness, or a
lower total pressure loss could have resulted from reduced wall skin friction,
Either of these effects would tend to raisc Cp without affecting q;/qq,,,. Hence,
the improved performance at 60 MRP could be duc to reduced surface friction
of the uncooled inner wall.

The above results suggest that greater accuracy in Cp data would have been
possible if a better swirl generator had been available.  Several improvements in
swirl generator design wouid improve accuracy: (1) connect all swirl vanes to a
synchronizer ring having a vernier adjustment capability, and (2) use airfoil-
shaped swirl vanes rather than the flat shect-metal vanes currently used. Al-
though an increase in complexity and cost would result, these changes would
reduce Cp errors by improving swirl angle repcatability and reducing the size of
wakes off swirl vanes. Ingenecral, the differences in Cp data between the coated and
Demonstrator suppressor discussed above would have a negligible effect on
engine horsepower. For the ST9 Demonstrator Engine, a 507 reduction in Cp
results in only a 2,07 loss in shp or sfc. Therefore, the greatest differeace in
Cp between Demonstrator and coated suppressor tests (a 147 increase at 607
MRP) would affect shp and sfc only about 0.5 .
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M) CONCLUSIONS AND RECOMMENDATIONS

CONCL USIONS

ll

2,

5.

6.

The objectives of this program were met. A significant reduction (22'.) 1n
the maximum IR signature at normal rated power (83', MRP) was attained
through optimizing the surface lemperature/emissivity of the suppressor.

There was a smaller reduction in the maximum IR signature at the lower
power settings, and an increase at 1007 MRD,

The CFP and IRAP decks provide an accurale and reliable means of pre-
dicting the IR signaturc o’ an infrarced suppressor when surface emissivities

and wall temperatures are known,

To minimize IR emissions at any viewing angle, a parametric study involv-
ing complete variation of emissivities and cooling flow distributions is de-
sirable. The method of minimizing the reflected and direct ¢cmissions
separately significantly reduces computing requirements necessary to opti-
mize emissivity/coolant distribution values, and mayv be applied to any sup-

pressor design.

Both the high and low emittance coatings used in this program showed good
durability under simulated enginc exhaust conditions. Use of emittance-
control coatings on internal surfaces of an IR suppressor will reduce the IR
signature with no increase in total coolant flow, weight, or complexit;.

Periodic cleaning of coated surfaces may be required to prevent increases
in IR signature due to accumulation of dust or other deposits on low
emittance coated surfaces,

Application of coatings apparcntly increased acrodynamic performance at
zero swirl, but had little cffect on performance at swirl angles between 16

and 21 deg.

RECOMMENDATIONS

1.

2.

An analytical study should be coaducted with increased total coolant flow
rate (through a redesigned cooling louver svstem) to reduce the IR
signature to the levels required of more advanced suppressor designs.

Infrared suppressors should be optimized such that the selected cooling
flow and emissivity distributions provide the minimum IR signature at
all power settings rather than at onlv one power setting.
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Figure 1. (U) ST9 Demonstrator IR Suppressor.
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Figure 2. i'; INWALL™™ Louvers.
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Figure 3. (U) ST9 Demonstrator IR Suppressor Test Rig.
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Figure 5. (U) Basic Lambertian Radiation Geometric
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Figure 6. (U) MNlustration of IR Suppressor Optimization
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Figure 7. (U) INlustration of Geometry Input to IR Sup-
pressor Optimization Program CFP Deck.
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Figure 8, (U) ST9 Suppressor Segmentation for C FP Deck.
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Figure 14, (U) Suppressor Optimization Computer Pro-
gram IRAP Deck Output Regions.
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Figure 15. (U) Study Sct I - Reflected Radiation, Suppressor
Surfaces I, 11, and II].
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Figure 16. (U) Study Set 11 - Dircct Radiation, Suppressor
Surfaces IV, V, and V1.
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Figure 17, (S) ST9 Suppressor IR Signature in 3-5u4 Band-
width for Various Visible Surface Friasivities
With 10/85/5 Coolant Diatribution (U').
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Figure 24. (S) ST9 Suppressor IR Signature in 2-3u Band-
width for Changes in Coolant Flow
Distribution (U).
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Figure 25, (S) ST9 Suppressor IR Signature in 3-54 Band-
width for Changes in Coolant Flow
Distribution (1').
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Figure 28. (S) ST9 Suppressor Optimized IR Signatures
in 2-3u Bandwidth for Actual Coating
Emissivities (U).

