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FOREWORD 

This report is submitted in compliance with the requirements of Con- 
trict F04611-6n-C-ü017 and presents the results of work accomplished at 
S & Whitney Aircraft, Florida Research and Development Center under 
both of the two phases of the program. All work was perfor med dm mg th 
period 15 November 1968 through :H) April 1971. This report was submitted 

on 9 June 1971. 

The Air Force Project Number Is 3058. The Program Structure Nuntber 
(BPSN) Is 033058. The Pratt « Whitney Alrcral', document Control Number ,s 

PWA FR-1515. 

The Air Force Project Officer was 1st U. W. !.. I’ritr, AFKPL (HTSC). 

The following Personnel of Pratt jitney Aircratt “¿^Iwin A P. ¿.nchi. 

ff. ÄÄ wSrtTh¿ PntüTmitney Ai,Traft Program 

Manager was Mr. G. D. Garrison. 

This report is classified Confidential to prevent unauthorized disclosure 
of a relationship between two or more items and to protect a compilation of u 
formation^nd"a complete analysis of the subject. All individual paragraphs 

are unclassified. 

This report contains no classified information extracted horn other cla. 

s if led documents. 

This technical report has been reviewed and is approved. 

Wayne L. Fritz, 1st Lt., USAF 
Project Engineer, AFRPL (RTSC) 
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UNCLASSIFIED ABSTHACT 

The objectives of this two-phase exploratory development program were 
(1) to demonstrate the effectiveness for suppressing combustion instability of 
a regeneratively cooled acoustic liner installed in flight-type hardware, and 
(2) to extend the acoustic liner design theory to include rocket chamber applica¬ 
tions with high combustion gas velocities and high dynamic pressure amplitudes. 
Phase I consisted of the design, fabrication and firing of a fuel cooled, 15 thousand 
pound thrust chamber incorporating an integral acoustic liner, using an Agena 
injector known to be dynamically unstable with N2O4/50% N2H4-50% UDMH pro¬ 
pellants. Before fabrication of the chamber was initiated, adequate suppression 
characteristics of the liner design were demonstrated in short duration tests of 
uncooled hardware. The uncooled test series included firings during which both 
the baseline heat transfer rates and the effects of liner apertures on the heat 
transfer rates were measured. Other uncooled firings were conducted to measure 
the dynamic stability characteristics of the potential fllghtwelght liner design, to 
determine the minimum required liner length, and to supply data for the final 
liner design. Thirty uncooled firings and thirteen firings of the regeneratively 
cooled chamber were made; combustion in the regeneratively cooled chamber was 
demonstrated to be dynamically stable. The results under this phase of the pro¬ 
gram demonstrated that regeneratively cooled acoustic liners are feasible for 
flightweight thrust chamber applications. The necessary acoustic data for the 
Phase H theory extension were obtained from high Mach number cold flow im¬ 
pedance experiments, and from firings of an uncooled rocket motor using a 
technique based on the measurement of the complex pressure difference across 
the absorbing liner surface. The acoustic data formed the basis for appropriate 
theory extensions, and using the extended theory, two different types of resonant 
absorbing liners were designed for a spontaneously unstable, existing uncooled 
thrust chamber having a chamber Mach number of 0.32. Five firings were made 
with ^04/50% UDMH-50% N2H4 propellants at a nominal thrust level of 5000 Ibf. 
The liners suppressed the most prevalent modes of combustion instability, but 
spontaneous pops triggered Instability at frequencies greater than 6400 Hz. Both 
liners theoretically had sufficient absorption to suppress the high frequency modes. 
It was concluded that failure of the liners to suppress high frequency modes of 
instability in the particular test motor used was not caused by the high net flow 
past the liners, but was the result of errors from extrapolation of the liner design 
theory with frequency. Additional firings of the motor with liner elements in¬ 
strumented for high frequency acoustic impedance measurements are recom¬ 
mended. 
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SECTION I 
PROGRAM SUMMARY 

A. BACKGROUND 

with the completion of the firm year of effort untler 

(Reference 1), the capability of acoustic It was recommended that 

r^ÄstTÄ 

Se^shtS staU Än 1.5) con.raCon ratios could be insuffic.en. to 

suppress combustion instability. 

Work during the second year under that contract (Reference 2) was devoted 

to analysts and experimental evaluation of the 

Srrn“:S;rfuUybUreVXÚXvaXmts -^-ne^werfJmf 

ÄloTofatÄrÄr^ liner for application In a n.Shtwelgh. 

motor had not been attempted. 

Thus the next logical steps in the Investigation of acoustic liners for rocket 

liners in high Mach number combustion chambers. 

B. OBJECTIVES 

The obiectlves of the exploratory development program reported herelnwere 

SsSHSHSiS» 
high dynamic pressure amplitudes. 

C. APPROACH 

length, in addition msuppydam fothelna «"sr design.^ ^ P 

T'LZrl. Ä ™Sn^s ^^ ^rçe^tlve^a 

were dynamically stable. 
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applicable .o «hrua. chambers . “JceaVaryaco^üc dala 

rw^ltd u^Äba^^laremep. o, ,e complea 

pressure difference across the absorbing liner surface. 

duce a Mach number in the chamber of 0.32. 

Five firings were made with N2O4/50% UDMH - 5«hN2«4 al a 

thrust level of 5000 Ibf. C .om^h8“0" ‘.“^"ffíequencís of thí fourth trans- 

vMse Se a'S’high“"!. e* greater than 6400 Hz. IVoMtlcally, both liners 
had sufficient absorption to suppress the high frequency modes. 

D. CONCLUSIONS AND RECOMMENDATIONS 

From the results of this program the following conclusions and recommanda- 

tions are made: 

1. Combustion in the Agena motor is dynamically unstable with 
N204 oxidizer and 50% blended fuel. 

2. A half-chamber length absorbing liner will cause combustion 
to be dynamically stable. 

3. 

4. 

5. 

6. 

The chamber with the integral liners can be *uel cooled, regen- 
eratively, with no loss in performance. 

It is recommended that the use of regeneratively cooled chambers 
with integral acoustic liners be considered a solution for com¬ 
bustion instability problems in flightweight motors. 

Failure of the Phase II acoustic liners to suppress high fre¬ 
quency modes of combustion instability in the par icular test 
Sr used was not caused by high How past the liners. 

To compute the theoretical absorption of the Phase II liners at 
frequencies greater than 3300 Hz extrapolations of the theory 
were necessary. It is therefore postulated that, because of 
error from these extrapolations, the actual absorpt on was not 
high enough to suppress the high frequency instability modes. 

1In this report all pressures expressed In decibels (db) are based on a reference 

pressure of 0.0002 mlcrobar. 

2 
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7. Additional filings of the Phase II motor with the liners 
Instrumented for high frequency, l. e., above 5000 Hz, 
impedance measurements are recommended. 

UNCLASSIFIED 
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SECTION II 
PHASE I - REGENEHATIVELY COOLED ACOUSTIC LINER DEMONSTRATION 

A. GENERAL 

The objective of the Phase I effort was to demonstrate the durability and 
effectiveness of a régénérâtively cooled acoustic liner installed in flight-type 
hardware. Work toward this objective was begun by performing preliminary 
acoustic and cooling analyses. The acoustic analysis was performed to determine 
a liner configuration (aperture diameter, facing thickness, cavity volume and open 
area) suitable for application to a flightweight regeneratively cooled motor that 
would theoretically produce good absorbing characteristics. The preliminary 
cooling analysis was conducted to determine which of the propellants would be more 
suitable for use as the coolant and to determine the heat exchanger basic configura¬ 
tion, i. e., parallel or counterflow. 

After the preliminary analyses were finished, a layout of the flightweight 
chamber was prepared. From the layout, uncooled hardware was designed for a 
series of short duration tests to demonstrate the combustion stability charac¬ 
teristics of the proposed flightweight design. Other uncooled hardware included 
liners and nozzles especially instrumented to measure the baseline heat transfer 
rates and the effects of liner apertures on the heat transfer. 

Thirty firings were conducted with the uncooled hardware mated to the 
Agena injector to be used with the flightweight chamber. Conclusions drawn from 
the results of these tests were: 

1. The motor operating with no liner at nominal conditions (500 
psia, mixture ratio of 2) with N2O4/50% UDMH 50% N2H4 pro¬ 
pellants, unless disturbed with an explosive device, would ex¬ 
perience combination pressure oscillations of less than ±5% 
of chamber pressure. 

2. Combustion disturbances induced by either radial or tangential 
pulse guns loaded with 50-graln C-4 explosive would cause 
peak-to-peak (P/P) oscillations of approximately 400 psi that 
would not damp. 

3. A 6% open area, 1/2 chamber length liner would cause per¬ 
turbations from pulse guns and nondirectional bombs to damp 
in approximately 0.015 sec or less. 

4. The liner apertures had no significant effect on the wall heat 
flux. 

5. Using the fuel as coolant had no adverse effect on motor 
stability. 

The final design of the flightweight chamber was completed, detail drawings 
were prepared and sent to a vendor2 for fabrication by electroforming. The 

2 
Camln Laboratories, Inc., Brooklyn, New York 
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completed chamber was coated on the inside surfaces with a refractory, mated 
to the Agena Injector and tested. The chamber was fired 13 times; after the 
fourth firing the chamber assembly was modified to correct a faulty seal be¬ 
tween the fuel turnaround manifold ami the cooled, acoustic liner pressure shell. 
Total run time was 117. 2 sec; the last firing, the longest, was of GO seconds 
duration. Combustion was disturbed with nondi reel tonal bombs during 6 of the 
tests. The resulting perturbations decayed within 0.01 sec. From these re¬ 
sults, it was concluded that regeneratively cooled chambers with integral acoustic 
liners are feasible for flightwelght motor applications. A detailed discussion of 
work performed under this phase of the program follows. 

B. DESIGN ANALYSES 

1. Acoustic Preliminary Analysis 

If the amount of absorption required to eliminate combustion instability 
were known and the frequency and intensity of the forces causing the instability 
were well established, the design of absorbing liners would be relatively simple. 
Unfortunately, this is not the case, and the designer is faced with the problem 
of providing a certain minimum absorption coefficient, the value of which is not 
too well known, over an arbitrary band of frequencies. Although the history of 
rocket engine absorbing liners indicates that only a small amount of absorption 
is required at a frequency of the first transverse mode of the combustion 
chamber, the designer of a liner for a new injector-thrust chamber application 
cannot be certain his requirements will be similar; thus he must design for the 
best possible absorption and bandwidth characteristics. 

Good bandwidth performance is important for two reasons. First, typical 
acoustic liners of the Helmholtz-array type tend to possess resonant absorbing 
characteristics (l.e., high absorption coefficients are obtained near the resonant 
frequency of the assembly; however, at frequencies slightly different from reso- 
ance, the coefficients decrease to less than 50% of the peak value). The reso¬ 
nant frequency of the assembly can be determined with an accuracy no better than 
that of the assumed sonic velocity of the gas in the liner apertures and cavity. 
If the assumption is poor, peak absorption cannot be obtained, for the liner must 
operate with incident pressures at a frequency different from that of the resonant 
frequency for which It was designed. Second, in some instances the use of a 
resonant-type liner with poor bandwidth characteristics does not suppress the 
combustion instability, but causes It to shift to a different frequency with more 
or less the same pressure amplitudes. The additional wall impedance due to the 
presence of the liner apparently can cause a complete shift in the mode and type 
of pressure wave; e. g., from 1st tangential to 3rd longitudinal. No reliable 
techniques are available for predicting the effects of the liner impedance on the 
frequency of the potential Instability. The obvious solution to both of the above 
problems is to design the liner so that high absorption is obtained over a range 
of frequencies corresponding to the most destructive modes; l. e., the first 
through the third transverse modes. 

A review of the stability history of the Agena chamber fitted with either a 
S/N 7 or S/N 9 Injector, the two injectors supplied for use in this program, and 
without baffles revealed that the 1st and 3rd transverse modes were the most 
predominate frequencies of instability (Reference 3). Frequencies corresponding 
to natural acoustic modes (up to the 2nd radial) were computed for the chamber 
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operating conditions which arc described in table I, The results arc shown in 
figure in which frequency is plotted as a function of both mode and combustion 
gas sonic velocity; those velocities corresponding to combustion efficiencies 
(T) t,+) of 90, 90, and 100'ï are also identified. Frequencies for the most likely 
modes ranged from 2500 11/. to 5-100 11/. 

The calculations necessary to determine absorption over this frequency 
range for a given set of liner parameters are not especially complex. However, 
to evaluate all potential liner configurations within the limitations imposed by 
engine geometry and by cooling requirements, use of a digital computer is re¬ 
quired. The computer program published in Heference 4 was used in this 
analysis. 

Table I. Flightweight Chamber Nominal Design Point 

Thrust 15,000 lbf 

Chamber Pressure 

Mixture Hatio 

Oxidi/er 

Fuel 

Oxidizer Flow Hate 

Fuel Flow Rate 

Combustion Efficiency, assumed 

Combustion Gas Temperature 

Gas Constant 

Specific Heat Ratio 

Sonic Velocity, Combustion Gas 

Chamber Contraction Ratio 

Nozzle Expansion Ratio 

Chamber Length/Throat Diameter 

Throat Diameter 

Chamber Internal Diameter 

Chamber Length 

500 psia 

2.0 

Nitrogen Tetroxide 

N..H, and UDMH (50-50 blend) 
Jd ‘1 

36 lbm/sec 

IS lbm/sec 

96 % 

5590 °R 

69 

1.22 

3890 ft/sec 

5.0 

4.0 

3.0 

5.15 in. 

10. 8 in. 

13. 74 in. 
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Figure 1. Frequency of Natural Acoustic Modes FD 53714 
in Fligfitwelght Chamber 

As in most practical liner designs, the range variation for liner thickness, 
backing cavity depth, open area ratio, and aperture diameter were fixed by 
cooling requirements, structural Integrity, and fabrication cost. For example, 
the liner thickness variation was dictated by flightweight design and cooling 
criteria; a small annular gap was deemed necessary to minimize the stress on 
the pressure shell and to keep the overall chamber diameter small. The aperture 
diameter was varied only between 0.090 and 0.150 in. because drilling costs were 
considered prohibitive for diameters below 0.090 in. and aperture erosion from 
increased heat transfer on the downstream edge of the aperture could occur with 
diameters over 0.150 in. 

A mean chamber velocity of 480 ft/sec and an incident pressure of 190 db 
were assumed as design points. Accurate estimations of the liner gas properties, 
sonic velocity, density, and viscosity are essential for a good acoustic liner de¬ 
sign, but because these properties were unknown before hot firing test measure¬ 
ments were taken, the liner design was determined from a parametric analysis 
of liner geometric variables in which a wide range of aperture gas conditions 
were assumed (figure 2). The acoustic liner geometry chosen for the first test 
series from the results of this analysis is described in table II. 
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Figure 2. Results of Preliminary Acoustic Analysis FD 53715 

Table 11. Acoustic Liner Configuration for First Test Series 

Liner thickness 0. 20 in. 

Backing cavity depth 0. 60 in. 

Aperture diameter 0.12 In. 

Open area* 6« 0 % 

♦Based on chamber area backed by acoustic cavity 

2. Cooling Analysis 

A preliminary cooling analysis was conducted to determine which pro¬ 
pellant would be more suitable for use as a regenerative coolant, to define the 
basic heat exchanger configuration and to identify potential cooling problems 
associated with the design of the flightweight, acoustically lined thrust chamber 
described in table I. Regenerative cooling schemes using either the total oxidizer 
flow or total fuel flow and employing either a single pass counterflow or parallel 
flow arrangement were selected for consideration. 

