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Report No. 652/5A4-2,2-F-1, Volume 6

AEROJET-GENERAL CORPORATION

FOREWORD
This is Volume 6 of the final report for work performed under
the Aerojet-General Product Engineering Program. This report has
been prepared in accordance with AFBM Exhibit 58-1 and is submitted
in partial fulfillment of Contract AF 04(647)-652, Supplemental

Agreement No. 4 and 33.

The final report has six volumes, each covering a separate
project and complete within itself. An index of volumes comprising

the report follows.

Direction for contract performance was provided by C. M. Beighly,
Manager, and C. L. D'Ooge, Senior Project Engineer, Senior Reseaxch
Department, Liquid Rocket Plant. The project engineer was J. D.

O'Donnell, of the Advanced Chefilcal Research Department.

The developmental work on a periscope to visually investigate the
combustion processes of full-scale thrust chambers is presented in this
volume. Thils program was conducted during the contract period

15 April 1962 to 14 April 1963,
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AEROJET-GENERAL CORPORATION

I. INTRODUCTION

A. |\ OBJECTIVE
The object of the high-frequency combustion instability 5¥;“J/ ~

portien-of-the—Product-Engineering Prog;gm‘%égrf6>de§elop a periscope to
permit visual study of high-frequency instability and other phenomena

of the combustion process in full-scale thrust chambers. Emphasis ﬂggf
heemr-placed on developing a reliable device to protect the optical

system from the heat, erosion, and pressure of combustion, and design-

ing a versatile optical system with a high resolution and wide field of
view. The optical system, called a periscope, will be capable of being

used for high-speed color photography of the combustion process.g The

system is designed to be used ‘as illustrated in Figure 1.

Photography of the combustion process has been a very suc-
cessful analytical technique in the past. Both pulse motors and wedge
ﬁotors have been photographed through a periscope by using the inherent
luminosity of the chemical reaction of the propellants to provide

(1
sufficient light for film exposure. )

(1) H.C. Krieg, Jr., L.0. Schulte, P.D. Gray, Liquid Thrust Chamber
Devalopment Tools, Aerojet-General Corporation, Report No. 1858,
August 1960 (Confidential)
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I, A, Objective (cont.)

Although the pulse motor and wedge motor are useful for
combustion analysis, they have limitations: The narrow slit window of
the pulse motor cannot provide a full view of the interior of the
chamber, and the configuration of the wedge motor cannot support many
of the common modes of instability, such as tangential or transverse

waves.

The periscope will provide a nearly complete view of the
interior of an operating thrust chamber. It could be installed in either
a research tool, such as a pulse motor, or in a full-scale thrust

chamber assembly, such as the Titan LR91-AJ-3 or LR91-AJ-5.

B. APPROACHES

The main task in this work was to develop a device to
effectively protect the optical system of the periscope from the
éffects of combustion. In this approach, a hemispherical dome had to
be developed so that the principle light rays would enter the peri-

scope system perpendicular to the surface of the dome, thus providing
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I, B, Approaches (cont.)

full light intensity to the limits of the view field. This approach
eliminates a common fault of an ordinary wide~angle lens, i.e. reflec-

tion from the first surface of the lens system.

The optical system was designed to be capable of being
installed in a variety'of locations in the thrust chamber and to provide
the most complete view of the interior of the combustion chamber. To
achieve the greatest possible field of view, commensurate with the
problems involved in exposing the optics to the high temperatures of

combustion, was one of the major problems to be resolved.

To achieve this, a periscope was designed with a 160° field
of view that is passed through a O0.1-in. diameter aperture in the front
surface of the housing. The design has provisions for cooling so
that the periscope may be placed in a variety of locations in the

thrust chamber.
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I, Introduction (cont.)
C. SUMMARY

The objectives of the first year of periscope development
have been completed. The objectives were: to develop and test a
quartz dome capable of withstanding exposure to combustion gases at
850 psi chamber pressure, and to complete the optical and mechanical

designs of the experimental periscope.

Seven tests were conducted on two quartz dome test fixtures.
The first fixture, an unpolished dome, was exposed to combustion in
five thrust chamber firings for a total of 6 sec at 850 psia chamber
pressure. The second fixture, a polished optical-quality dome, was
'exp05ed to two thrust chamber firings‘for a total of 3 sec at 850 psia
chamber pressure. The propellants used were N204 and Aerozine 50.