Figure 29. (S) ST9 Suppressor Optimized IR Signatures

in 3-54 Bandwidth for Actual Coating
Emissivities (U).
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Figure 33, (U) ST9 Suppressor Coated Outer wall.
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Slave Engine

Figure 34. (U) ST9 Demonstrator IR Suppressor Test Stand
. Installation

AN D } Are n Inch

Figure 35. (U) ST9 IR Suppressor Test Rig Swirl Generator
Section
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Figure 36. (U) ST9 Suppressor Test Setup and Layout Showing
Method of Recording IR Data
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(U) ST9 Suppressor Mounted on Test Stand Before
Testing.
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Figure 47. (S) ST9 Suppressor IR Signature Comparison in
2-3u Bandwidth (U).
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Figure 48, (S) ST9 Suppressor IR Signature Comparison in
3-54 Bandwidth (1),
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Figure 49. (S) ST9 Suppressor IR Signaturc Comparison for
Predicted Surface Temperatures in 2-3u
Bandwidth (U).

N
SoLlig
SEU

Figure 50. (S) ST9 Suppresaor IR Signatures for Predicted
Surface Temperatures in 3-54 Bandwidth (U).
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Figure 51. (S) ST9 Suppressor IR Signature Comparison for
Measurced Surface Temperatures in 2-3u
Bandwidth (U).
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Figure 52. (8) ST9 Suppressor IR Signature Comparison for
Measured Surface Temperatures in 3=-5u
Bandwidth (1),
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Figure 53. (S) ST9 Suppressor Spectral Intensity at
Zero Deg Aspect Angle (U').
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Figure 54. (S) ST9 Suppressor Spectral Intensity at
20 Deg Aspcct Angle (U).
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Figure 55. (S) ST9 Suppressor Spectial Intensity at
40 Deg Aspect Angle (U),
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Figure 56, (S) ST9 Suppressor Spectral Intensity at
60 Deg Aspect Angle (U).
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Figure 57. (S) ST9 Suppressor Spectral Intensity at
80 Deg Aspect Angle (U).
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Figure 58. (S) ST9 Suppressor IR Signature Comparison
at 100% MRP, 2-3u Bandwidth (U).
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Figure 59. (S) ST9 Suppressor IR Signature Comparison
at 100% MRP, 3-5u Bandwidth (U).
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Figure 60, (S) ST9 Suppreasor IR Signature Comparison
at 40% MRP, 2-3u Bandwidth (1"),

74
| F_u‘o 8y _of /a0 h‘!q SEcm




NS T

Doy,

tter Optimizetion
llllllllll ion
N\
60 45
SP| deg (0 18 Dead Af)
gu (S) S ressor IR Signature Compa
P, 3 Bandw (V)

o :D'ANTE'N:ENSITV
\‘:‘*»'.':"'"'l}

J T

v
%

‘\

bl
ASPE deg {0 deg 1 Dead
gure (8 ST ressor Compa
RP, 2 th (1)



SECRET

oﬂo
uo §399§J3 3j3uy |11mg puE
‘oN Yoy Jossalddng 61S (n) °p9 eandig

T "J1ONY THIMS INIONT 03LVINWIS

Lo

L
o

Fyl
=1
dq ‘A¥IA0D3Y 3IWNSSIHJ

o
a

0E [+ oL (4] ol 174 ot
(T3] oot v
iwo 1 O
ZEo 09 O —
2o o O
___... _.__:..w_. PoUAS
[ |
1 u w abuey) Bep 013
\ v wouyg Bunrsay
. dy i uonrue s,
r r i
/V‘.l..ll Hw ¢
_-.I.I.rﬁ.l‘

~
-]

*(n) Yipjmpueg rS-¢
‘JUIN %09 18 vosjacdwo)
eamrudis Y] Jossaaddng 6LS (S) °€9 aandiy

iyw prag » Bap p) Bap  ITONV LIILSY
09 5¢ D6

——
g2 ey W
5

i

SECRET

e §( of /Ao




l.

2.

4.

5'

UNCLASSIFIED

(U) LITFRATURE CITFD

Booz, D. E., ST9 INFRARED SUPPRESSION HARDWARE EVALUATION (),
USAAMRDL Technical Report 71-132, Contract DAAJN2-68-C~0001, U, S,
Army Air Mobility Rescarch and Development Laboratory, Fort Fustis,
Virginia, January 1972.(CON FIDFNTIAL)

Duncan, T. C., etal., IR SUPPRESSOR OPTIMIZATION THROUGH IR
SIGNATURE ANALYSIS AND SURFACE EMI'T'TANCE CONTROL (U),
General Dynamics Report TM-6-332-60. 28-2, Contract DAAJ02-69-C-0077,
August 10, 1970, (SECRET)

Duncan, T. C., USER'S MANUAL FOR THE IR SUPPRESSOR SIGNATURE
PREDICTION DIGITAL COMPUTER PROGRAMS, General Dynamics
Report No, TM-6-332-5.30-1, 1971,