In the coolant passage of a heat exchanger using a coolant at subcritical 
pressure, nucleate boiling will occur at the heated surfaces whenever the wall 
temperature slightly exceeds the saturation temperature of the coolant. The 
bubbles that form on the heated surfaces and move into the coolant mainstream 
produce such a highly efficient heat transfer process that the heat flux can be 
increased significantly with only a small increase in the surface temperature. 
However, if the heat flux is increased beyond a certain point, the bubbles will 
start to coalesce and form a vapor film on the heated surface with an attendant 
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large decrease in the heat transfer coefficient. This is the ixdnt of transition 
to film boiling. For most liquids it causes an increase in the surface temperature 
that is great enough to cause failure of most commonly employed metals. Even 
with cryogenic liquids for which film boiling does not cause metal failure, the 
resulting film coefficients are so low that for all practical purposes the value of 
heat flux at this upper limit of nucleate boiling must be used as the design limit 
for regenerative cooling. 

In the past, much effort has been devoted to the development of an analyt¬ 
ical technique for predicting the upper limit heat flux for a given fluid from the 
knowledge of its physical and transport properties. Unfortunately, none ot the 
existing methods have proved entirely valid, and the design of rocket engine heat 
exchangers must be based upon empirical correlations of experimental data. 
These experimental investigations have shown that the upper limit heat flux is 
influenced mostly by three system variables: pressure, bulk fluid temperature 
and velocity. With this information, the designer can achieve a successful re¬ 
generative cooling scheme if he can provide sufficient coolant flow to ensure 
that the local values of the upper limit heat flux exceed the corresponding local 
heat fluxes from the combustion gases to the wall everywhere in the motor. 

The total heat rate that can be absorbed by a coolant at bulk temperatures 
below saturation is equal to the product of the flowrate, the specific heat, and the 
difference between saturation temperature and coolant inlet temperature. This 
total heat rate must be safely above »he total expected heat-rejection rate from 
the combustion gases to the motor wall, since values of the upper limit heat 
flux decrease sharply as bulk temperatures approach saturation, becoming too 
low for successful cooling even in regions of very low heat flux. If, for a given 
engine design, the total heat capacity of the coolant is found to be marginal, the 
heat-rejection rate can be reduced by a refractory coating on the combustion 
chamber walls. 

The variation of coolant bulk temperature along the thrust chamber wall 
was determined for both fuel and oxidizer assuming both counterflow and parallel 
flow arrangements. The results, shown in figure 3, were based on an axial 
variation of local combustion-side heat flux throughout the chamber and nozzle 
computed using the Simplified Bartz Equation (Reference 5) and assuming the 
combustion-side wall temperature to be 1700°R throughout the thrust chamber. 
Vapor pressure data indicated that either coolant would absorb the total heat 
load of the thrust chamber without experiencing a change of phase, and therefore 
remaining in the liquid state throughout the chamber. 

The feasibility of cooling a regeneratively cooled thrust chamber using a 
coolant that is undergoing nucleate boiling can be determined for a first approxi¬ 
mation by the coolant passage size necessary to maintain the local heat flux 
levels at or below the ultimate nucleate boiling heat flux of the coolant. This 
calculation must be performed in the throat region of the thrust chamber, the 
region of highest heat flux levels, and at the heat exchanger exit where, usually, 
the lowest ultimate heat flux occurs. If the resulting coolant passage dimensions 
render it impracticable to fabricate, or necessitate excessive coolant pressure 
losses, the cooling scheme is marginal. 

For the preliminary analysis, coolant passage geometry was determined 
at three locations in the thrust chamber (near the injector, at the throat, and 
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at the exit of the nozzle) assuming three different wall materials (.147 stainless 
steel, nickel 200, and aluminum) to explore the effect of coolant pressure and 
temperature anil wall thermal conductivity on passage size. Both fuel and oxi¬ 
dizer were used as the coolant in the regenerative cooling arrangements de¬ 
scribed above. Rectangular coolant passages were selected initially for the 
calculations because of the relative simplicity of the equations associated with 
this geometry. The passage geometry at the throat was adjusted to enable the 
coolant to generate its ultimate nucleate boiling heat flux. It must lie emphasized 
that assuming the heat flux to be the ultimate nucleate boiling heat flux for the 
coolant allows the passage configuration for the limiting case to be computed 
(for the analysis performed for the actual design of the flight weight chamber, 
Section II-D, no such assumption was necessary). The ultimate nucleate boiling 
heat flux was determined for the oxidizer by extrapolating the data of Reference 6 
and for the fuel from the data of Reference 7. The bulk temperature of the 
coolant at any location was determined from figure 3 while the coolant pressure 
was estimated. 

Figure 3. Computed Coolant Bulk Temperature FD 24902A 
Profiles for Regeneratively Cooled Motor 

At the throat the rectangular passages were required to conform to the 
geometric restrictions that the passage depth be equal to the passage width. In 
the chamber and nozzle, the passage geometry was determined by requiring the 
passage depth, the number of passages, and the relation between passage width 
and the spacing between passages to remain constant throughout the thrust 
chamber. Again, these restrictions represent a simplification enabling cooling 
feasibility to be determined; different criteria were used in the final chamber 
design. With the restrictions, the passage width may be calculated as a func¬ 
tion of thrust chamber radius and combustion-side wall thickness. 

For both oxidizer and fuel, the ultimate nucleate boiling heat flux was 
computed for the coolant and compared with that existing at the location of 
interest. The resulting coolant passage geometry for rectangular and circular 
passages of equivalent flow area, along with other pertinent information, is 
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included in table III. From these calculations it was concluded that the coolant 
passage geometry necessary to maintain the heat flux levels below the ultimate 
nucleate boiling heat flux for either the oxidizer or fuel is such that the resulting 
coolant passages may be easily fabricated using existing technology. Ihe cor¬ 
respondingly low coolant bulk velocities listed in table III are indicative of low 
pressure losses even in the presence of boiling. 

The results of the preliminary cooling analysis Indicated that It is feasible 
to cool a flight weight thrust chamber, acoustic liner combination operating under 
the conditions specified in table I employing a regenerative cooling system using 
either the total oxidizer flow or the total fuel flow in either a single-pass counter¬ 
flow or parallel flow arrangement that may be constructed from a variety of 
materials. With reference to table III, and considering that the thrust chamber 
and liner must be flightweight and represent a least-risk design approach, the 
following recommendations were made: 

1. Coolant: 50% N2H4 - 50% UDMH 

a. Advantages 

(1) Higher saturation temperatures resulting in reduced 
possibility of bulk vaporization and lower heat flux 
levels. 

(2) Lower flowrate, resulting in lewer pressure drop. 

(3) Better boiling characteristics, resulting in higher 
ultimate heat flux margin. 

(4) Less risk of combustion along the heated surface in 
the event of a coolant leak into the chamber. 

b. Disadvantages 

(1) Larger coolant passages resulting in greater weight. 

(2) Greater stresses in coolant passages. 

2. Flow arrangement: Single-pass counterflow using total fuel flow. 

a. Advantages 

(1) Less plumbing required, resulting in lighter weight. 

(2) Coolant flow-splitting is not required, increasing 
reliability and decreasing required accessories. 

12 
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3. Wall material: Nickel 200 

a. Advantages 

(1) High thermal conductivity. 

(2) Above-average strength characteristics. 

(3) Compatible for use with fuel or oxidizer. 

b. Disadvantages 

(1) Relatively dense, increasing thrust chamber weight. 

C. UNCOOLKD TEST PROGRAM 

1. Hardware 

An uncooled test motor was designed and fabricated to demonstrate the 
suppression characteristics of the liner acoustic design and to obtain heat trans¬ 
fer data for the design of the regeneratively cooled flightweight liner. The motor 
utilized an existing Air Force supplied Agena Model S/N 9 injector. The nominal 
design conditions for the uncooled motor were the same as those of the flight- 
weight chamber, table I. Figure 4 is a sketch of the uncooled motor assembly. 
The major parts of the assembly are the S/N 9 injector, the stainless steel com¬ 
bustion pressure shell, the stainless steel (or copper' exhaust nozzle, and various 
stainless steel and nickel acoustic liners. 

A transient temperature analysis was conducted to determine satisfactory 
specifications for the uncooled acoustic liners and nozzles to be used to obtain 
heat transfer data. The acoustic liner thickness was assumed to be 0.2, 0.3, 
and 0.5 in. for the analysis. Nickel was chosen as the uncooled liner material 
because it would maintain a satisfactory level of structural integrity after the 
2 sec firing time required to generate useful heat transfer data. The 0.20-in. 
thickness was found to be acceptable for heat transfer firings since it would reach 
only 1770°R after 2.0 sec at which time it would retain sufficient structural 
strength; and as discussed in the previous section, the 0.20-in. thickness was 
found to have acceptable absorption characteristics. 

Copper was selected for the throat and nozzle material because of its high 
thermal conductivity. After 2-sec firing the hot wall temperature of a 1.0 In. 
thick nozzle was predicted to be 1900°R. The structural integrity of a copper 
nozzle at 1900°R is questionable, but since previous copper nozzles have been 
run to predicted hot wall temperatures of 2000°R without problem, the 1.0 in. 
thick copper nozzle was chosen for the uncooled heat transfer tests. 
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Figure 5. Modified Agena S/N 9 Injeetor Assembly 
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Figui-e (!. Modified Agena S 'N 9 Injector Assembly - FE 83S13A 
Face View

Table TV. S/N 9 Injector Faceplate Orifice Configuration
t __________ _________________________1

Orifice !Vpe Number of Orifices Diameter, in.

Fuel Impingement 172 0. 0635

Fuel Barrier 32 0.099

Fuel Film Cooling 32 0.0235

1 i
Oxidizer Core 88 0.118

Oxidizer Barrier 32 0. 065
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Only minor modifications were required to mate the S/N 9 injector to the 
chamber anti manifold and to provide for mounting of the nondirectional bomb. 

Figure 8 is a sketch of the bomb mounting scheme. 'Hie bomb was attached 
to the Injector face using a tapered mount with a threaded end. A threaded hole 
in the injector, of location and depth such that there was no interference with 
either fuel or oxidizer passages, accepted the mount. A smaller hole, concentric 
with the threaded hole, provided the orifice plate feed-through for the detonator 
wire. The wiring hole at the injector face was sealed with epoxy potting (inside 
the bomb mount); a Conax packing gland was used at the backplate. 

Pipe Thread for 

Mounting Conax 

Packing Gland 

Oxidizer 

Orifices 

Fuel 

Orifices 

Bomb Mounting Thread 

(Plugged When Bomb 

Not Installed) 

Bomb 

Mount-s 

-Bomb Ignition Wire Fed Through 

Injector Face and Out Injector 

Backside Through Conax 

Transducer Packing Gland 

Figure 8. S/N 9 Injector Face Bomb Mounting Scheme FD 53717 

The combustion chamber pressure shell walls were 0.5 in. thick with a 
12.4 in. internal diameter, allowing installation of a 10.8 in. ID acoustic liner 
with 0.2 in. thickness and a 0.6 in. backing cavity depth. Two pressure shells 
were fabricated; one incorporated five rectangular ports designed to provide 
access to the liner wall, cavity and aperture thermocouples. Figures 9 and 10 
are photographs of the pressure shell with access ports and a typical inspection 
port coverplate. The chamber walls were provided with adapters for mounting 
five Kistler 614A and one 615A dynamic pressure transducers for measuring com¬ 
bustion pressure oscillations in the chamber at the liner inner surface (five loca¬ 
tions) and at one location in the liner backing cavity. The exact locations of the 
Kistler transducers are given in table V. As shown in figure 11, bosses for two 
pulse guns were incorporated; one with a tangential entry port and one with a 
radial entry port. 

Figure 12 is a photograph of the two types of combustion disturbance de¬ 
vices, bombs and pulse guns, used with the uncooled motor; design sketches of 
the devices are presented in figures 13 and 14. Where applicable, the design of 
disturbance devices was based on criteria found in Reference 8. Both bombs and 
guns were loaded with 04 explosive as the primary charge and electrically deton¬ 
ated with a 6 grain blasting cap. Two different types of barrels were fabricated 
so that the guns could be mounted either radially or tangentially. 

UNCLASSIFIED 



F
Piim & Wt’ntney fiir craft UNCLASSIFIED

Noi/le Fldiiinf 0“ Ref

Pleasure
Shell Asse.i'.blv-

Injector Flange

Kistler
Adaptor
Boss

Radial Pulse 
Gun Port

Access Ports

Figure 9. Uncoolerl Chamber Pressure Shell with 
Instrumentation Access Ports

I'l: 8:5915A
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Figure 10. Typical Cover mate for Instrumentation FK 83707A 
Access Port
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Gun Body
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Fij^ure 12. Combustion Disturbance Devices FD 49822
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Figure 14. Pulse Gun FD 45490 

Liners fabricated for the uncooled motor tests are described in table VI. 
All of the acoustic liners were designed to conform to the data of table II, and for 
installation only in the injector end of the chamber. The solid liners listed in 
the table were necessary to permit determination of the baseline stability charac¬ 
teristics of the motor, for use with partial length liners to maintain a consistent 
chamber inside diameter, and as backup hardware. A half-chamber length 
acoustic liner is shown in figure 15. 

Exhaust nozzles with two different contours were fabricated for the un- 
cooled tests; figure 16 compares the two. The original short contour was selected 
tc facilitate acoustic liner installation and removal. However, it was feared that 
the steep convergence profile might cause excessive heat fluxes in this region; 
therefore, a second nozzle with a longer (smooth) contour was fabricated. A 
short contour stainless nozzle only was used for the uncooled acoustic liner tests; 
however, copper nozzles of both contours were used in the heat transfer tests to 
aid in selecting the proper contour for the regeneratively cooled flightweight cham¬ 

ber. 

The nickel acoustic liner was instrumented with thermocouples on the out¬ 
side wall. The thermocouples were set into slots on the back wall and covered 
with an insulating coating of Sauer is en cement to prevent heat transfer from the 
hot gases in the acoustic cavity. These thermocouples were placed in 10 circum¬ 
ferential locations at each of 3 axial planes, 1.747, 4.347, and 7.851 in. from 
the injector face. In several locations, copper plugs containing a single aperture 
with a thermocouple at the downstream side of the aperture were inserted in the 
liner wall to obtain data that would permit determination of the effect of aper¬ 
tures on the heat transfer rate in the liner. 

23 
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\ ____

Kiitio ol l.iiuT
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Lcnglli to 

CliMinbci- Length
No.

Alteitures Materi;il Ucti Hctoi N ( uMting

Ai'oustic 1/2 772 ss:i47 Mg /n < >2
11. (tin to 0.015 in. thick

Aioustic 1/4 ss:i 17 Mg /n (>2
0.010 to 0.015 in. thick

Acoustic (for 
heal transfci- 
mcasurcnuMits

1 1544 Ni 20(1 None

Stilid (21 1/2 0 SS.-147 Mg /n (>2
o.olo to 0.015 in. thick

Stilid (21 1^4 0 SS347 Mg y.n ()o
0.010 to7).015 in. thick

Si>lid 1 ull 0 Ni 200 None

Solid (2) Full 0 SS347 Mg 7.W (>2 
0.010 to 0.015 in.

Solid 1/2 0 SS347 None

Solid 14 0 SS347 None

Spacer Flange*

Magnesium 
Zircon ate 
Coating

y~ Aperture

Figure 15. Half Chamber Length Acoustic Liner 
for Uncooled Motor
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Figúrele. Comparison of Nozzle Contours FD 53718 

The copper nozzles were instrumented by embedding thermocouples near the 
hot wall at 3 axial locations 12.1, 13.51, and Í4.93 (throat) in. from the injector. 
The thermocouples were inserted through holes drilled from the back wall to 
within 0.4 in. of the hot surface. A circular groove was eloxed from the inside 
wall concentric with each thermocouple hole and extending beyond the thermo¬ 
couple to 0.5 in. from the outside wall. These circular grooves were filled with 
an insulating material to inhibit heat flow parallel to the nozzle wall, thereby 
allowing the use of a one-dimensional analysis for the data reduction. Figure 17 
illustrates the instrumentation techniques used for the aperture copper plugs and 
the one-dimensional nozzle thermocouples. 