The thrust chamber tests of the quartz domes were success-
ful. Neither dome showed evidence of failure of the quartz material
or of the dome sealing arrangement. Also, other development tests were

conducted in an oven to verify the dome design. Both types of tests

are summarized in Table 1.
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I, C, Summary (cont.)

The final optical and mechanical designs for the .experi-

mental periscope have been completed.

II. TECHNICAL EFFORT

A. QUARTZ DOME DEVELOPMENT

Effective protection and cooling of the optical system has
been of primary concern since the outset of the periscope development
program. Several materials were investigated fo find one with the
physical properties needed for an optical heat shield. These materials

included sapphire, magnesium oxide, and fused quartz.

The use of sapphire was considered because of 1its high
melting point (3,6820F), However, it is expensive and difficult to
grind (it is often used as an abrasive). Another disadvantage of sap-
phire is that it conducts heat from the combustion zone to the optical
elements at a much higher rate than quartz. Its thermal conductivity
is 14.6 Btu/ft—hr—oF, compared with a thermal conductivity of 0.68

Btu/ft-hr-°F for quartz.

—~
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II, A, Quartz Dome Development (cont.)

Magnesium oxide also was considered for use as a heat
shield. This material has a very high melting point, but is also dif-
ficult to grind and polish. The thermal conductivity of magnesium
oxide is also greater than quartz, 14.6 Btu/ft—hr-oF, compared with
0.68 Btu/ft—hr—oF. Its cost is considerably greater than either sap-
phire or fused quartz, particularly in sizes large enough for the
periscope design. Therefore, fused quartz was selected as the most
practical material to be ground to the desired hemispherical shape to
protect the optical elements of the periscope. Also, heat transfer
analyses (Appendix) further verified the practicality of quartz as the

dome material.

Three fused quartz blanks were cut and ground to an inside
spherical radius of 0,625 in. and a thickness of 0.25 in. The
hemispherical domes were fine-ground to the requiréd tolerances and
mounted on stainless steel base plates that were machined to the shape
of the periscope housing. The grinding proecess results in a dome that
is opaque and not of optical quality. The domes were squarely cut at

their base.
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II, A, Quartz Dome Development (cont.)

Two methods of sealing the dome to the base plate were
selected, These two sealing methods were evaluated on the first two

quartz dome test fixtures by thermal analysis.

One dome was installed in a test fixture with high-temper-
ature resin between the base of the dome and the test fixture base plate.
This dome sealing arrangement was evaluated in an oven test in which
the fixture was heated to 500°F., During the oven test, the dome
cracked around its base because of different coefficients of thermal
expansion between the quartz and the §ementg These differences resulted
in thermal stresses that caused the quartz, a relatively fragile

material, to crack.

In a second quartz dome sealing design, an Invar expansion
ring was used to relieve stresses in the quartz as the test fixture
was oven-heated to l,OOOOF, The inside surface of the expansion ring
was bonded to the outside of the dome at its base with a high-temper-
ature bonding agent. The expansion ring was then secured to the dome

base plate at its outside diameter with the same bonding agent. This
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II, A, Quartz Dome Development (cont.)

dome sealing arrangement was then evaluated in an oven test identical
to that used to evaluate the previously described design. The dome
failed in the same manner as the previous design, i.e., a crack parallel

to the base plate completely circumscribed the dome.

Because these dome sealing arrangements were not success-
ful, two steps were taken to relieve the stresses induced in the domes.
The first was to make the dome thinner. The same internal dimensions
were used, but the thickness was reduced to 0.157 in. because the
previous domes were believed to have failed partly because of stresses
induced entirely within the relatively thick dome material. The dome
sealing arrangement was also modified to permit expansion of the quartz

dome at its base.
The third dome design was mounted in the manner illustrated

in Figure 2. A semicircular groove was ground on the external surface

of the dome near its base. A Silastic rubber O ring was placed in the
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II, A, Quartz Dome Development (cont.) o

groove in the dome and covered by an asbestos gasket toprotect the rubber from
the heat expected in subsequent testings. The quartz dome assembly was
firmly secured to the periscope housing by machine screws and a stain-

less-steel ring.