Rackauskas, R., and D. Stowell, COM PARISON OF A-4B INFRARED RADI-
ATION MEASUREMENTS (U), NAVSO P-2315, Vol 16, No. 1, p 343,
October 1971, (CONFIDENTIAL)

Thayer, E. B., EVALUATION OF CURVED-WALL ANNULAR DIFFUSERS,
ASME Paper No. 71-WA/FZ-35, November 1971,

UNCLASSIFIED  peermarmwan




UNCLASSIFIED

APPENDIX |
(S) ST9 SUPPRESSOR AND SCALE MODET. PREDICTED AND
MEASURED IR SIGNATURE COMDPARISONS (U)

(U) Figures 65 through 75 present comparisons of the predicted and measured
radiant intensities from the electrically heated half-scale model and the Demon-
strator suppressor program. Data are presented for both the 2-3 and 3-5M band-
widths. These comparisons were used to validate the accuracy of the CFP and
IRAP computer decks. They show that in addition to accurately predicting the
maximum emission levels, the deck predictions also follow the same trends with
aspect angle as the measured data.
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Figure 65. (S) Comparison of Measured and Predicted
IR Signaturcs (MRP Unsuppressed),
Electrically Heated Model Run 1 (U).
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Figure 66. (S) Comparison of Mcasured and Predicted
IN Signaturces (MRP Suppressed),
Flectrically Heated Model Run 2 (U),
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Figure 67. (S) Comparison of Measured and Predicted
IR Signaturcs (MRDP Suppressed),
Electrically Heated Model Run 3 (L),
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Figure 68, (8) Comparison of Mcasured and Predicted
IR Signatures (MRP Suppressed),
Flectrically Heated Model Run 7 (U).
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Figure 69. (S) Comparison of Mcasured and Predicted
IR Signaturcs (MRP Suppressed),
Electrically licated Mordel Run 8 (U).
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Figure 70. (S) Comparison of \ 2asured and Predicted
IR Signatures (MRP Suppressed),
Electrically Heated Model Run 9 (U).
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Figure 71. (S) Comparison of Measured and Predicted
IR Signatures (LRP Suppressedy,
Flectrically Heited Model Run 10 (U,
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Figure 72. (8) Comparison of Measured and Predicted
IR Signatures (ML P With Design Cooling
Flow), Full-Scale Run 4,01 (U).
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Figure 73. (S) Comparison of Measured and Predicted
IR Signatures (MR P With Maximum Cooling
Flow), Full=Scale Run 7.03 (U).
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Figure 74. (S) Comparison of Measured and Predicted
IR Signatures (83% MRDP With Design
Cooling Flow), Full=-Scale Run 9,09 (U).
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Figure 75. (§) Comparison of Mecasured and Predicted
IR Signatures (MRP U'nsuppresscd),
Full-Scale Runs 16. 01 and 16. 02 (l").
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(S) COMPLETE EMISSIVITY/COOLANT DISTRIBUTION
OPTIMIZATION MATRICES (U)

(U) Tables VIII through XVII prescnt the complete results of the reflected
radiation study matrix. Values were determined for all five aspect angles and the
two wavelength bandwidths. Tables XVIII through XXVII present the direct radiation
parametric study results for the five aspect angles considered and the two band-
widths. These two sets of tabulations were systemutically combined, to find the
optimum IR signatures corresponding to each emissivity condition defined by the
rows of both parametric studies. This combination is presented in Tables XXVIII
and XXIX. The optimum values for the different wavetength bandwidths and aspect
angles did not necessarily occur at the same emissivity/coolant distribution con-
ditions. Hence, graphical methods of determining the optimum suppressor con-
figuration were used to show the combined effects of emissivity/coolant distribu-
tion and aspect angle on the IR signature.
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e TRaeT
(U) The purpose of this program was to optimize the surtuce temperature/cmissivity of the ST9 Demon-
strator Engine infrared (IR) suppressor to yicld the lowest IR signature possible without additional cooling
flow requirements. New [R-signature analysis computer programs deseloped by General Dynamics - Pnona
under U.S. Army Air Mobility Rescarch and Development Laboratory (USAAMRDL) Contract DAAJO2-
69-C-0077 were used to conduct an analytical optimization study - A parametne vanation of the temperature
and emissivity of the suppressor wall surfaces. divided into many _cgments, permitted the optimum comin-
nation to be chosen. Fmissivity-control coatings were then applied to the suppressor surtaces. and the
coated suppressor was tested under simulated enine operating conditions. The tost results showed that o
229 redaction in the IR signature was achieved and that the measured signature compared tavorably with
that predicted by the computer programs.
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