2. Test Program 

Before fabrication of the flightweight chamber was initiated, the baseline 
stability characteristics of the motor and the instability suppression characteris¬ 
tics of the potential liner design were investigated in short duration tests of the un¬ 
cooled hardware described in the previous section. Included in the uncooled test 
series were firings during which both the baseline heat transfer rates and the 
effects of liner apertures on heat transfer were measured. Additional uncooled 
tests were conducted with inserted acoustic liner segments to measure the dynamic 
stability characteristics of the potential flightweight liner design and to determine 
the minimum required liner length. For several of these tests, the fuel supplied 
to the injector was preheated so that the operating conditions of the regenerativeh 
cooled motor would be more closely simulated. 

Figure 18 shows the uncooled motor mounted on the B-5 test facility used 
for all firings under the program. For the uncooled tests the facility was as 
described in Reference 1 with the exception of the fuel preheater system described 
in Appendix IV, herein. A summary of each test is presented in table VII; a dis¬ 
cussion of the test program follows. 
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Fitjure 18. Uncoolcd Motor Mounted on B-5 Test 

Facility
FK 84001

The first series of eiftlit firinjis was made with a solid liner to determine 
the baseline stability characteristics of the motor. Data from the first five 
firings were not considered valid because of failure to leach the nominal operatins 
conditions of table I, and/or problems associated with sealing the Kistler probes 
into the uncooled adaptors. Several of the Kistler adaptors were damaged from 
overheating during the first five tests; therefore, the test duration was shortened 
from 2.0 sec to 1.5 sec for test G. Oscillograph traces from test G showed the 
motor was stable for the entire test, i.e., peak-to-peak pressure amplitudes 
were less tlian 25 psi.

Prior to the next firing, test 7, a 50-grain tangential pulse gun, timed to 
fire at +0.7 sec, i.e., 0.7 sec after ignition, and a 50-grain radial gun, timed 
to fire at ^1.2 sec, were installed. The motor was stable until the tangential gun 
fired, causing an overpressure in excess of 500 psi, which did not damp. The 
pressure oscillations prcxlucc>d were primarily of the first tangential mode, i.e., 
2G00 llz, with peak-to-peak amplitudes of approximately 400 psi. The test was 
alxjrtc-d at +0.82 sec by the rough combustion cutoff (RCC) device.

rhe radial gun was fired during test S; an overpressure in excess of 
700 psi resulted, and initiated high amplitude instability similar to that of the 
previous test. The test was aborted at +1.52 sec by the RCC device. From 
these results it was concluded that the motor with no liner is d\ namically un­
stable with resulting pressure oscillations at frequencies near that of the theo­
retical I T mode and that no furthei- baseline testing was rt^quiied.

UNCLASSIFIED



T
a
b
le
 
V

II
. 

P
h
a
s
e
 

I 
-
 
U

n
c
o

o
le

d
 
M

o
to

r 
T

e
s
t 

S
u
m

m
a
ry

 

1 

Pratt & Whitney Oircraft UNCLASSIFIED 

ÜÆ 

|J 
Já 
a 

. '£ 
o “ 

S « 
ia 

i '¿ •9 3 S3 
£ 33 TS 

á” 

â 
3 

O '• 

r'ï 

a jt 

V * 

a C 

Si 2 
85 > 

■£ * S 

? ! 
a 
8 

3- 
■ S 

H 3 
1-0 
^ Il 

2 ? 

âl 

B a, - 
e >. M tí 

c 
— GM i) O ? SP 
(« 3 « 

i C Zi 
ä es Us H 

Ïi 

s s 
il 
Ig 

2 3 

¿Ë 
O « 
“’ll. à 
5a B 
» “ 
S 

£ 

G -û W ® 'S “ è -û b h 0 2 n EJ 
Z 3Î H J 

§ o S s 

3 £ 

e| 

ä I 
o « 
^ a. d 
" èu S 

•o 

£ 

& 
S3 

H 
U •J 

»8 1 
Il si 

38 Ü; 

® «! ® 

£3 
S G 
¿3 

28 

s a> — 
Jfc o 

’S h- 
h 

. B M 4< 
53 

-¾ 
lis . S 

—‘ o 
u«^ 
ä - 

-O o 
<$3 

< 5 
L o ■£ 
£ £C tí 
?. ir> fi 

189 

¿r, O O V- 
^ '-i O •• PS CO X 

V o o ■i: 
£ e « - 

? 

I 
O E 
$■§ 

o a S. ? 
o 

rîi ~ ■ 

< 
: O 

¿rèS 
ï " 

i 
O Ë 
B « 
m Tî 

c o — 
9.213 

* r" a £ *3 

ni ^ii ï* 

W W l. 
ca 3 3 
-O Ils 
F u £ 
Ile 
33 g J 
•H » 0 

û X 
^ O O IT ^. 
3 9 ' *- ^ R T> «T 

n i/. £ 
S a. 5 œ r*: 
33¾ S’! 
^ Û. K C - X H 2 

4- « 
h 2 

« U ÿ u. J 53 

s 
JB "O »' 

ci 1 

« M 

I lit lit 

lîli 

* ï t 
i“ 
- r- o 
. . m .* 
« + _ y 

5^5 « 
Ou”* 
« te -r 
i3 © 2 ^ 
». ut « et 

S 
O 
e o 
n 

UNCLASSIFIED 

ft 

(2
) 

R
o

u
g

h
 c

o
m

b
u
st

io
n
 c

tÄ
o

ff
 (

u
n
st

a
b
le

 t
e
st

) 
Í3

) 
L

in
e
r 

c
a
v

it
y
 g

a
s 

te
m

p
e
ra

tu
re

 
(4

) 
T

ra
n
sd

u
c
e
r 

lo
c
a
ti

o
n
s,
 
se

e
 

ta
bl

e*
 5

. 



T
a
b
le
 V

H
. 

P
h

a
se

 I
 -
 U

n
c
o

o
le

d
 M

o
to

r 
T

e
st
 S

u
m

m
a
ry
 
(C

o
n
ti

n
u
e
d
) 

UNCLASSIFIED 
H 

Pratt & Whitney fiircraft 

f 3 

3 2 

ï = a 3 
f£ Í. .! 

s 
3 
Õ 

IS 
i0, 
a ^ 

u 
ò 
c\t ^ 

< 

a s 
Si 
|| 

Ü 
Zi 

« c 

< 
ò ^ 
O M 

S88 ^ n r-< 

?• CM »-« 

b®s ± w p, s 

< 
: O p 
OWN 
O <n N 

O lO o 
O t' N 
•• pi e-i 

X .2 0 2 x. 
.».■s'", 

im ~ "C t- • t£ 5 . ^ 
® £ cf-S . c ^ 
- ° 3 J O 3 w 

^ # b£ 01 bi 
"C W Û £ 

P 2 bt*4 i; be 

SsSs- ¿S 

a a 

li 

r. 
C £• 

il. w 

0« “ 
I * 
a: 

?s 

< y 
< 
kg 

gf; 

w •-. a « 
ä o. 

oT • ^0. 
l'a. 

: y » 
‘ i: â 

0/ « 
; 
ri ¿ 

= o 
â“' ó 
O U K 
¿ «t, 
3 O . 0. irt -* 

o o o » 
•• PM 

a 

a,* 
a. 

? 
o 
«s 

£ 

< ï 
i*S“ 

< 3 

r* w ^ 

I 

§S-3 
v- s 

g§ = T. «3 < 
CM 
f-, 

8. 
i 

is! 

U 

b 

< £ 
m ® 

*52 

^«5 
o ï- 3 
<n m ¡f 

gs« 
T. u. 

) o 
>.s< 

Í - 

= ■£ 
S S 

Xi w' 

E 

Cl H 
• O 

c s 

X) w 

E ® 

Oi 
r- 

5 5 55 

E'S 

lí 
aS 

:•? 
St 
ï : o 

I51 

■p U. 

I O • 
ÏS g * u 5 «- o á 
C gs 3 
0 i X 
r: •-. it 

e-fa 
•C * U. 

S u * 
is a 

V. b h 
• o» 
c| 
5 5 

29 

UNCLASSIFIED 

(I
) 

B
a
se

d
 o

n
 c

h
a
m

b
e
r 

p
re

s
s
u
re

 



T
a
b

le
 
V

II
. 

P
h
a
s
e
 
I 
-
 
U

n
c
o

o
le

d
 
M

o
to

r 
T

e
s
t 

S
u
m

m
a
ry
 
(C

o
n
ti

n
u
e
d
) 

Pratt & Whitney Rircraft UNCLASSIFIED 

3 - 

3? 

3 3 S 

&Ï2 
e £ ». 

. s|a 
s ii I 
- e| s 
2 i “ c i ih -i a, ~ 

c ? 

2 «o 
• »4 4 /1 5£ sc 

3 ï 

^ U _ 
— “ ^ • 

2- 

I ™ S ï 
. _ V. 

9S^ M CO 

^52 »r O 

< J iO o ^ o t- 5 ti CO M »f ÿ 

<006 
¿i ï «5 
O ^ ^ ^ 
•• in 

ií 3 
o o in — 
OJCM — • • »r < 

2 " 

Vil 
« 3 =- 
S S 2 •ÂÍS 

H 
U 
>4 

Ss! 
S3 

• « 
ë 3 
J3 
Z c/í 

« 

» 

1 ~ a 

Sta ^ 

S« " 
ff« “ . 5 1/3 ° J 
3‘B‘n s ¡Í-Sx, a • i) . 
äs 2-^ 

30 

SI 

UNCLASSIFIED 

« i 1 o 0 o 

1 ê 
t- £ 
N N K N i è 

Sí 
= E 
2 u. 
ï o 

i? 

2 Q- M 
§3 
o* a> 

“1 
rH £ «^ ( 

^2 

- £- 
^ E 
0Ä 
o _ 

è 4 
~ re 

E 

K ^ 
Sí 

^3 ^ 
2 2 
f'l 

Si 
SI 

2¾ 

SI 

E °. 
S- 

2 « i E 

< c = 
S " £ 

< £ US 
1= « 
lffi = 

" E 

ï * 

*" X 1 

-? re 
— £ 

II 

! S « 

: ^ 
>2 E 

& 
íi: 
i *' < 

4
5

9
 

1
.9

H
 

9
3

.1
 

B
o
m

b
, 

4
5
 g

ra
in

 a
t 



até#»«» 

íiv& 

UNCLASSIFIED Pratt & Whitney Pircraft 

s r'i.-SES'Ä^Ä’r- 
ticm was stable wcrc found to vary front 320 to 630 psta; 

PJlC8weier^cÄ-a “» 25 pat pe^-to-peak wtthln 10 ntllllseconda. 

A scries of firings (tests 12 through 14) was then conducted to determine 
the minimum acoustlcllner length required J'^foTetÆ lVgraln non- 

taneously unstable during the start Irans » radial pulse charge 
was stable during the 8lart “^^'^dlnm^hlgh Iplitude 

tnstabt'uty^The'pressure'o^UlaUons^were primarily of the first tangential mode 

with peak-to-peak pressure amplitudes up to 220 psl. 

Typical dynamic pressure data from the first three lendh 

chamber was set at 1/2 chamber length. 

ThP npxt series of firings (15 through 17) was conducted to determine the 
size ofnoKHrecUonal bombs Necessary to produce overpressures In emtess of 
500 ¿la Thc 1/2 chamber '^h acoustlc l^r was ^abj 
bomb was installed on the injector face for each of the “J8““ ^ 0ver. 

"s SÄpsU rVsuîtÂg test 15 and’ spikes of up^MpsU 

Sre2Ä0wUUnrÄu8« A ll-graín'bomb w^lnaS for test 17. The 
tomb c£ing apparently burned off during the start transient because an over- 
pressure of only 50 psi was recorded at detonation time. 

length acoustic liner installed. Tests 18 and 19 were conauc 
or bombs; test 20 was disturbed at +1.5 sec The firings were 

charge and at +1.8 sec with a 50"g/^charges damped to less than 25 psi within 

STse'c! * Figure ^20 i'/.Wlcal plot of "suUs'oVSe 

fSngftdhadtUthemoltorSecoueid be operated with heated fuel without adversely affect¬ 

ing stability. 
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Figure 20. Injector Fuel Inlet Temperature Recorded 
^ During Fourth Series of Uncooled Motor 

Tests 

FD 53719 

11 firino-« 122 throueh 25) was then conducted with a copper 
A series of four firings (22 tnrougn » ^ nozzle and the liner were 

nozzle and the full-length nicke ac ’ transient temperature data. No 
instrumented with thermocouptes for | { used to more closely 
disturbance devices were installed, and heated fuel was us^ ^ +1-27 sec by a 

simulate actual regenerative conditi . e fuu.duration 

“Ä. ‘SÄ dStrira, apparently due to the 

installation technique that had been employed. 

The last six uncooled motor firmg® ^^ou^copper nozzle reinstrumented 
obtain nozzle heat transfer da a. s”\, i/o-chamber-length acoustic liner 
for improved thermocouple respons was Ufied only during tests 26, 29, 

rr^Crtg the Äofirlngl; the tael was heated to 240-F and 45-grain, 

nondirectional bombs were detonated. 

During the last two tests ‘XÄÄthe SghTefo pslleachrf In'a 
45-grain bombs was 590 psi, slight y ^ overpressure with a larger bomb 
previous test with a 37-grain • necessary to use an oversized bomb 
was attributed to two factors. Fir , available. (The explosive power 

ïïi'irr ~ 
tests the chamber pressure stabilized within 0.010 . 
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3. Analysis of Data 

a. Combustion Stability 

Spectrum analysis of dynamic pressure data from the baseline test series, 
i.e,, with no acoustic liner, were performed; typical results are shown in fig¬ 
ures 21 and 22. Although modes of instability with peak-to-peak amplitudes 
greater than 25 psi (5"i of chamber pressure) were not expected at frequencies 
higher than 5500 Hz, they were evidently present. Nevertheless, similar analysis 
of data from tests with the half chamber length acoustic liner revealed that, in 
every instance, pressure amplitudes at all frequencies were reduced by the liner 
to approximately 2 psi or less. 