To determine the heat flux to the injector face near the
quartz dome, a copper disk, shown in Figure 2, was mounted in the test
fixture. The disk was thermally isolated from the test fixture base
plate by an epoxy compound. A thermocouple (No. 2, Figure 2) was
attached to the back of the copper disk to determine the heat input

rate from the combustion process.

The heat flux to the injector face was calculated from
the data obtained during the thrust-chamber tests described below.
Typical data are graphically shown in Figure 3. The calculations
indicate that the heat flux was between 1 and 3 Btu/in,zmsec—oF,
Specific values for hear flux from these tests for which valid informa-

tion was obtained are as follows:
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II, A, Quartz Dome Development (cont.)

Test Heat Flux (Btu/inyz—sec—oF)
3 1.85
4 1.27
5 2.30

These heat flux data appear to be reascnable values for
the combustion-chamber region in which the calorimeter was located.
Figure 4 shows the quartz dome test fixture located in the fan
created by the impinging fuel streams of the single-element injector
used for these tests. Therefore, this location is relatively cool and
one in which the quartz dome would probably survive for a considerable
length of time. As seen in Figure 3, the temperature stabilized at
4SOOF, the highest temperature racorded by the thermocouple throughout

the test series.

The third dome, shown in Figure 5, was fine-ground but
not polished to optical quality. This approach was taken to evaluate
the quartz material in the desired configuration without incurring

the cost of a fine optical polish. The fixture was tested in an oven
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QUARTZ DOME (UNPOLISHED);

COPPER DISK

163 -175

Quartz Dome Test Fixture No., 1
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II, A, Quartz Dome Development (cont.)

preheated to 500°F. Of particular interest during this test was the
ability of the dome sealing arrangement to properly provide for
expansion of the quartz without inducing stresses that would fracture
the material, as was previously experienced. Neither 15 minute exposure
at SOOOF nor subsequent cooling damaged the dome. These oven tests

and the subsequent thrust-chamber tests have been summarized in Table 1.

The dome test fixture was then installed in an uncooled

thrust chamber for seven tests at 850 psia chamber pressure.

The thrust chamber assembly used for the dome tests was
an experimental one previously used for injector performance investiga-
tions, and thus was available.at no cost to the program. The quartz-
doﬁe test fixture was installed in the injector illustrated in Figure
4. This injector, one of the large-thrust-per~element type, was
modified to provide a flush mounting of the fixture with the injector

face. This installation, shown in Figures 6 and 7, would provide

Since the injector used for these evaluation tests was operated at

Page 16



Report No. 652/SA4-2,2~-F-1, Volume 6

AEROJET-GENERAL CORPORATION

/—TEST MOTOR NOZZLE

FUEL ORIFICES

QUARTZ DOME

1631028

Quartz Dome Test Installation
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II, A, Quartz Dome Development (cont.)

off-design conditions (reduced flow rates, pressure drops, etc.), low-
frequency instability (chugging) was present during the dome tests at

. 850 psia chamber pressure. This instability resulted in chamber pres-
sure oscillations as great as 400 psi, double amplitude, at a frequency
of approximately 10 cps. While these certainly were not optimum
operating conditions for the injector, the operating conditions
resulted in a severe test of the quartz dome and the arrangement used
to seal it. The dome survived the evaluation tests without loss of

optical quality and was properly sealed after the tests.

The following was tested in the quartz-dome evaluations:
(1) the quartz dome and sealing arrangement, (2) the heat resistance
of the quartz to combustion gases and, (3) the ability of the dome
sealing arrangement to provide for expansion of the gquartz when
subjected to thermal shock. All tests were conducted with the N204/

Aerozine 50 propellant combination.
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II, A, Quartz Dome Development (cont,)

The first test series consisted of five tests, which were
conducted on the fine-ground, unpolished quartz dome (Figure 5). In
the first test, the chamber pressure was held to 750 psia and the
mixture ratio was set at 0.95:1 so that the firing would be relatively
cool. The mixture ratio. was progressively increased, and a setting of
2.2 was used for the fifth test. The chamber pressure was increased
to a maximum of 863 psia during the fifth test. (These operating
conditions produce a theoreticsal combustion temperature of 5,5000F°)
In the five tests, the test fixture accumulated about 6 sec exposure

to combustion (at chamber pressure) without damage to the dome.