A summary of cavity gas temperature data from the 1/2-length acoustic- 
liner is shown in figure 23. The maximum temperatures are approximately the 
same as the highest value (2000°H) assumed for the original liner design analysis. 
If the actual cavity gas temperatures had been very different from those assumed, 
redesign of the liner would have been warranted. However, in view of the above 
results and considering the demonstrated success of the half chamber length 
liner in suppressing the dynamic instability of the uncooled motor, it was con¬ 
cluded that no redesign of the liner for the flightweight chamber was necessary. 

b. Performance 

A summary of averaged performance data from the uncooled motor firings 
is given in figure 24. From these data, it was observed that within the limits of 
experimental uncertainty (approximately 2%) the use of an acoustic liner did not 
affect the specific impulse, thrust coefficient, or combustion efficiency when 
using ambient temperature fuel. The use of heated fuel caused a slight decrease 
in each of the above performance parameters probably because of the effect the 
heated, and therefore less dense, fuel had on the injection momentum ratios. 
No attempts were made during the heated fuel test series to vary the injector 
mixture ratios and thus possibly improve performance because of the transient 
nature of the tests (as shown in figure 20, the fuel inlet temperature varied 
throughout the firings). Also, the primary purpose of the tests was to deter¬ 
mine the effects of heated fuel on stability; performance results were of only 
secondary interest. It was known that more valid performance data would be ob¬ 
tained from tests of the flightweight chamber. (See Section II-D-4. ) 

c. Heat Transfer 

The data reduction technique used the same transient temperature analysis 
program that was used in the design of the uncooled chambers. By assuming a 
range of heat transfer coefficients a family of thermal response curves was pre¬ 
pared for each different instrumentation location. The experimental heat transfer 
coefficient at a particular point was determined by selecting the coefficient that 
produced a thermal response curve that matched the actual thermocouple response 
at that point. The resulting coefficients are given in figures 25 through 27. Al- 
though it was found that the coefficients In the chamber varied from 400 Btu/hr ft2R 
(the Bartz theoretical value) to a maximum value of 600 Btu/hr ft2R, thermal re¬ 
sponse data from thermocouples on the liner and from the copper aperture plugs 
(figure 28) indicated that the heat flux in the vicinity downstream of an aperture 
was not significantly different from that at a comparable location without an aper¬ 
ture. 
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FREQUENCY - Hz 

Figure 21. Results of Spectrum Analysis of Dynamic FD 53720 
Pressure Data from Test 8, 4:30 "A" 
Transducer 

Figure 22. Results of Spectrum Analysis of Dynamic FD 53721 
Pressure Data from Test 8, 12:00 "A" 
Transducer 
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Figure 25. Azimuthal Distribution of Heat Transfer FD 53724 
Coefficients in Chamber 
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Figure 26. Azimuthal Distribution of Heat Transfer FD 53725 
Coefficients 13.51 in. from Injector, 
Converging Section of Nozzle 
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Figure 27. Azimuthal Distribution of Heat Transfer FD 53726 
Coefficients at Throat 

40 

UNCLASSIFIED 



UNCLASSIFIED Pratt & Whitney Pircraft 

t- 
CM 

CO 
in 

Q 
U* 

g 
Hi 
5 

do - 3UiUVd3dW31 

UNCLASSIFIED 

F
ig

u
re

 2
8.
 

T
h
er

m
al

 R
es

p
o
n
se

 D
at

a 
fr

o
m

 L
in

er
 T

h
er

m
o

co
u

p
le

s 
an

d 
fr

o
m

 C
op

pe
r 

A
p
er

tu
re
 P

lu
gs

 



1 

Pratt & Whitney Pircraft UNCLASSIFIED 

A comparison of all experimental data with theories is shown in ligure 29; 
from these results the coefficient profile predicted by the Bartz Boundary Layer 
Analysis, Reference 9, was selected for use in the final design ot the flightweight 
chamber because (1) the theoretical coefficients in the chamber agreed more 
closely with experiment and, (2) the nozzle throat coefficients were always higher 
than experiment thereby providing a safety margin in the region of highest heal 
flux. 

D. FLIGHTWEIGHT THRUST CHAMBER 

1. Design 

To demonstrate the durability and effectiveness of a regene rati vely cooled 
acoustic liner Installed in fllghtwelght-type hardware an electroformed thrust 
chamber incorporating an Integral 1/2-chamber-length flightweight acoustic 
liner was designed to mate with the Agena Injector. As shown in figure 30, the 
chamber was cooled by counterflowing fuel that entered through an inlet manifo 
at the nozzle exit and passed through the chamber coolant passages to a turnaroun 
manifold at the Injector end. The coolant exited from the chamber and reversed 
direction through coolant passages in the pressure shell to the exit manitold at 
the downstream end of the shell. From the exit manifold the fuel entered an 
external tubular manifold which lead to the Injector fuel inlet. 

The acoustic liner design used was, with one exception, the same as that 
determined from the acoustic analysis described in Section II-B. 'rtie configura¬ 
tion was a one-half chamber length, 6% open area liner, having a thickness of 
0.20 in. and a backing cavity depth of 0.6 in. ; however, the aperture diameter 
was reduced from the original liner specifications (0.120 to 0.094 in.) to facilitate 
incorporation of a desirable coolant passage geometry. 

An existing digital computer program was modified for use in sizing the 
coolant passages. The program makes use of the Dipprey and Saversky equation 
(Reference 10) for calculating coolant side heat transfer coefficients, a one- 
dimensional fin equation developed by Kraus (Reference 11) for calculating heat 
conduction in the lands between the coolant passages, and the Bartz analysis 
(Reference 9) for determining the combustion side heat transfer coefficients. 

Three revisions were necessary to adapt the program for the design of the 
flightweight chamber: 

1. Functional relationships describing the physical and transport 
properties of 50-50 blend fuel were added. 

2. The calculations were modified to Include the capability for 
assuming a refractory coating on the hot wall. 

3. The program was modified to allow nucleate boiling and to use 
the ultimate nucleate boiling heat flux data of Reference 7. 
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The cool Inti passage geometry was restricted by the lollowing: 

1. Land width In the chamber was held to a minimum of 0.2 in. 
to provide space for the installation of acoustic apertures. 

2. Only passages of constant width and variable depth were con¬ 
sidered to facilitate fabrication by electroforming. 

3. The wall thickness between the coolant passages and the com¬ 
bustion chamber was a constant 0.035 in. 

4. The minimum back wall thickness was 0.025 in. 

5. Overall liner thickness was a constant 0.20 in. 

The resulting liner configuration incorporated 112 constant passages with 
a constant width of 0.085 in., with the depth varying to meet the cross-sectional 
area rec(uirements imposed by the heat transfer analysis. Howevei • it was found 
that the predicted ratio of ultimate heat flux to actual heat flux was not great 
enough to provide a sufficient margin of safety. A refractory coating of 0.010 in. 
magnesium zirconate was therefore added to the hot wall to reduce the actual 
heat flux, thereby raising the ratio of actual to ultimate heat flux to a satisfactory 
level. Figure 31 shows the heat flux ratio versus axial location for coatings of 
0.005 and 0.010 in. as well as for the case with no coating. A summary of final 
results from the flightweight chamber cooling analysis is given in table VIII. 

The heat transfer analysis also indicated that it probably would not be 
necessary to cool the acoustic liner pressure shell; however, it was decided to 
flow the fuel leaving the acoustic liner section through the pressure shell to pro¬ 
vide an extra margin of safety. The cooled pressure shell contained 48, 0.188-ln. 
diameter drilled coolant passages. 

The major parts of the flightweight motor assembly are the electroformed 
chamber with integral flightweight acoustic liner, the cooled pressure shell, the 
oxidizer manifold, and the Agena Model S/N 9 injector. The electroformed 
chamber was made of nickel; all other parts were made of AISI 347 stainless 
steel. To minimize program costs, only the liner section was of flightweight 
design; however, all remaining parts were designed to be easily adaptable to a 
flightweight configuration. 

The chamber was provided with adapter bosses for mounting two 615A and 
two 614A Kistler dynamic pressure transducers to measure the liner backing 
cavity and chamber pressure oscillations, respectively. The cavity pressure 
transducers were mounted directly in the cooled pressure shell; however, it was 
necessary to design water-cooled adapters for the chamber pressure transducers 
because they extended through the backing cavity and were exposed to the combus¬ 
tion chamber environment at the transducer tip. Figure 32 shows the Kistler 
mounting scheme and a sketch of the water-cooled adapters for the cooled chamber. 

Additional instrumentation Included thermocouples at the fuel inlet mani¬ 
fold, turn around manifold, fuel exit manifold, injector fuel inlet, injector oxi¬ 
dizer inlet, and in the liner backing cavity. (See figure 33.) Pressure transducers 
were provided for all these locations along with two chamber pressure taps in the 
injector face. 
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Table Vlll. Results of Flieht weight Chamber Cooling Analysis 

(Magnesium Zlreonate Coating 0.010-in. 'I'hlck) 

Chamber Throat Nozzle 

0.140 

0.085 

0.085 

0.059 

0.085 

0.035 

0.140 

0.085 

0.035 

Passage Depth, in. 

Passage Width, in. 

Hot Wall Thickness, in. 

Chamber Radius, in. 

Distance from Injector, in. 

Heat Transfer Coefficient, 
Btu/hr-ft2-0 F 

Coolant Temperature, 0 R 

Coolant Pressure, psia 

Heat Flux Ratio 

Coating Temperature, °R 

Coolant Side Wall Temperature, °R 

Temperature Drop Across Coating, °R 

5.40 2.40 3.95 

0.0 14.93 18.0 

600 1310 560 

768 610 559 

587 606 696 

2.08 2.89 2.68 

2045 2743 1960 

991 996 1012 

848 1389 759 

Chamber pressure perturbation was provided by an Injector face mounted 
nondlrectional bomb as described In Section II-C. 

2. Fabrication 

The regeneratlvely cooled chamber wall with Integral 1/2-length acoustic 
liner was fabricated using an electroforming process by Camln Laboratories, Inc., 
Brooklyn, N. Y. All other parts were fabricated by conventional machining 
processes. 
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Figure 34 Illustrates the steps in the electroforming process, which in¬ 
cluded: 

1. Nickel was electrodeposited over a shaped mandei to form the 
chamber inner wall, the mandrel having been machined to 
produce the desired chamber contour. 

2. The deposited nickel was machined to a thickness equal to the 
coolant passage hot-side wall thickness plus the passage depth. 
This distance corresponds to the dimension from the liner hot 
wall to the cold side (outer side) of the coolant passage. 

3. The coolant slots were machined into the deposited nickel. 

4. The slots were filled with conductive wax. 

5. The outer liner wall was electrodeposited to form the coolant 
passage closure. This nickel was deposited to the lands and 
bridged the passage slots. 

6. The liner outer dimensions including bosses, etc,, were 
machined. 

7. The conductive wax was removed by flushing. 

After the electroforming process was completed the liner apertures were 
drilled into the lands between the coolant passages, and the remaining conven¬ 
tional fabrication was completed. Figures 35 through 37 are photographs of the 
flightweight chamber showing the front and back of the liner section and an overall 
view of the chamber. 

The chamber was assembled by the vendor and pressure-checked at 
1180 pslg with gaseous nitrogen; however, before the motor could be fired, 
several preparations and tests were completed, including: X-raying, applying 
the magnesium zirconate coating, Installing external fuel manifolding and instru¬ 
mentation adapters, final assembly, leak checking, cleaning, and water flowing. 

The liner was X-rayed to determine if any foreign material was located In 
the coolant passages, and two indications of foreign matter were noted. One was 
at the throat section and the other in a passage 0.25 in. from the coolant inlet 
manifold. It was decided to continue with the other preparations as scheduled 
before attempting to remove the objects since additional foreign material could 
have been deposited in the passages during the installation of the external 
plumbing and instrumentation adapters. The X-rays also revealed that the holes 
drilled through the cooled liner for the Kistler dynamic pressure transducers 
were not centered between the coolant passages as per design. The holes were 
located 0.020 in. from one coolant passage and 0.040 in. from the other; however, 
stress calculations indicated that the mislocation would not cause a structural 
problem. 

The magnesium zirconate coating was applied to the Inner chamber wall 
and the motor was assembled using the S/N 9 injector and the oxidizer mani¬ 
fold. The external plumbing was fabricated and Installed and the Instrumentation 
adapters were mounted. 
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The pressure leak check of the motor assembly revealed an inadequate 
seal between the pressure shell and the cooled liner. The problem was corrected 
by building up the seal surface with weld and remachining to the proper specifica¬ 
tion. The motor was reassembled and again leak-checked; no leaks were detected. 
The motor was then flushed with hot degrease fluid and with steam in an attempt 
to remove the foreign objects in the coolant passages. 

The liner was X-rayed again; the indications of material in the flow passages 
were still present, in the same locations. Several additional X-rays were made 
from various angles to locate exactly the suspected material in the passages, and 
a representative of Camln Laboratories, Inc., was shown the X-ray film. After 
close examination of the film he suggested that the Indications were probably 
caused by nickel, electrodeposlted before the final layer of nickel was deposited, 
in tiny impressions made in the wax used to fill the passages. An end view X-ray 
of the material in the throat passage indicated that the impression was approxi¬ 
mately 0.002 to 0.005 In. in depth. It was concluded that this blockage should 
not be sufficient to cause coolant flow disruption; and, therefore, no further aU^ 
should be made to correct the condition. Nevertheless, it was decided to aj^íly 
a temperature-indicating paint to the outside wall of the liner so that the areas 
of concern could be monitored for hot spots. 

Water-flow calibration tests were conducted on the assembly to determine 
the coolant passage pressure drop and the time required to fill the fuel side of 
the motor. A fill time of approximately 1.1 sec was established for use as a 
first approximation for the sequencing of the stand control valves during the 
start transient. The results of flow tests showed the pressure drop across the 
liner at design flowrate (143 gpm) with water was 235 psid, with a total pressure 
drop for the liner, cooled pressure shell, and the manifold lines of 337 psid. 
Previous results of water-flow tests compared to firing data for pressure drop 
across the injector alone Indicated that, for the design flowrate, the fuel pres¬ 
sure differential would be approximately 68% of that measured with water. 
Using this relationship, the pressure drop across the manifold, cooled pressure 
shell, and liner was predicted to be 230 psid with fuel with a pressure drop across 
the liner section alone expected to be 162 psid. The total pressure drop was used 
to establish the fuel run tank pressure for the first firing. 

3. Test Program 

The motor was mounted on the B-5 test stand and after final instrumenta¬ 
tion of the assembly and controls setup were completed, three overcooled, i.e., 
at low mixture ratios, firings were made. (See Test Summary, table IX.) 

The first firing was made to check out the control system and to verify 
operating parameters. The test duration was 2.0 sec and the mixture ratio was 
1.4 with a nominal chamber pressure of 363 psia. The start transient was rough, 
primarily because the oxidizer side of the injector was not full at ignition. The 
oxidizer flowrate was approximately 11 gpm higher than the Intended flow, which 
resulted in a higher than planned mixture ratio. The coolant temperatures in the 
liner exit manifold did not reach steady state before the end of the firing. 
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Prior to the second firing, minor timing and control valve position changes 
were made in the oxidizer system, and the test duration was extended to 5.0 sec. 
The objective of this firing was to obtain preliminary cooling data at a mixture 
ratio of 1.2. The start transient was not as rough as the previous firing, but a 
90-Hz chugging was initiated with peak-to-peak amplitudes of 50 to 60 psi. The 
chugging continued until the test was aborted by a hot gas leak caused by a dynamic 
pressure transducer seal failure. The abort occurred at shutdown (+5.0 sec). 
The chugging was concluded to be the result of the oxidizer injector pressure 
differential, which was only 25 psld and therefore considerably below the design 
value (60 psld). Review of preliminary cooling data indicated that the bulk tem- 
perature of the fuel in the liner exit manifold was at least 75 degrees below the 
predicted value of 732° H. Post-test inspection of temperature-indicating paint 
on the outside surface of the liner revealed that the wall temperature did not 
exceed the cold change point of the paint (1000° R). 

In an attempt to stop the 90-Hz chugging instability during the third firing, 
the oxidizer flowrate for the start transient was increased from 107.4 gpm to 
127.0 gpm, which increased the oxidizer injector differential pressure from 
25 to 45 psid. At 1.4 St into the test, the oxidizer flowrate was increased to 
133.6 gpm to reach the desired mixture ratio of 1.5. 