In the second series of tests (two tests), a polished,
optical quality dome was used. This dome differed from the first
quartz dome only'&ith respect to the polished surface, These two tests
were of 1 and 2 sec duration; both were at about 850 psia chamber

pressure and at a mixture ratio of 2:1.
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II, A, Quartz Dome Development (cont.)

After the tests, the polished surface of the quartz dome
was undamaged and was of high-optical quality (Figure 8). The calori-
meter was burned out of the test fixture during the lasf test in the
series. The photograph shows the melted apoxy insulating compound
splashed against the exterior surface of the dome. The residue of the
epoxy resin, which was baked on the surface of the dome, was the only
detrimental effect of the test. The surface of the dome was not
eroded by the combustion gases, and the light transmission of the
quartz was the same as before the evaluation tests. The dome appeared
to be capable of withstanding the environmental conditions of these

tests for several minutes without serious damage.

The periscope is designed to be placed in the center of a
conventional injector, such as that illustated in Figure 9. The
quartz'dome will be subjected to operating conditions somewhat dif-
ferent from those encountered during the dome evaluation tests, and
will probablyencounter a higher heat flux and equilibrium temperature
in the conventional injector. However, the quartz dome is capable of

withstanding an equilibrium temperature in excess of 1,000°F, whereas
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QUARTZ DOME { THERMOCOQUPLE NO, 2}

/— COPPER. DiSK LOCATION

163 -1358

S THERMOGOUPLE NO. 1

Quar*z Dome Test Fixture No. 2

Page 22 Figure 8



Report No. 652/SA4-2.2~F-1, Volume 6

AEROJET-GENERAL CORPORATION

m— IS N *
or '
Zavia [eomad 7
u- ’

- ’

- 7

”te I

— 7

_:n ’

7

r- 7

- O

AV PRSI ’
- c

maqwtod] — |

QESW ) — BALIWR

ATquwassy Io032aful o
v..w.
o
3990 I’}
SN SVIV_IQ\ //
N N
\ « ™
Qoeul ~2UVW of- utoSul\;Il\. 7 \ °
— y 1 o)
Qo 1~ Abrd B _
»in
3 omyr
Anoav
WWAS g
wiQ
aa "9
n»L oLoe
/. | o L
u 010
PO PO = VG OBL'D LD aBANN
MAARDONANYY YOI WES
A NTH-OSL'L QWL o
AR
"
oy}
il
BLHACCE ONYH SAK Nid
BE-NAP -SLP"T OHL.
-GILPRO "ON OO NEILlva
HOLIACH HUM ION9OECOY .
N QITUX] 32 S 3Dvd AQLIATNE®
WAL Ny WA
YEOPO0 ON LWVd HUM Navm »
BNV BALLY
4 OL¥WINY 'LSTVI) ONEIIN B
AT ALTWID MMCYIrSORTYE Y
" 78R1 DB MEA gAY T
oL o e TOAY
/
7
s



Report No. 652/SA4-2.2-F-1, Volume 6

AEROJET-GENERAL CORPORATION

II, A, Quartz Dome Development (cont.)

the maximum temperature observed in tests to date was less than 500°F .

The central injector area may be cooled by excess fuel injection near

s
)

the dome or by the. introduction of gaseous nitrogen around the periph-
ery of the dome. These measures aré not expected to be needed, but
they are available if extremely high dome operating temperatures are
encountered.

The -heat flux values observed during the;e tests, when
related to the the;)retical analysis made on the quartz material, yield
some indication to the probable life of a quartz dome in the required
application. Although the conclusions that can be made are not

absolute, the best estimate on the life of the quartz is as follows:

Under the most negative assumptions, i.e,;, nc heat is
conducted away from the dome, either through to the area beneath the
dome or across the contact area on which the dome is seated, the dome
will remain effective for only 3 sec. However, the dome should

survive an environment similar to that found in these tests for some

period of time longer than 3 sec. Nevertheless, the combustion

instability present in the chamber can almost always be visually

analyzed in the initial 3 sec of testing.
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II, A, Quartz Dome Development (cont.)

B. OPTICAL DESIGN

The periscope is composed of 14 elements and produces a
field of view of 160°. The circular collimated beam can be placed
entirely within the rectangular format of standard 16mm motion-picture
film, and a high-speed camera may be used to record high-frequency

instability processes and other combustion phenomena within the chamber.

A unique feature of the optical system of the periscope
(Figure 10) is the design of the objective (frontal element) lens in
the optical train. The front element in an ordinary wide-angle
optical system is .,a large, convex surface that allows the principal
rays to enter the system as nearly perpendicular to the surface of
the element as possible. A 2~ to 3-in. diameter. frontal element is
ordinarily needed for optical system with a 160° field of view. How-
ever, the periscope obviates this by using a very small concave
frontal element that accepts the entire light-ray envelope through a 0.1-
in. diameter aperture in the plane of the injector face. The frontal

element is located behind the aperture and collects the ray envelope
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II, B, Optical Design (cont.)

for transmission to the succeeding lenses in the system. The primary
advantage of this design is that it provides a wide-angle view through
a small aperture without the use of low-melting-point optical elements

that protrude into the combustion area.

The optics have been designed for a maximum relative
aperture of f/4, This results in a system that is optically fast and
will permit the use of high-quality, fine-resolution film even at high
camera speeds. The system is designed to use the Wollensak WF-3 high-
speed 16mm Fastax camera, which is capable of speeds to 7,000 frames/
sec (14,000 frames/sec with the split-frame technique). The resolving
power of the Fastax camera is limited to between 30 to 50 lines/mm.
The resolving power of the periscope optical system exceeds that of

the camera at all field-of-view angles.

The area of sharpest focus of the optical system is on the

surface of an imaginary sphere with a 7-in. radius centered on the

frontal element. However, the periscope depth of field is great

enough to yield good imagery throughout the combustion chamber.
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II, B, Optical Design (cont.)

There are two basic functions of the objective (frontal
dlement) lens. First, it forms an image of the thrust chamber at the
first focus surface that can be transmitted to the film plane by the
relay and camera lenses. Second, the objective lens forms an image
of the entrance pupil at the selected aperture stop. In this case,
the aperture stop, which limits the f,'number of the periscope, is
placed at the first surface of the camera lens, and the entrance pupil
is located at the center of the dome. The sphexrical aberration of the
principal rays is considerably reduced by the use of an aspgéric pupil
corrector, which is located near the focal surface of the objective

lens.

Thepurposecﬂ?therelay lens is to collimate the optical path
between the relay lens and camera lens. Corrections for coma and
astigmatism into the camera and relay lenses had to be designed to
compensate for residual aberrations in the wide-angle objective lens.
With the use of several elements of high-index glass, the objective
lens for lateral color (variation of magnification with wave length),

zonal lateral color, spherical aberration, and distortion was corrected
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II, B, Optical Design (cont.)

but the aberrations of coma and astigmatism could not be completely
controlled without a degree of freedom available in the camera lens
design. Therefore, the periscope system contains all the optical -
elements needed for proper light-beam focus on the film plane. The
periscope specifications appear in Table 2, and a detailed drawing

of the system is shown in Figure 11.

C. MECHANICAL DESIGN

The periscope housing is constructed entirely of stainless
steel. The lenses are accurately located in the housing by spacers and
threaded retaining rings, all machined to very close tolerances. The
periscope assembly will weigh approximately 25 1lb, excluding the
camera. It is 2-3/8 in. at the largest diameter (this portion of
the periscope is within the injector) and 1-3/4-in, at its smallest
diameter (where it emerges from the back of the injector). The assembly,

without the camera, is about 14 in. long.
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II, C, Mechanical Design (cont.)

The periscope mounting flange contains a coolant jacket
through which water, gaseous nitrogen, or liquid nitrogen may be
introduced to cool the optical system. The tests conducted on the
quartz dome indicate that a cooling system will not be required. The
periscope design has provisions for cooling if optical investigations

at high temperatures are desired.

D. COMPLETED EQUIPMENT

Two major items of test hardware, an uncooled thrust chamber
and an LR91-AJ-3 injector (which was modified to accept the periscope),

were constructed for the periscope development program.