Slight chugging (20 psi P/P) was present during the start transient; it con¬ 
tinued until the mixture ratio of 1.5 was attained and then damped. The liner 
exit coolant temperature reached a maximum of 690°R, 86 degrees below the 
predicted value. The coolant temperature measured in the upper half of the motor 
was 25 degrees higher on the average than the temperatures in the lower half. 
The temperature-indicating paint on the outside liner surface had not changed, 
indicating that the wall temperature was below 1000° R. Post-test inspection of 
the combustion chamber revealed areas of chipped magnesium zlrconate coating. 
The coating failed at two locations, 6:00 and 8:00, adjacent to the injector face 
(figure 38); each was about 1 sq in. in area. The motor was removed from the 
stand and disassembled for repairs; the nickel liner was inspected for hot spots 
and cracks, but none were located. The thickness of the coating around the 
chipped areas was measured and found to be 0.025 to 0.035 in., much thicker 
than the desired 0.010 in. It was concluded that the chipping resulted from 
severe thermal gradients that would be present in such a thick coating. The old 
coating was completely removed by vapor-blasting and the chamber was re¬ 
sprayed. The motor was then assembled, leak-checked and cleaned. 

A leak was discovered during the cleaning operation and the motor was 
again disassembled and new seals fitted. A slight out-of-round condition was 
found in the cooled pressure shell; however, the new seal prevented any leakage. 
After cleaning, the motor was mounted on the test stand. 

The purpose of the fourth firing was to obtain cooling data at design opera¬ 
ting conditions. The average steady-state chamber pressure was 481 psia, 
mixture ratio was 1.98, C* efficiency was 95.9% (based on chamber pressure), 
and liner coolant exit temperature was 693° R (predicted value is 768°R). The 
test was aborted at +3.81 sec Into the scheduled 5.0-sec run when a hot gas leak 
occurred. Post-run inspection of the rig revealed that the pressure shell-to-fuel 
turnaround manifold gasket had failed, allowing hot chamber gases to leak outside 
the chamber. Also, one injector-to-pressure shell bolt was stripped and blown 
out, apparently the result of liquid fuel leaking from the pressure shell coolant 
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passani's iiiti> tho U)li hoU' an.l ttu-ii dctunaimK. Hu- riu was disniounu-l and <lis- 
assoinljli'il for furthor ins|uiiion ami npair. 1 lu> only damano lound (oihi r than 
to tho 1 oflon K'l^hot that failod) was st)inf ihippinn of tfu- mannosium zirionato 
oo itinK at Iho inii-otor i nd of tho ohambor. Mot-auso of tho hinh u-mi)t raturos, 
tho failnl na.skot had bonun to flow and was slinhtlv oharro.l in sovoral placos 
alon;; tho insido oduo. It was dooido.l that tho ^aski-t should not bo rct)laL-o.l and 
that the rig would be reassembled using weld seals instead.

Figure 38. Damaged Area of Magne.sium Zirconate 
Coating .After l est 3

Fi; 0003SA

Figures 30 through 41 deseribe the revisions to the injector-to-chamber 
attachment and sealing scheme. I hc original configuration is shown in figure 39. 
Figure 40 shows how the pressure shell-to-turnaround manifold seal was accom­
plished by welding. It was necessary to seal at "C" to prevent the fuel from 
leaking into the acoustic cavitv from the pressure shell coolant passages. How­
ever, to gain access to •( '• it was necessary to remove the turnaround manifold 
by cutting as shown. .After the seal weld at "C ' was completed, the turnaround 
manifold was replaced and welded at ".A" and ' H ".

rhe complete repair scheme is shown in figure 41; the injcctor-to-pressure 
shell bolts were re|)laced bv studs that were threadtHl into the pressure shell and 
sealcHi with selds at "D” and • K". I hc oxidizer manifold was then welded to the 
turnaround manifold at ' F '. Prior to attachment of the oxidizer manifold the 
inside chamber wall was recoated. The new coating was held to approximately 
0.010 in. thick.
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Parting Line 

Notes: 1. Turnaround Manifold Removed by Eloxing 

Along Parting Line. 

2. Pressure Shell Welded to Chamber at "C". 

3. Turnaround Manifold Replaced and Welded 

at "A" and "B". 

Figure 40. Method of Removal and Rewelding of Fuel FD 53751 
Turnaround Manifold 

The motor was checked, cleaned and mounted to the test stand. The next 
firing, test 5, was scheduled for 10 sec duration but was terminated prematurely 
at +1.4 sec by the burnwire abort system. Review of the data indicated that the 
burnwire sample time was marginal, and post-test visual inspection of the motor 
revealed no hardware damage; therefore, the oxidizer control valve was re¬ 
scheduled to open 0.15 sec earlier and the burnwire sampling time was increased 
from +1.4 to +1.8 sec in preparation for the next test. 

Test 6 was conducted for a scheduled duration of 10.0 sec to demonstrate 
durability and to obtain cooling data. The steady-state mixture ratio was 1.97 
at a nominal chamber pressure of 478 psla. The flightweight chamber was in 
excellent condition following the test; there were no indications of hot spots or 
chipping on the magnesium zirconate coating. 
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Temperature data recorded during test 6 are shown in figure 42. 1 he 
coolant exit temperature reached a maximum of 720° R, 48 degrees lower than 
t^ design value. The coolant temperature Increase from the chamber inlet o 
exit wasSeO»R. At the end of the firing the cavity temperature recorded by the 
No 2 probe was 1120° R, 400 degrees higher than that recorded by No. 1 
probe P The difference In cavity probe readings is attributed to radiation heating 
of the No. 2 probe; it was located directly behind an aperture where It could see 
the combustion zone. The No. 1 probe is located behind the liner wall rmdway 

between two apertures. 

Test 7 was conducted to verify the dynamic stability characteristics of Ae 
flightwelght chamber. The test duration was 5.0 sec and the mixture ratio was 
2 with a nominal chamber pressure of 483 psla. A nondlrectlonal, 10-gra n 
bomb was detonated at +2.0 sec producing a pressure spike of 230 PS¡ whU* 
damped in 5 milllsec. Post-test inspection of the chamber revealed that several 
small fragments of the Teflon bomb casing were stuck to the chamber wail near 
the bomb mount; however, no damage or deformation of the liner was apparent. 
The threaded tip of the bomb mount was approximately 50 < eroded. 

Test 8 was conducted to further verify the chamber dynamic stability. A 
larger bomb,30 grains, was timed to detonate at +2.3 sec. This particular time 
was selected to ensure that the perturbation would occur well after ^chamber 
oressure was obtained. The test stand dynamic pressure data indicated that the 
bomb did not produce an overpressure when triggered. A post-test visual inspec¬ 
tion of the chamber showed that the bomb had been destroyed, but It could not be 
determined If It had been detonated or burned. 

A larger bomb, 36 grains, was installed for test 9. The time of detonation 
was scheduled earlier In the test (at +2.0 sec) to determine if the suspected 
thermal failure could be eliminated. As in the previous test, no perturbation 
was obtained when the bomb was triggered. Again the visual inspection verified 

the bomb had been destroyed. 

Before test 10 additional thermal Insulation in the form of a ro°m tei¡¡per*" 
ture vulcanizing compound approximately 0.05 in. thick was applied to the bomb 
casing. The bomb had been set to detonate at +2.0 sec, but dynamic pressure 
dataTraces showed an overpressure spike of 230 psi occurred at +1*75 see and 
damped to stable operation In 7 milllsec. Because the bomb had not been trig¬ 
gered it was assumed to have been thermally detonated. 

In an attempt to reduce the occurrence of bomb thermal failure, test 11 
was conducted using a bomb coated with approximately 0.10 in. of insulation and 
timed to detonate earlier in the test, at +1.55 sec. The 36-graln bomb detonated 
as scheduled, but the Kistler traces Indicated that an overpressure spike of only 

100 psi occurred. 

The bomb casing was then redesigned to provide longer life inthe hot flow 
stream. The walls were made 0.14 in. thick, double the original thickness. 
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During preparation for the final series of tests, a static pressure test of 
the motor revealed a small leak from a coolant passage to the outside of the 
motor in the converging section of the nozzle. The leak was not noted during 
the post-test pressure check of test 11. No reason for die leak could be deter¬ 
mined. i'here were no visible cracks; therefore the failure, a tiny pinhole, d d 
not appear to be the result of thermal fatigue. The leak was repaired by welding 
at the test stand. 

l est 12 was conducted using a bomb loaded with a 40-graln charge timed to 
detonate at H. 8 sec. A spike of 400 psi was recorded by one of the K s 1er probes. 
The overpressure damped to stable operation in 10 mlllisec. I he post-test inspec¬ 
tion of the chamber revealed that several fragments of the Teflon bomb casing were 
stuck to the chamber wall near the location of the bomb mount; however no deforma¬ 
tion of the liner was apparent and no chipping of the magnesium zlrconate coating 
was found. 

Test 13 was conducted without a bomb for the scheduled duration of 60 sec. 
The test was extremely stable; no change in performance was noted during the 
test. A post-test inspection of the chamber showed that the bomb mount plug 
had eroded approximately 40%; a slight discoloration was noted in the nozzle 
throat section on the magnesium zlrconate coating in the downstream area co 
responding to angular location of the bomb mount. No damage had occurred to 
the liner portion of the chamber from either aperture erosion or liner deforma¬ 
tion. The post-test static pressure check of the motor revealed three additional 
pin-hole leaks in the area of the throat convergent section. (See figure 43. ) A 
close Inspection of the area using X-ray and zyglo techniques revealed no visible 
cracks in the chamber wall. The pin-holes were so small that X-ray film could 
not detect their source. The chamber after disassembly is shown in figures 44 
through 47. 

4. Analysis of Data 

a. Performance and Stability 

Comparison of the performance data from the flightweight chamber firings 
with data from the uncooled motor (figure 48) shows that the performance of 
the cooled chamber was approximately the same as that of the uncooled motor 
with no acoustic liner. Although the cooled chamber specific impulse and C 
efficiency, based on Pc, were 3 seconds and 0.6% lower, respectively, than that 
of the uncooled motor, these deviations are well within the limits of experimental 
error for the test and thus cannot be considered significant. 

Combustion was stable for every test of the flightweight liner; no spon¬ 
taneous combustion pops occurred. The dynamic stability of the motor was 
demonstrated during six tests that were disturbed with nondirectional bombs 
of various charges. In all cases the resulting overpressures damped in less 
than 10 milllsec. The highest overpressure, 400 psi, was recorded during 

test 12. 

64 

UNCLASSIFIED 



UNCLASSIFIED
1

Pt ;m S Whitney Pircraft

Fu<4 Eitt
oM

|l«tro<Jep<*ted 
^ . > -Owmbef W»ll-i

\

Figure 43. I>oaU Areas on Flectrodcpositcd Chamber FK 107227A 
Wall

Oxidizer

Figure 44. Flightweighl Chamber After Test 13 FE 107223A

UNCLASSIFIED



Pratt & Whitney fiircratt UNCLASSIFIED

Figure 45. Flightweighl Finer Looking Downslream FK 107225A 
from Injector Flange

0° Ref

Figure 46. Flightweighl [.iner T.ooking l oward Flow FE 107226.-\ 
Direction After I'est 12 

66

UNCLASSIFIED



UNCLASSIFIED
IN

Pt.iti Whittiey Pircraft

0^ Het

Chamber Pressure 
Tap

Bomb Mount 
Access

Chamber Pressure 
Tap

Teflon Bomb
Casing Fragments 
Plus Burn Residue 
From Bomb Access

Figure 47. Agcna Model S/N 9 Injector After Test 13 FK 107228A
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b. Heat Transfer 

The temperature rise and pressure drop for the coolant between the inlet 
and turnaround manifolds for the flight weight chamber tests are shown .n 
table X. The actual temperature rise is consistently 75% of the predicted value. 
The difference is most probably caused by uncertainty in both the thermal con¬ 
ductivity and thickness of the magnesium zireonate coating on the chamber wall; 
e.g., a variation of only (). 005 in. in thickness can cause a 15% change in the 
theoretical temperature rise. The difference between predicted and measured 
pressure drop values is caused by the difficulty in accurately predicting the 
pressure losses of boiling fluids. 

Table X. Coolant Temperature Wise and Pressure Drop 
Between Inlet and Turnaround Manifolds 

Mixture Temperature Rise (°F) Pressure Drop (psid) 
Test Ratio Measured Predicted Measured Predicted 

2 1.2 119 

3 1.5 132 

6 2.0 171 

7 2.0 170 

10 2.0 16G 

11 2.0 171 

12 2.0 168 

13 2.0 169 

192 

218 

228 

228 

228 

228 

228 

228 

146 

156 

169 

162 

167 

161 

164 

166 

99 

99 

114 

114 

114 

114 

114 

114 

The effectiveness of the chamber cooling scheme was evident after the 
final series of firings. Inspection showed that no damage of any kind had occur¬ 
red to the acoustic liner or the chamber wall, and, in addition, the nozzle showed 
no signs of erosion. 

The preliminary analysis of heat transfer to the pressure shell indicated 
that the total heat flux to that section would be small. As predicted, the tem¬ 
perature rise in the pressure shell was small, averaging less than 5°F. 

The temperature in the liner cavity was found to be considerably lower 
for the cooled liner (820°R) than for the uncooled liner (2250 °R). Figure 49 
shows a typical cavity gas temperature rise with time for the cooled and the 
uncooled motor; the cavity temperatures were lower for the cooled motor 
because the gases in the cavity were forced through the cooled apertures of 
the liner. The effect of the cavity temperature difference on the theoretical 
absorption characteristics of the motor are shown in figure 50. 
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Figure 50. Comparison of Cooled and Uncooled Liner FD 53756 
Theoretical Absorption Characteristics 

5. Conclusions 

The results of the cooled chamber tests showed that (1) the performance of 
the motor was not adversely affected by the addition of the acoustic liner, (2) the 
acoustic liner dynamically stabilized combustion following overpressures of up 
to 83% of chamber pressure, and that (3) the acoustic liner chamber cooling 
scheme demonstrated durability. It was therefore recommended that re gene ra- 
tively cooled acoustic liners be considered as a feasible solution to flightweight 
motor combustion instability problems. 
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SECTION in 
PHASE II - HIGH CHAMBER VELOCITY ANALYSIS 

A. BACKGROUND 

The effectiveness of liners for suppressing combustion instability can be 
correlated with the absorption coefficient, defined as the traction ol incident 
wave energy (sound energy) that is dissipated by the device. '1 heoretically, 
the absorption coefficient, a , is computed from: 

(1) 

where Z is the specific acoustic Impedance of the liner. The impedance has a 
real part, resistance, and an imaginary component, reactance. The resistance, 
analogous to friction in a mechanical system, directly opposes the wave motion, 
thereby dissipating energy from the wave. The reactance is a measure of the 
inertia and compressibility of the gas in the liner apertures and cavity, respec¬ 
tively. The magnitude of the components (resistance and ractance) are functions 
of the liner geometry, the media properties and flow fields, and the frequency 
and amplitude of the pressure oscillations. For any frequency, the absorption 
coefficient can be expressed in terms of the specific resistance ratio and specific 
reactance ratio, as 

46 
a 2 2 

(6 +1) + * 

where the specific reactance ratio is computed from 

(2) 

X - 
27Tf Û ., 

o *eff 
12 c a 

(f/f -f /f). 
' 0 o 

(3) 

In the above equation, the frequency at which the term in parenthesis becomes 
zero (thus causing the reactance to vanish) is defined as the resonant frequency, 
f0; it is computed from 

= _Ç_ / 144(7 

°" 2ir VL4ff 
(4) 

where L is the backing cavity depth and ieff is the effective aperture length. 

Many complex factors affect the application of the above theory to the design 
of rocket chamber absorbers. The high gas temperatures, complex and high 
velocity flow situations, high pressure amplitudes, and other related effects 
impose serious limitations and uncertainties on the design techniques. 