The uncooled chamber (Figure 12) was constructed to
conduct the initial short-duration tests of the experimental periscope
in the LR91-AJ-3 injector., This equipment will permit tests to 5 sec
duration. The installation of a pulse-gun ring will allow the chamber
to be used to determine the ability of the periscope to observe the
generation of artificial shock waves during engine operation. The

chamber is complete and available for immediate use,

Page 31




AEROJET-GENERAL CORPIRATION

Report No. 652/SA4-2,2-FP-1, Volume 6

ATqWassy xaqueyd 3sSnIyl

T T o e
ST
ﬂ M
=i R R K
= o Rl o R i R
WE) VRN ssea] e [ aor
Xa0al rezisz 1 050"
35w [r5ozea0 v i
29Mv3a frnees i A
TN L
Z.I
= ;
N & ]
T 2928 v e A i
- TR TN Az-SNvL-l : 'nena
| Load 53¢ camro | aoa auim | |V s3r0m VG201 02 e M3y
ML ha 296 NMOKS Wlaad = Firiad
VIQ OS2 FA0AD ataa wen
. Nvows Hin3Q s
L] AT YT 480 ¥IC 0S¥ IBOAD SN E
=4 vy QaRL Mia oees
" W o5 — AS¥E 3% IC,
TSI
via 82 200,
'VKKVQDWI. - ] /Q
= =N

SIF

— -

_h wmuww\o“

9N - 39T eRC =

9T HOCUGNVH ST Ada
QLS AIWIDA $370M ¥Z

330 SL = QT-4NG ¥2-SLT”
VIQSEY v .OU AT

i ZLES”
4333 06 » vic SH8.

1 i3wss

Tvaza S0 <-

os—~
+ A B 5
oS Q51TS CS¥ 2FLITVOO BN LWV HIM A2V
YIZw Sav 23a QIaM 91l
CWILI M@ SHLONIG *
_ S NOLYIIAIANIO! TOSWAS W1 N 7

Q3232aC  ATIMAIHIC
cSamA \fn. IV 0L S IIYIANEG QINMOYA T

Figure 12

Page 32



Report No. 652/SA4-2.2-F-1, Volume 6

AEROJET-GENERAL CORPGRATION

II, D, Completed Equipment (cont.)

The LR91-AJ-3 injector to bé used for experimental periscope
evaluation is partially complete., The central injector area has been
modified to accept the periscope and the required modifications to the
propellant manifolds have been completed. The remaining work to be
accomplished consists of the installation of the injector face plates
gnd the pattern-drilling operation. The injector (Figure 9) ,is now in

storage and ils available for future use.

The grinding laps and test plates to be used in the
construction of the optical system of the periscope have been manufac-
tured. These items are needed to grind and polish the individual
optical elements of the system to the precise contour needed for proper

optical performance,
E. PLANS FOR FUTURE WORK

Several years experience conducting combustion studies with

pulse motors has shown that many forms of combustion instability are

clearly visible.
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II, E, Plans for Future Work (cont.) .

High-speed photography of the combustion process through
the plastic slit window of the pulse motor reveal that clearly defined,
high~frequency shock waves are present during unstable combustion.
However, the view of these shock waves is severely limited by the very
narrow (1/4- or 1/2-in,) view afforded by the slit window. Whether or
not the shock waves are tangential oxr transverse or whether a
longitudinal mode is present cannot be definitely determined by view-

ing the combustion process through the slit window.

The optical system of the periscope will provide a view of
the entire combustion area so that the specific mode of instability
may be analyzed. The completed periscope will be used in a variety of
tests, the first of which will be to determine its ability to discern
the various phehomenon of the combustion process, The initial tests
will consist of a photographic analysis of the characteristics of pulse
charges as they are used to initiate instability in standard pulse R
motors. This will be dpne with the periscope mounted in a pulse motor

that is pressurized with an inert gas. The tests will be used to
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II, E, Plans for Future Work (cont.)

calibrate the optical system of the periscope and to observe the precise
nature of the shock waves generated by the pulse charges. Artificial
illumination will be used to obtain an image during these inert-gas

pulse-motor tests.

The succeeding test series will consist of hot firings
with the pulse motor to observe the photographic results obtained with
the periscope during the initiation of unstable combustion. The
unstable combustion will be initiated by the same type of pulse charges
previously photographed with the periscope during the inert-gas motor
tests. High-response instrumentation will be used to compare the
information obtained by using the periscope with that obtained by
viewing the combustion process and the instability through the standard

pulse motor slit windows.

The periscope will then be used to observe the combustion
characteristics of the conventional Titam LR91-AJ~3 injector, This
injector, modified for low-thrust-level operation, will be used in

conjunction with an uncooled thrust chamber for tests up to 5 sec.
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II, E, Plans for Future Work (cont.)

In this test series, a pulse-gun ring will be used between the injector
and chamber. Unstable combustion can be initiated in this manner so
that the mode of instability present in the conventional injector may

be closely observed by the periscope.

The optical system of the periscope, with its wide field of
view, could be used to an advantage in several locations in the com-
bustion chamber. Placed in the wall of the thrust chamber, the
beriscope would be capable of observing the face of the injector to
determine the characteristics of various injector patterns as well as
the phenomena of propellant mixing and combustion., This location would
also permit observation of the performance of devices such as baffles
during combustion. Readjustment of some of the elements of the optical
system will permit the use of a flat protective device (rather than the
quartz dome used in this design) if a flush-mounted system ig needed
for a particular investigation. The periscope system is quite versatile
and could be used in a variety of locations for analysis of various

aspects of the combustion process.
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TABLE 1
QUARTZ DOME EVALUATION TESTS

Max Temp. Pg

Test Duration* (°F) (psia) MR Results
Oven 15 min 500 -- -- Failure; quartz

cracked when
elevated to
temperature.

Oven 15 min 500 -- -- Fallure; quartz
cracked during re-
turn to ambient

temperature.
Oven 15 min 500 -- -- Successful.
Thrust chamber 1.20 sec 247 831 0.92:1 Successful; test

fixture No. 1.

Thrust chamber 1.21 sec 165 785 1.76:1 Successful, test
fixture No. 1

Thrust chamber 1.97 sec 278 849 2,00:1 Successful; test
fixture No. 1.

Thrust chamber 2.41 sec 434 863 2.07:1 Successful; test
fixture No. 1.

Thrust chamber 2.48 sec - 863 2.09:1 Successful; test
fixture No. 1.

Thrust chamber 1.57 sec - 806 2.01:1 Successful; test
fixture No. 2.

Thrust chamber 3.15 sec - 847 1.95:1 Successful; test
fixture No. 2.

* This is actual test duration for the time elapsed between the
opening and closing of fire switch. The duration noted is
slightly. longer than the time the fixture was exposed to
chamber pressure,
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TABLE 2

PERISCOPE SPECIFICATIONS

Field of view, degrees
Relative aperture

Effective focal length, in.
Focal distance, in.

Shape of object field

image format

Length of periscope, in.
Outside diameter, in.

Total weight of periscope, 1b
Dome working pressure, psia

Resolution

Field of View (degrees) Lines per Millimeter

160

£/4

. 098

7
spherical
16mm

14

1.65

25

1,000

0
*50
t60
*70

*80

Table 2

209
100
110
116
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APPENDIX ]

THEORETICAL HEAT TRANSFER TO PERISCOPE DOME

Page i




L - e .4

Report No, 652/SA4-2,2-F-1, Volume 6, Appendix

AEROJET-GENERAL CORPORATION

-  FIGURE 1IST
. FIGURE NO.
Dome Temperature History (Isolated Dome) ' 1
Temperature History (Dome Apex) 2
|
I
n "t E
]
|
|
|
Page ii




Report No. 652/SA4-2.2-F-1, Volume 6, Appendix

AEROJET-GENERAL CORPORATION

I. MAXIMUM DOME TEMPERATURE

Before the design of the quartz dome was finalized, theoretical
studies were performed to determine maximum dome temperatures. The
equation for the temperature history of the dome is:*

— (& N U_\)‘t
mc mc
1-~e

- hA
T = gy 570 (Tg-To)