Since 1963, a systematic approach to the solution of these problems has 
been underway. The ef|ects of each of the above factors on liner impedance 
have been quantitatively described and corroborated through cold flow experi¬ 
ments using ambient air, gaseous helium and nitrogen as test media, (Refer¬ 
ences 1, 12, 13, 14 and 15). Unfortunately, extrapolation of the liner design 
theory, based on the results of cold flow experiments to hot firing conditions, 

ft 
v; 
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also can introduce significant uncertainties, primarily because the rocket chamber 
environment can only be simulated In cold flow experiments. In the past, It has 
been necessary to assume that the results from the cold flow experiments would 
be applicable, because no reliable experimental techniques for making similar 
measurements during firings were known. Therefore, a new impedance-measuring 
technique was recently developed (Reference 13) for use during actual rocket firings, 
and using a motor with low chamber gas velocities, carefully controlled hot-firing 
experiments were conducted (Reference 14). From analysis of the acoustic data 
obtained it was found that: 

1. The steady-state flow coefficient (or discharge coefficient) 
of the liner apertures has a significant effect on impedance. 

2. The specific acoustic resistance and effective aperture length 
with zero net parallel flow, i.e., with no flow past the liner 
apertures, are best computed from 

9 = 0.37 u/caCj (5) 

and 

4trt+0-7d (6) 

where the amplitude of oscillations In the apertures, u, (or particle velocity) 
is found by solving 

4 2 2 
u +(2.7a cCf uX) (7) 

In equation (7), P-, the pressure amplitude at the liner facing (In units of 
lb./ft2), is the highest amplitude permitted for combustion to be considered 
stable, e.g., 5% of chamber pressure. 

Experiments with simultaneous flow through and past the resonator 
apertures (Reference 15) revealed that the past-flow had no effect on the 
acoustics of the liner if the Mach number of the through-flow was greater 
than 0.1. Other results from experiments with through-flow were (Ref¬ 
erence 13) the effective length and particle velocity can be computed from 
equations (6) and (7) and resistance from 

*t=—^-5- ifMt>u/2c 

If M. < u/2c the effects of through-flow on absorption were negligible. 
V 

Attempts to determine the effects of parallel flows on Impedance were 
also made (references 12 and 13. ) Cold flow experiments Were conducted with 
net velocities of up to 600 ft/sec; however, the results from the two series of 
experiments were inconsistent and, in addition, because of the limited range of 
velocities the results had to be extrapolated for most rocket chamber applications. 
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B. PHASE II PROGRAM RESULTS 

The objective of work under Phase II was to overcome the uncertainties in 
the present design theory Imposed by the lack of suitable functional relationships 
describing the effects of high-velocity parallel flows on rocket Unci impedance. 
To obtain the necessary acoustic data, both cold flow experiments and firings of 
a dynamically unstable rocket motor were conducted. Ihe cold flow experiments 
were conducted with net velocities oi up to 1G81 ft/sec; the rocket motor, which 
contained small sections of linqr arrays Instrumented to measure the impedance 
and the gas properties in the lirter apertures and cavity, could be fired with 
different nozzles to vary the net velocity past the liners. 

Conclusions from the results of the parallel flow experiments are: 

1. Effective aperture length with flow past the apertures is best 
described by 

/ „ = t + 0,375 [0.85d (1-0.7y0r)] (9) 
eff 

This value should then be used in the equations for zero net 
flow to compute the liner resonant frequency, reactance, and 
particle velocity, u. 

2. Liner resistance, for values of the flow parameter, 

where Vp is the parallel net flow velocity and Pc Is the density 
of the combustion chamber gas, should be calculated using 

0.123 

P ~ac 
+ 1.5 u (ID 

For other values of the flow parameter, equation (10), the 
resistance Is computed from equation (5). These equations, 
with the previously discussed theory, were used as the basis 
for a new liner design computer program, which is included 
herein as Appendix III. The program was then used to design 
two different types of resonant absorbing liners for the 
spontaneously unstable 5000 Ibf motor, which had been used 
extensively under both phases of the previous program (Ref¬ 
erences 1 and 2). An existing nozzle for the motor was modified 
to produce a chamber contraction ratio of 1.82, which gave a mean 
gas velocity of 1250 ft/sec past the liners. 
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Five firings of the 5000 Ibf motor were conducted. With no 

combustion was nominally 100 psla. 

^asssasSSSa^t£^ several different liners, all tested with the s. f were not caused by 

the actual »»sorptlon^as not as ^ -Tnstrumo„t«l for 

topXcc mSrcmcnts arc recommended. A description of all work per- 
formed under this phase of the program follows. 

C. COLD-FLOW ACOUSTIC EXPERIMENTS 

1. Apparatus 

coH.f^o'^ja.^RpT-OAB'a'lr-modulatcd acoustic^transduceri^were^used 
periments. Three ^ , excess of 170 db at frequencies to 1200 Hz 

r„ Pg^: SrÄHz in a ^^"õciue^p" liner te/t ^e- 

Fon Òfe8°5r0e ft/sec ^=^73) Ta gaSs nitrogen environment and velocities 
Üp to 2200 ft/sec (M - 0 67)’ in a gaseous helium environment. 

The operation of the 
metered supply of gaseous nitrogen ( » through a gap between the re¬ 
to the perforated face oi thefp^ tube6located just up- 

ttÄ SÄ- are reflected at 

the end plate and a standing wave Is produced. 

, * •„«■ico rvf Hip tp<5t section are then determined from 
The absorption characteristics the face of the iiner and in 

measurements of the sound Pre®sur . t ere recorded using two Atlantic 
the resonator cavity. The sound P^f^Jf^^^transducer was fed 
Research pressure transducers. P ,. eter from which the pressure 
through a wave analyzer containing ® ™ , , 0UtpUts of both transducers 
amplitudes were ^ ^ a digital phase 
were also connected to a dual /. t the incident (facing) and trans- 
meter to determine the phase Sated by charting their 

mlUivoít outpu^as a^furmtlon „¡^u"ure level using as the reference a 
condenser Aerophone previously calibrated with a pistonphone. 

76 

UNCLASSIFIED 



D
yn

a
m

ic
 P

re
ss

ur
e 

T
ra

n
sd

u
ce

rs
 

Pratt & Whitney ftircraft UNCLASSIFIED 

CO 

1 
u 
tí 
a 
< 

I 
'O 

o 
ü 

m 
o 
u 

g> 
•m4 

Pm 

UNCLASSIFIED 



Pratt & Whitney Pircraft UNCLASSIFIED 

2. ÏVst Program 

The first attempts to conduct experiments with net flow velocities above 
300 ft/sec and with sound pressure levels above 170 db were considered unsuc¬ 
cessful because of considerable inconsistency in the acoustic data obtained. An 
investigation was conducted and several ways to improve the data precision were 
discovered. 

first, to vary the flow velocity past the sample, the flow exit gap at the 
reflection plate was varied from 0.10 to 0.75 in. It was found that changing the 
position of the reflection plate could cause severe acoustic pressure gradients 
across the sample, especially at higher frequencies. Changes in the pressure 
gradient across the sample produced differences in the cavity pressure reading 
and in the phase angle, thus causing inconsistencies in the data. I he effect was 
reduced by testing at reflection plate distances that kept the pressure gradient 
at a minimum for each frequency and gas medium. 

Second, the three acoustic transducers were positioned in a horn manifold 
to permit the flow to enter the tube in a symmetric pattern; however, lor some 
tests the acoustic power from only one or two of the drivers was necessary. It 
was believed that this method of testing could have caused unsteady flow patterns 
in the tube, thus causing inconsistent data to be obtained, lo reduce this possi¬ 
bility, all three transducers were used as the sound source in all further testing. 

Finally, subsequent checkout testing indicated that data consistency was 
further improved by the addition of a gasket sealer around the dynamic pressure 
probes and around the outer edge of the backing cavity plate. The sealer pre¬ 
vented flow through the liner sample that resulted from increased pressure in 
the impedance tube at the higher new flow velocities. 

Tests were then conducted with net flow velocity of up to 681 ft/sec (Mach 
number = 0.59) with nitrogen and with net flow velocity of up to 1681 ft/sec 
(Mach number = 0.51) with helium. The liner test section had a 0.3 in. thick fac¬ 
ing, a 0.009-in. aperture diameter, an open area ratio of 0.027 and a backing 
cavity depth of 0.51 in. Data, used in the analysis of the effects of flow past 
the apertures (Section IH-E), were obtained from 65 nitrogen experiments with a 
frequency of 1100 Hz and from 25 helium experiments with frequencies of 2500 
and 3300 Hz, both conducted at sound pressure levels of 150 to 160 db, and from 
an additional five experiments, conducted with sound pressure levels varying 
from 152 to 176 db, at 1100 Hz, in a nitrogen medium. 

To determine the impedance and other acoustical characteristics, data 
from each test were input to a digital computer program that used the pressure- 
phase data reduction equations of Appendix I. A complete list of input and re¬ 
duced data is included in Appendix II. 

D. HIGH VELOCITY UNCOOLED MOTOR EXPERIMENTS 

1. Hardware 

The uncooled motor used for the high chamber velocity firings is shown 
in figure 52. The uncooled motor consisted of a modified Agena S/N 7 injector, 

78 

UNCLASSIFIED 



UNCLASSIFIED Pratt & Whitney Pircraft 

tho unt'ooh'tl Phase 1 thrust chamber with inspection iJorts (Section II-C), two 
liners containing the test samples, a solid liner, and two exhaust nozzles. 

The S/N 7 injector modifications involved trimming excess material that 
remained idler separation from a thrust chamber and removal of weld buildup 
to match the chamber, the Phase 1 oxidizer manifold, and injector retaining 
ring. After machining, the injector was water-flowed. The results of the 
water-flow tests indicated that only slightly higher injector differential pressures 
would be required for the S/N 7 injector than for the S/N 9 injector used for the 
Phase I hot firings. Visual inspection of the water-flow tests revealed that the 
injection pattern was regular and that there would be negligible propellant im¬ 
pingement on the chamber wall. 

The two exhaust nozzles were fabricated to produce mean chamber Mach 
numbers of 0.3(1 and 0. (it) (table XI). Each liner design incorporated three small 
aperture arrays eompartmented in the backing cavity so that data could be ob¬ 
tained from three different acoustic test sections simultaneously. Open area 
ratios of 2.5, 4.5, and (>. 0% were used on one liner, which was fabricated from 
a Phase I solid liner of 0. 200 in. thickness and 0.000 in. backing distance. The 
other three-clement liner was fabricated with a facing thickness of 0.30 in. ; a 
0.50 in. backing cavity depth; and open area ratios of 2.5, 0.0, and 8.0%. For 
each aperture array the backing cavity was partitioned to produce the desired 
resonator volume. Figure 53 is a sketch of a typical liner test element. The 
chamber inspection cover plates were modified as mounts for the two Kistler 
pressure transducers that were used to measure the dynamic pressures at the 
liner element face and in the resonator cavity. 

2. Test Program 

The test program included tests of six different rig configurations, i. e., 
all combinations of three liners with two nozzles. The tests were organized in 
three series, one for each liner, and each series included tests with both 
nozzles. 

The high velocity motor tests are summarized in table XII. The first two 
tests used the high velocity nozzle. For test 1, no pulse guns were used; com¬ 
bustion was stable for the full scheduled duration of 1.8 sec. For test 2, 25- 
grain pulse guns were mounted at both the tangential and radial locations; the 
tangential gun was set to fire at +0,7 sec and the radial at +1.2 sec. Com¬ 
bustion was stable until the first gun fired, causing instability that remained 
until the motor was shut down at +0.83 sec by the rough combustion cutoff (RCC) 
abort system. 

Tests 3 and 4 were with the low velocity nozzle. No guns were used for 
test 3, and combustion was stable for the scheduled duration of 1.8 sec. For 
test 4, two 25-grain pulse guns were mounted with the locations and timing 
identical to that for test 2. Combustion was stable until the first (tangential) 
gun fired; however, the motor was not shut down because the resulting pressure 
amplitudes were not high enough to trigger the RCC system, which was set at 
25 psi P/P. The motor was shut down by the RCC after the radial run fired. 
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Table XI. High Velocity Chamber Characteristics 
(Based on C 100%) 

Chamber Gas Mach number 

Chamber Gas Velocity, ft/sec 

Chamber Pressure, psia 

Chamber Gas Temperature, °H 

Propellant Flowrate, lbm/sec 

Mixture Ratio 

Thrust, Ibf 

Chamber Diameter, in. 

Contraction Ratio 

Throat Diameter, in. 

Expansion Ratio 

Exit Diameter, in. 

Low Velocity 
Nozzle 

o. :{« 

1415 

180 

5745 

53.7 

2.0 

11, 000 

10.8 

1.765 

8.12 

1.14 

8.67 

High Velocity 
Nozzle 

0. 60 

2345 

122 

5675 

53.7 

2.0 

10,600 

10.8 

1.2 

9.84 

1.14 

10.5 

Test Sample 

Figure 53. High Velocity Liner Test Element 
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Table XII. Phase II - High Chamber Velocity Uncooled Motor Test Summary 

Chamber 
Test Duration, Pressure, 

No. seo psía 

|*ulse Mixture 
Oun(s) Ratio 

c* Kffieieney 
(i) Comments 

1 1. HO 12« 

2 0.83 117 

:t 1. 80 180 

4 1.07 171 

5 0.88 163 

ti 1.80 128 

7 1.34 128 

8 1.80 126 

9 0.93 166 

10 0.85 118 

11 1.43 178 

None 2.0'¿ 

Tangential at '0.7 see 1.92 
(25-grain) 

None 2.00 

Tangential at ’0.7 see, 1. 19 
Radial at ■ 1. 2 see 
(25-grain eaeh) 

Tangential at »0.7 see 1.98 
(25-grain) 

Radial at M). 7 see, 2.01 
Tangential at *1.2 see 
(25-grain each) 

Tangential at *1.2 see 1.99 
(50-grain) 

Radial at *0. 7 sec 2.00 
(25-grain) Tangential 
at *1. 2 sec (50-grain) 

Radial at *0.7 sec 1.95 
(25-grain) 

Radial at *0. 7 sec 1. 91 
(25-grain) 

Radial at +0. 7 sec 1.99 
(25-grain) Tangential 
at +1.2 sec (50-grain) 

99.0 Stable (Solid 
Liner, M 0. (i 
Nozzle) 

90. s RCC Abort (Solid 
Liner, M 0.6 
Nozzle) 

98.6 Stable (Solid 
Lin *r, M 0.36 
Nozzle) 

94.2 RCC Atort (Solid 
Liner, M 0.36 
Nozzle ) 

92.8 RCC Abort (No. 1* 
Liner, M 0.36 
Nozzle) 

99.0 Stable (No. 1* 
Liner, M 0.6 
Nozzle) 

95.4 RCC Abort (No. 1* 
Liner, M 0.6 
Nozzle) 

99.0 Stable (No. 1* 
Liner, M 0.6 
Nozzle) 

92.0 RCC Abort (No. 2** 
Line i, M 0.36 
Nozzle) 

96.7 RCC Abort (No. 2** 
Liner, M 0.6 
Nozzle) 

98.9 RCC Abort No. 2** 
Liner, M 0.36 
Nozzle) 

♦No. 1 Liner - Thickness = 2. 00 inch, Backing Depth = . 600 inch, Open Area 
Ratios 2.5, 4.5, and 6.0^. 

♦No. 2 Liner - Thickness = .300 inch, Backing Depth - .500 inch, Open Area 
Ratios 2.5, 5.0, and 8.0^. 

(1) Uncorrected, based on chamber pressure. _ 

For tests 5 through 7, the liner with open area ratios of 2.5, 4. 5, and 
6.0% was used. Test 5, using the low velocity nozzle, was stable until the 
firing of the 25-graln tangential gun at +0.7 sec. Combustion was then 
unstable; shutdown by the RCC occurred at -K). 88. Test 6, using the other 
nozzle, was stable throughout the full scheduled duration of 1.8 sec even though 
two 25-grain pulse guns were fired. Test 7, using the same nozzle, was stable 
until driven unstable by a 50-grain tangential gun at +1.2 sec. 