The derivation of this formula is given below. Figure Al shows the
temperature of the dome versus time for three heat fluxes, assuming a
thermally isolated dome (i.e., U = 0). Figure A2 shows the dome apex
temperature versus time for several heat fluxes. These calculations
were based on the assumption of a constant temperature over the
entire outer surface. The analysis is of value when experimental
data for the temperature and heat flux are found for three points:
the apex of the quartz dome, the base of the dome, and the injector
face. In practice it was only possible to measure the temperature
and heat flux at one point (the injector face). Therefore, the

life of the dome cannot be positively determined. The dome, in

an environment similar to that in the test motor, will survive for

* Symbols are defined at end of appendix
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I, Maximum Dome Temperature (cont.) p

at least 3 sec. Although the dome will probably survive considerable
longer than that, the extent of the life depends on the specific

temperature encountered by the dome apex. The maximum temperature

of the dome will also depend on the environment generated by the injec-
tor under study. The difficulty in determining the temperature
encountered by ‘the dome is due to the boundary layer of cooler gas,
which exists on the dome surface and cannot be accurately defined.
Since the boundary layer of gas does exist, however, its effect will

be to cool the dome. The quartz dome has a finite conductance, how-
ever small, and its effect will again be to cool the dome. Therefore,
the theoretical temperature histories described by Figures Al and A2

represent conservative estimates of conditions the dome will encounter.

IT. DOME-~TEMPERATURE EQUATION

The equation for the temperature history of the dome is derived

below:
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I1, Dome-Temperature Equation {(cont.)

The heat balance for the dome is:

= dT
hA (Tg—T) -U (T—To) = me o= (Eq 1)
Solving for dt,
d (T-TO) -
dt = E T - (Eq 2)
mc (Tg—T) "~ me (T-Tp)

. . . hA . .
Equation 2 is reduced by subtracting y TO from the first term in the

denominator and adding it to the second term.
d(T-T_)

dt =
K hA . U
me (Tg -~ To) ‘(%E * EE)(T'TO)

(Eq 3)

Integrating

= -1 "hA (hA | U ,
t (HK‘:‘U in [aa (Ty - T,) “\5e * &) (T - T0£l+ C
mc mce
(Eq 4)

The integration constant, C, is determined

-, o) {ne (g

. ‘ 1 'hA
T =T, ,at t =0, therefore C = ln[ - Toi)
mc mc)
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II, Dome-Temperature Equation (cont.) -

Substituting for C

_(-ﬁlh% + I-HJ-I-E-) t = ln[ﬁ (Tg - To)(ﬁh% + %JE\})(T - To)}'—' 1n%;;2. (Tg - To)}

(Eq 5)

Equation 5 i1s reduced to

_<E£ + EL%{ (Eq 6)
. hA
T-T, = A 7 O (Tg - T,) | 1~e

(o]

The following values were assumed for the constants in the dome

temperature-vs~time equation:

— 3 o
T, = 100°F
R = 0.75 in.
© = 45°
o]
A = 29 R? (l-cos ©_) = 1.035 in.?
q, = 1.0 and 0.5 Btu/in.2-sec-OF
T = 5,000 .
g
- _JiQ_m___ . 2 o
h = (T, - 1) = 0.0002041 and 0.0001020 Btu/in.“-sec-°F
o >
$ = 0.079 1bm/in.3
6 = 0.25 in.

Page 6

I
=




Report No. 652/SA4-2.2-F-1, Volume 6, Appendix

AEROJET-GENERAL CORPORATION

II, Dome Temperature Equation (cont.)

$PA & = 0.02045 1bm

m =
¢ = 0.185 But/1bm-°F
%% = 0.0558 and 0.0279 sec™t
For U = O: _bA
‘ mc
T-T_ = (Tg—To) l-e )
III. LIST OF SYMBOLS
A = Surface area of dome
c = Specific heat of dome
C = Integration constant
h = Convection heat transfer coefficient
m = Mass of dome
q, = Initial heat flux to dome
R = Radius of dome
t = Time
T = . Temperature of dome
Tg = Temperature of gas

Page 7




Report No. 652/SA4-2,2-F-1, Volume 6, Appendix

AEROIEFSfHERIL CORPORATION

III, List of Symbols (cont.)

H
!

Initial temperature of dome

o
U = Thermal conductance
§ = Thickness of dome

- ©, = Angle defining dome size
5? = Density of dome
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