82 

UNCLASSIFIED 



UNCLASSIFIED Pratt & Whitney Pircraft 

For tests 8 through 11, the liner with open area ratios of 2.5, 5.0, and 
8.0% was used. Tests 8 and 10 used the high-velocity nozzle. Test 8 was 
stable throughout the scheduled duration of 1. 8 sec despite the firing of one 
25-grain pulse gun. Test 9 was stable until the 25-grain radial pulse gun fired 
at +0.7 sec; it was then unstable until RCC shutdown at )0,9.1 sec. Usable data 
were obtained from only one of the three liner test elements used for the test 
because of pressure transducer malfunctions. Test 10 was driven unstable by 
a 25-graln radial gun at +0.7 sec; shutdown occurred at+0.85 sec. Because 
Insufficient data were obtained from test 9, test 11 was programed ident cal to 
9 With a 25-grain radial pulse gun set to fire at +0.7 sec and a 50-grain tangential 
gun set for +1.2 sec. The firing of the 25-grain charge failed to cause combus¬ 
tion to be unstable, but it was driven unstable by the second gun and continued 
so until shutdown at +1. 24 sec by the RCC. 

Chamber wall static pressure and injector face total pressure data showed 
that the local velocity past the liner test elements, which were located 2.3 in. 
downstream of the injector face, was lower than the design Mach number. The 
velocities measured were 950 ft/sec (M = 0.25) for the tests with the M = 0 36 
nozzle, and 1450 ft/sec (M = 0.38) for the tests using the M - 0.6 nozzle. The 
chamber Mach number increased with increasing distance from the injector 
until the design Mach number was obtained at approximately 7 in. from the in¬ 
jector face with both nozzles. 

3. Pressure-Phase Data Reduction 

Pr ssure-phase data were obtained from high-speed oscillograph traces 
of the Kistler transducer signals, which were recorded on magnetic tape. Before 
the oscillograph traces were made, a spectrum analysis of the dynamic pressure 
data was conducted. The analysis was used to determine the frequency of pres¬ 
sure oscillations above the random noise level, i.e., approximately 1 psi. To 
eliminate all but the high-amplitude signals the data were filtered using a tracking 
generator, leaving a small frequency band about the desired frequency. 

The high-speed oscillograph traces were made by running the oscillograph 
paper at approximately 160 in. /sec while the data originally recorded on magnetic 
tape at 30 in. /sec was played back at 1.9 in. /sec. By playing the data back at 
the reduced speed a higher resolution of the data was obtained, enabling a more 
accurate measurement of the phase angle to be made. All channels in the oscillo¬ 
graph were ac coupled to eliminate the dc drift that is caused by variations in 
chamber pressure (primarily a result of the shock wave produced when the pulse 
gun was fired). 

The phase angle and pressure amplitudes were manually read from the 
oscillograph traces. The phase angle between two pressure traces was determined 
bv locating the zero point of each pressure wave (as shown in figure 54), and by 
measuring the relative displacement between them. The phase angle was calcula¬ 
ted from the relationship: 

Phase Angle 360 deg 

Relative Displacement Between Zero Points Wave Length 

The calibration of the phase measuring system was performed prior to 
and after testing. Calibration Involved the measurement of the system induced 
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phase shift (baseline phase shift) between each ot the two data recording channels 
used to monitor the dynamic pressures in the combustion chamber and in the 
cavity behind the liner. If the baseline phase shift was not determined it could 
add to the phase angle being measured, introducing an error of unknown magni¬ 
tude. 

Portion of Oscillograph Trace for Hot Fire Test No. 15.01 

a » 8.0% L = 0.6385 in. 

Figure 54. Method of Pressure Phase Data Reduction FD 37874A 

A special high-frequency, high-sound-level generating unit (see figure 55) 
was used for calibrating the phase-measuring system. The calibration apparatus 
consists of four sound drivers Interconnected by a manifold and exiting into a 
closed-end tube. With this device sound pressure levels of 175 db can be generated 
up to a frequency of 3000 Hz or 160 db to a frequency of 6000 Hz. The closed end 
is formed by a special end plate in which the two dynamic pressure transducers 
being calibrated and a l/4-in. microphone were mounted so that all three simul¬ 
taneously monitored the standing wave pressure oscillations at the end of the tube. 
The passages leading from the end of the transducers were the same length and 
were identical to those used in the liner test sections. To supply data for deter¬ 
mining the baseline phase shift between two channels, both pressure transducers 
were mounted in the end plate of the phase-calibrating apparatus and connected 
to the test stand recording system, with the same cables used for the particular 
transducers for actual testing. 

A signal of known frequency was generated in the tube by the four sound 
drivers and the amplitude was monitored with the l/4-in. microphone. The 
entrances to both pressure transducer passages were in the end of the tube; 
therefore, a known phase angle of zero deg was generated for recording by both 
pressure transducer channels. Calibration tests for each of the sets of dynamic 
pressure recording channels were conducted before and after the test series. 
Each set of channels was calibrated over a range of frequencies from 800 to 
6500 Hz, with dynamic pressure amplitudes up to 3-psi peak-to-peak. Compari¬ 
son of pretest and post-test calibration data indicated that the baseline phase 
shift was the same before and after the test program. 
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l/4-<n. CondiNiMr 
MiCfuphcH»e 

Kiitinr Helium Bleed
Preuure Tr«nsducer>__

Helium Supply 
Line Com.ecloi»

Stdndmy Vltdve Tube

Sound Drivers

Figure 55. Phase Calibration Aj^paratus FD 33724

Usin"' the impedance relations of Appendix I the impedance and other 
acoustic characteristics of each liner test section were computed from pressure- 
phase data obtained during each unstable firing. The data, and the computed 
results are listed in Appendix II.

K, ANALYSLS OF ACOUS I IC DA TA

To determine the absorption characteristics of the test samples for both 
the cold now and high velocity rocket experiments, the impedance relations 
derived in Appendix I were used to determine the components of impedance, ori­
fice particle velocity, absorption coefficient, and incident sound levels for each 
data point. 'Ilie absorption characteristics were then correlated with the theory 
for no now tn determine the effects of flow on the performance of the liners.

Results of attempts to correlate specific resistance data from cold now 
experiments with Mach number arc shown in figure 5C, the data are represented 
as the ratio of acoustic resistance with flow past the apertures, Op, to that witli 
no now and correlated with the Mach number of the past tlow. f rom these
results it was noted that for a given Mach number increasing the sound level 
caused the effect of flow on resistance to tic less pronounced. 1 urther anal\ sis 
revealed that below a certain critical Mach number, which appeared to be a 
function of sound level, the effects of flow on resistance were negligible.
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Figure 56. Correlation of Acoustic Resistance Ratio FD 53760 
With Mach Number of Net Flow Past 
Apertures: Data From Cold Flow Ex¬ 
periments With Nitrogen at 1100 Hz 

Based on the above observations, the following empirical equation was 
determined from the cold flow data sample: 

Mc = (0.0035 SPL)0,5 

where is the critical Mach number and SPL is the sound pressure level in 
ib/ft? 

A similar correlation of the rocket data was attempted. It was found, as 
shown in figure 57, that for a chamber Mach number of 0. 25, the resistance 
ratio was approximately unity, indicating that the effect of flow at this Mach 
number was small. For a Mach number of 0.38 at low SPL there was an in¬ 
crease in the resistance ratio over that obtained at M = 0. 25, but the apparent 
effect of velocity decreased as total sound pressure level increases. This trend 
agreed with the cold flow results; however, quantitatively there was discrepancy. 
The data of ftffure~57~indicatedJhat the critical Mach number for the sound pres¬ 
sure levels shown must lie between 0.25 and O.llB, which:-was4ower-ihan lhe_ 
critical Mach number of 0.55 predicted by equation (12). 

A second correlation of the rocket data was attempted (figure 58), using the 
resistance ratio as a function of the flow past velocity divided by the experimental 
particle velocity in the apertures. The resistance data for both flow velocities 
follow approximately the same trend with velocity ratio. 

86 

UNCLASSIFIED 



UNCLASSIFIED Pratt & Whitney Pircraft 

Au accuraU' prediction ol particle selocity would be necessary ii correla¬ 
tions of the above type are to be used in liner design. Therefore, an evaluation 
was made of the accuracy in predicting particle velocity with flow past the aper¬ 
tures using the present theory. Results are shown in figure r>ti where the ratio 
of experimental particle velocity to theoretical particle velocity with no flow as 
a function of the ratio of the local velocity past the liner apertures to the experi¬ 
mental partiele velocity. Although the experimental and theoretical particle 
velocities were different, a satisfactory correlation for the particle velocity 
ratio as a function of the ratio of past (low velocity to particle velocity was 
obtained. For low past-flow velocity-to-particle velocity ratios the theory was 
fairly accurate, but for ratios above 0. H, the experimental orifice velocity was 
only 0.6 times the theoretical. 

t he results of attempts to improve the correlation of the resistance ratio 
with past-flow are shown in figures (it) through 63. In the figures, the dependent 
variable was the ratio of the acoustic resistance with flow to that with no flow; 
the cold flow results were included as a band because of the large number of 
data points. 

In figure 60 the results of attempts to correlate the resistance data using 
the flow velocity to particle velocity ratio are shown, ihe correlation was not 
satisfactory because of the lack of agreement between the two samples of data, 
and because all the data points at small values of velocity ratio were less than 
unity while the slope at higher ratios was too steep for satisfactory agreement 
with the cold flow data. A comparison of the resistance data using the ratio of 
past flow Mach number to particle Mach number is shown in figure 61; this 
correlation was also unsatisfactory for the same reasons. 

Figure 57. Specific Acoustic Resistance Ratio Data FD 53761 
From High Chamber Velocity Test Program 
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Figure 59. Correlation of Particle Velocity Data FD 53763 
From High Chamber Velocity Test 
Program 

Further analysis led to the conclusion that the ratio of flow velocity to 
particle velocity was the best parameter for correlating resistance data from the 
rocket tests and cold flow experiments, separately; however, an additional 
parameter was needed to obtain agrerment between both samples of data. Ihe 
ratio of aperture gas density to chamber gas density was a reasonable choice 
because the primary difference between rocket and cold flow experiments was 
in the gas properties; they were uniform for cold flow conditions, but there was 
an appreciable difference, caused by temperature gradients, between chamber, 
aperture, and cavity gases in the rocket experiments, fhe use of the density 
ratio effectively accounted for this difference and, as shown in figure 62, by 
including it in the independent variable, agreement between the data samples 
was considerably improved. 
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to figure (ill the above correlation and that Iron, ligure hd are »town 
together for comparison on a plot including the entire range °' 1 tul^ 
r It was apparent that the correlation using the density ratio is bette,, 
the equation best representing ibis correlation is 

V P 
—^ = 1 when P ■ < 1.0 

Ö n u 

a3) 

when 

V P 
-^>1.0 
up„ 

!li=0.43(Va)+0. 

#„ V u Pc / 
(14) 

Attempts were then made to determine the effects of flow on effective 
aperture length, liner resonant frequency, and acoustic reactance. Figure 64 
shows the ratio of experimental effective aperture length to theoreflcal vs 
chamber gas velocity divided by particle velocity. Two equations for the theo 
retlcal effective length were used: 

l eft 
= t + Ô (15) 

and 

ieffT -t+°-375 i 
¢6) 

where 

5 = 0. 85d (1 - v/0.707(7) (17) 

Equation (15) is the theoretical effective length with no flow past the apertures 
and the relationship expressed by (16) and (17) is the Phillips equation (Refer¬ 
ence 16) for effective aperture length with flow past the apertures. For the cold- 
flow results the Phillips equation, as anticipated, represented the data sample 
better than equation (15). Neither equation was completely satisfactory for use 
with the high chamber velocity data because of the considerable amount of scatter 
in the data; however, the Phillips equation represented the results reasonably 

well. 

Figures 65 through 67 show the ratio of experimental to theoretical value 
for reactance, particle velocity, and liner resonant frequency as functions of 
the ratio of chamber gas velocity to particle velocity. Both equation (15) and 
the Phillips equation were used to compute the theoretical values of effective 
length. In each instance it was found that the Phillips equation produced better 
agreement between the theory and experimental data. 
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In addition, it was fourni that tho corrélation of acoustic resistance ratio 
with velocity ratio multiplied by density raths equations (13) and (14), was 
further Improved by using the Phillips equation for calculating the effective 
aperture length, which Is used In the theoretical parltcle velocity and in » n. The 
improved correlation that best represented both can be described by 

Comparison of equation (19) with both rocket and cold-flow resistance data are 
shown in figures 68 and 69. 

The ratio of experimental absorption coefficient to theoretical is shown in 
figure 70. Using the Phillips effective length equation and the above resistance 
correlation produces satisfactory agreement between the theory and experimental 
data. 

Recommendations from the analysis of the acoustic data may be summarized 
as follows: 

1. The effective aperture length, reactance, particle velocity, and 
liner resonant frequency with flow past the apertures should 
be determined using the Phillips effective length equation in 
the existing equations for no flow 

2. Resistance should be computed using equations (18) and (19), 
where the Phillips effective length is used in calculating 
e n and particle velocity. 

Using the above recommendations and the theory as outlined In Section III-A, 
an absorbing liner design computer program was formulated. The program is 
valid for no flow, past-flow, or through-flow situations. A source program 
listing and a test case are contained in Appendix III. 

99 

UNCLASSIFIED 



Pratt & Whitney Pircraft UNCLASSIFIED 

Cl 
1' I- CÎ m 
Q 

“ö 30NV1SIS3U MOU ON 1V0I13U03H1 

do" ‘ 30NV1SIS3U 1VlN3Wltí3dX3 

100 

UNCLASSIFIED 

bD 
s 

Ef Ö 
0) 
a 
01 
> 

0) X o 
0 
K 
ë ° M QJ 

2« 
fcW 
rt ^ ■y .o « “i 
Q c 
« .2 
u -ä 

4-> cr 
.2 w 

K- 

o & 
° be at a 

M 

Ü S 

Ü tc 

W 
01 

•âl 
«M O 
fl 
o 
CO 

fe 
T! 
t—i O 
U 

S ä2 
o 
u 

00 ce 
01 i 
fe 



UNCLASSIFIED Pratt & Whitney Pircraft 

1' 

m 

D U. 

101 

UNCLASSIFIED 



Pratt & Whitney Pircraft UNCLASSIFIED 

r 

!0 
i 
i 
i 
i 
• 

-, 

¡O 
1 
1 
1 
1 

_l_« 
¡0 
1 
1 
1 
¡0° 
1 o 

IO 
1 
1 
1 

4° 
1 o _i_ 

-[XT— 

1 

! ° 
1 o 
1 
1 

V" 
i 
i 
1 0 
1 o 
1 
1 

--- 

0( ^_! §
-Q

oG
^
-
-

 
O
 
o

 
i 

a-
j- 

O
 

# 
IU 

! 

1 1 
1 ? 
1 5 

o
 

o
 

—
—
-

“G
ö—

( 

o
 

U
si

n
g
 
F

lo
w
 T

h
e

o
ry
 

ir
 

> 3 

V)| 
LU 
£E D H 
£E 
LU 
Q. 
< 
K 
V5 
< 
Q_ 
> K 
a 
o 

(N 

viva mou aioo 

OM 

viva i3»aod 

Id lN3l3ldd300 NOIldBOSflV 1V0ll3tí03Hl 
T 'iN3l5ldd30í) NOIlddüStíV 1VlN3Wld3dX3 

i> 
i- 
cc 
m 
P 
P 

11 o 
a s 
o n K 

I r—^ E 

c 
a> 

c 
o 
m 

•■4 

u 
a 

i o u 
o 
t> 
0) 
!- 
& 

102 

UNCLASSIFIED 



UNCLASSIFIED Pratt & Whitney Pircraft 

F. VERIFICATION TEST PROGRAM 

1. Hardware 

The verification test program was conducted to investigate the effectiveness 
of liners designed using the high velocity absorbing liner design theory. The 
test motor (figure 71) consisted of a triplet impinging (fuel-oxidizer-fuel) in¬ 
jector and an outer pressure shell into which both solid and perforated liner 
sections were installed; the motor was fabricated for use under both phases of 
the previous program (References 1 and 2). Extensive testing with and without 
absorbing liners under that program has shown the following: (1) combustion 
in the motor is extremely rough with spontaneous, high amplitude pops occur¬ 
ring at closely spaced intervals, (2) with chamber Mach numbers of 0.14 and 
0.23, acoustic liners with absorption coefficients greater than 17% will suppress 
the spontaneous instability that the pops trigger for all frequencies up to 5000 Hz, 
(3) with the exception of one dual-array ablative liner that structurally failed 
within 6.6 sec, no liner has successfully suppressed all modes of instability up 
to 10,000 Hz, (4) the most predominant mode of instability in the motor is the 
2nd transverse mode, which has a characteristic frequency of 3300 Hz. 

Modifications to the hardware that were necessary for use in the verification 
tests included: 

1. Changing the throat diameter of an existing uncooled 1000-psia 
nozzle to operate at 100-psia and with an average chamber 
velocity of 1250 ft/sec (M = 0.32). 

2. Addition of a pulse gun boss to the chamber wall to accept the 
guns developed during Phase I of the present program. 

3. Remachining of existing acoustic liners to the desired con¬ 
figurations. 

The design of the acoustic liners for the motor was based on the flow cor¬ 
relations derived from the analysis of Section III-E, which are used in the design 
computer program of Appendix HI for predicting the specific acoustic resistance, 
specific acoustic reactance, and the absorption coefficients of liners with high 
flow velocities past the apertures. The results of the design analysis conducted 
using the program indicated that a liner with wide bandwidth characteristics was 
a possible configuration. A second liner was designed with a dual acoustic 
array, l. e., a liner with two distinct resonant frequencies; the frequencies 
chosen were 3000 and 7000 Hz. The dual array liner is shown in figure 72. 
The test conditions used in the liner design analysis are listed in table XIH. 

In figures 73 and 74 the theoretical absorption coefficients are shown as 
function of frequency for each of the liner designs. It was believed that the 
absorption characteristics of either liner were sufficient to suppress combustion 
instability in the motor over the entire range of possible frequencies to 10,000 Hz. 
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d = 0.157 in 

Figure 72. Dual Array Acoustic Liner 
FD 52776 

Verification Motor, Nominal Test Conditions 

Thrust, Ibf 

Chamber pressure, psia 

Fuel 

Oxidizer 

Mixture ratio 

Aperture gas temperature, R 

Cavity gas temperature, R 

Incident pressure amplitude, db 

5000 

100 

N2H4 and UDMH (50-50 blend) 

N2O4 

2 

3000 

1500 

170 

1250 
Velocity past apertures, ft/sec 

Mach number 
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Figure 73. Theoretical Absorption Coefficient of FD 53777 
Wide-Band Liner 

Figure 74. Theoretical Abosrption Coefficient of FD 53778 
Dual Array Liner 
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2. Test Program 

A series of five tests was conducted with the verification hardware; a 
summary of test results is listed in table XIV. Tests 1 and 2 were conducted 
using a solid liner to determine the baseline stability characteristics oi the 
motor with high chamber velocity. As noted in previous firings with this in¬ 
jector (References 1 and 2) pops occurred during the ignition phase oi the test; 
amplitude spikes of :10 and 50 psi were recorded. The pops triggered steady- 
state instability, with amplitudes in excess of OO-psi peak-to-peak at several 
frequencies, which caused the rough combustion cutoff (RCC) system to abort 
the test. 

Test 3 was conducted with the dual array liner; it was also aborted by the 
RCC The motor survived several ignition pops and remained stable at full 
chamber pressure for 0.15 sec before a pop of 120-psi amplitude resulted in 
7400 Hz steady-state instability. 

Tests 4 and 5 were conducted with the wide-bandwidth liner. Both firings 
were aborted by the RCC. During each test, the liner was able to damp pops at 
steady-state chamber pressure for a short period of time (0.2 and 0.4 sec, re¬ 
spectively); however, in each case pops with peaks of between 100 and 115 psi 
triggered high-frequency steady-state instability. 

Figures 75 through 78 show the dual array liner, the wider-bandwidth 
liner, the injector face, and the nozzle after the final firing. On disassembly 
of the motor no damage to any of the hardware was found. 

3. Analysis 

A comparison of the baseline stability characteristics of the verification 
test motor with data from firings of the motor with the dual array liner and the 
wide band liner are shown in figures 79 and 80. With the solid liner combustion 
instability occurred at several frequencies; the maximum amplitude, 61¾ of 
chamber pressure, occurred at 3300 Hz (2T mode). Both absorbing liners 
suppressed all the low-frequency modes including the predominate 2T mode, 
but neither liner was completely effective at high frequency. The wide band 
liner failed at 6400 Hz and at higher frequencies. The dual array liner was 
effective beyond 6400 Hz but failed at 7500 Hz. 

Past experience with this particular injector (References 1 and 2) shows 
that high frequency instability (7200 to 7800 Hz) occurred with liners in firings 
having nominal chamber gas velocity past the liner of 500 and 850 ft/sec. Because 
the verification liners suppressed the most predominate mode of instability and 
performed at higher frequencies similar to other liners tested at lower chamber 
velocities, it was concluded that the high flow past the liner was not the cause 
of liner failures. 
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Spilt *?i

Fldiiqi-

Aperture For
Low Frequency 
Resonator

Hole tor
3:00 'A' Plane
Kistler
Transducer

— Pulse Gun 
Port

Flow
Direction Aperture for

High Frequency 
Resonator

High Frequency 
Resonator 
Cove.-

Hole for
12:00 "A” Plane 
Kistler Transducer

Figure 75. Dual Array Liner After Testing
FE in7343A
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Spacer
Flanges

Injector End
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Port

Flow
Direction
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-Kistler 
Transducer 
Holes-------

- Magnesium 
Zirconate 
Coating

Figure 76. Wide-Banchvidth Liner After Testing FE 107344A
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()“ H«t

Locdttofl of 
Hddidl Pul&e 
Gu*i

Figure 77. Verification Test Injector After 
Testing

FE 10734CA

QO Ref

Figure 78. Downstream View of 100 psi Nozzle 
After Testing

FE 107345 A
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trlict. Al’04(bl 11-U-187, Au-U'-t 19(.s (( ont«U‘i»Uah. 

Ihrust rli:i .,.1,,i- li.H'.lM «*•" A" ‘'" “ 
tomsTv¡7T lb-IH.i l NO. ^:5:1-910012, I), c ombe. 1J(,7. 

( i,risoil. i .. D.. l"<~‘ * 
I heorv iimLüoüúUL rediüiUUi-s. I>yati * u1,unt> Al’ 
\F11 PL- llv-Ol'-'-^ l« August 19C.0 (( onlulentiall. 

I) 15 • -\ Simple l-iquationJorJ^ Kstimation «>f Hocket Nox/Je 
-¡ã^ruã teuLíer Lwdm*. l-ropuisioiî Ub..r»u.r,. 

Volume 27, 1957, p. 49-51. ^ 

*' i n r i s .1,..-1 m-wmiI:i 1 Investigation ol lleat- l i ansler ( ha no - 

nical IU'.»rt No. 32-37, October 19C9. 

,vittr , u c.'rc-toceolal InVesti^tianotJJeat Flux at the tpReLLimil . 
-¥^■12 '„'I4 tor -IV» >75ureS of llvclrazine nml I nsvmmstaal ^ _ 
nimnfl,vlt,vilra/ine. Jet Propulsion Uboratorç- lechmcal l.cpoo ■ • • 

April 1971. 

.■«pro,,,meñt of Bombs and incljÇLGj^aJNn^on StabllMnsJtatl^ 
Devices, final lleport, ItockcUhS? Iîe|»rt No. AFIiPL-TR-68 13, 

, March 19(19. 

* n r nnri i* H Savei’skv. Heat and Momentrum Transfer in 
10- nmSàn,l-Roùrt Tobe, át Vnrio^ Pntndtl Numbejs.Tet Propulsion 

Laboratory Technical Report No. 32-269. 

\ n n, .. Tlirnrr mH Fst—^oTaocs for Heat Trans- 
U; C-M* Technical Publication Corporation, New York 1V, New A or' 

1961. 
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I {l F F K F N( ! FS (( ont i nuod ) 

13. r.aiTison. D. Suppression ol ( omljustion * 
t)arm)ing Devices. InterUn Keport, I’ratt K Whitney Aireralt, 
PWA FK-3299, August 1909. 

14. ' (taiTison. (ï. 1).. A Study of the Suppression ytHojjibusÜ-0» Oscillations 
\yith Meehanieal Damping IK'viees^ Phase II Summary Keport, 
PWA Fit-1922, July 1900. 

15. (.arrison. C. 1).. A Study of the Suppression of ('ombustip^.<>seillations 
With Mechanical Damping Devices. Final Keport^ Piatt & Whitney An¬ 
crait Report No. PWA FR-2590, November 20, 1907. 

10. Phillips, 11., ''Recent Advances in Acoustic Liner '^ehnology at l^wis 
Research Center", Pth 1CRPG Combustion Conference ( P1A l>ubt Not 1M. 
December 1908. 

V 
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UNCLASSIFIED Pt att a Whitney Pircraft

\IM'I \i)l\ I
n;i SSI i;i I’HAsi d\ i a m dic ims M^r.\ i k ins

A t\|)U‘;il llfimholl/ ii-'.uiimIim' mI tin- t inl ol :i lulu- is sliuwn in li^urc si. 
S’lown also arc two mici-o|ilioin-s, oin- mounloii in lln- siilc wall lo mca'uri- llu- 
sounil lua-ssurt- in li-onl o! tiu- saini>li-, I’l^'**, am! oin- on tin- i-«-ai- wall to nn-asun 
llu- sounil i>rossuii- in llu- i-avit\, I’j. l ln |)lias«- iliHi-ri-m-o In-twi-i-n tin Iwo 
sounil |iri-ssuri-s is ili-si(;nali-il a^- .

— L - -H

"2 "A
(_■ —Facing Sample (Plate!

.

Resonator C—

^— Apertures, Dia (d)

Cavity ^

/ ^hll Sound
Wave

—7
Microphones

Filiui’o SI. Ilclmhollz Hosimator in Impeclance Tube FD 2.']0s0C

The total impedance of the i-esonator assembly is composed to two parts:

"total "plate Z .air cavity (20)

If u is the oscillatory gas velocity amplitude in the apertures and p and c are 
the density and sonic velocity, respcctivelv, of the test media, by definition

"plate
^ - ^^2 

upc

and also

/
r =12_=J-
■'air cavity upc kL

i 7-"plate kb

* where k, the wave number, is defined as k = u;/c.

(21)

\

Solving (21) for u, substituting into (22) and solving for Zpj.,jp gives:

■p.

'722)

(23)

Tn this appendix, the time dependent variables P, and u, are peak values.
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l'sW a mathematical Lkmliry.flhc ratio of the com|.lox |.. cHsa. es can he 

exjH'tvsst'cl as: . 

1’ 
1 

I» 
-i<l> 1 eòs<í> - i sin <t> 

Substituting the identity into (23): 

P 
! z 1 ' i 

"plate kl* 

Solving (20) for Ztotal gives: 

P 
t 

Z "total kl. Pr 

si"* - kT. 

sin* - 

CÓS <t> 

’* m 

cos<i> kl. 
(24) 

or 

y = sin 0 - i 
'"total kL P2 kL 

cos <i> (25) 

The total impedanee is a complex sum, the f'ev^em' 
imaginary part is the reáctance, x . By mspeetton of equation (25) it imaginary ^- . 
that the resistance can be determmed trom 

0= 
kL 

sin * 

(26) 

¿hi 

and thé reactantíè from 

f P 
1 

X = _kL 
cos <t> 

* Additional acoustic parameters that can now be computed are; 

Absorption coefficient 

40 • 

/ 

a = 
( 0 + I)2 + x2 

(27) 

(28) 

Oscillatory flow velocity tti apertures (particle velocity), computed using 

equation (22) j ( '• 

, (29) 
u = kLP2/«rpc) 1 5 

and the aperture effective length 

acZ 

4ff- 
plate _ <rc 

2H 27rfkL 
(30) 
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Pratt & Whitney Pircraft 

4 
L^mputor pi-ogrum are nseil. .. 

. A brief, litio describing the •‘esonawr 

U8t,il- m' fol“nK "el 
each symbol used on the data sheets. 

I * Gas eoiulitions and test sample configuration 

UGaIs Gas constant of ga« medium 

GAMM - Hatio of specific hçats (cavity/gas) 

( 

MOIAV - Molecular weight (cavity gas) 

a 
CF - Aperture flow coefficient 

* (Steady flow discharge coefficient) 
\ 

alip’Atude, db > \ 

SÎG - Open area ratio ^ 

- Cavity backing distance, in. 

T - Liner thickness, ^in. 

D - Aperture dimeter,( in. 
i , V * ■ • 

2. Input data from test 

FREQ - Frequency, Hz ) 

PA1 - Chamber or facing pressure 
i ' / '\ 

- PA2 - Cavity pressjire amplmrie, db 

« PHASE- Phase difference between PA1 and PA2, deg 

., t 3> calculated data 

RESIS - Specific Acoustic Resistance 

REACT-’ Specific Acoustic Reactance 

IMPED- Specific Acoustic Impedance 

ABSOR- Absorption Coefficient 

UORF - Particle Velocity in Orifice, ft/fiec 

VELPT- Velocity of Steady flow past Apertures, ft/sec 
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Pratt ■f&Whitney Oircraft UNCLASSIFIED i 

i 

Ar h£LIUm Flow 3 LINO 

I ■ 

ROAS 

3B6.0 

r «T^ » I' L. V« 
2500. 
2500. 

2500» 
2500. 
2500. 
2500. ‘ 
2500. 
7500. 

/2500. 
250C. 
2500. 
2500. 
2500. 
2502 » 
2.5 02. 
252?. 
'3300. 
3 >00. 
330C . 
330ft. 
3300. 
3300. 
3300. 
3.320. 

IÏA J,. 

155.6 
159.6 

157.0 
155.6 
159.6 
159.6 
159.5 
169.0 
U9.0 
169.0 
169.0 
169.0 
169.0 
169.0 
160.0 

169.2 
150.0 
150.0 
150.0 
150.0 
150 .*0 
150.0 
150.0 
152.0 

GAMW 

1.66 

»Ä 
i/i-* 

/l6l.l 
161.3 
161.5 
161.0 
161.1 
156.5 
156.0 
156.2 
156.1 
156.2 
156.6 
152.1 
162.3 
153.5 

65 . ? 
,65.1 

vqtw - 

6.00 

OF 

0.950 

SIO 

0.0270 

XL 

0.507 
\ 

165 I 
166 < 
165. 
165- 
165 
165 

phase 
93.7 t 
0 3.5 

65.3 
05.5 
6 6.0 
92.0 , 
96..R 

113.0 
106.0 
106.0 
137.0 
ICE . 0 
109.0 
97.0 
99.21 

101.0 
129*2 
131.0 
133.0 
136.5 
136.$ 
126.0 
125.0 
1¿5.5 

RESIS, 
3.030 
3.107 

2.999 
3.503 
3.667 
3.678 * 
3.562/ 
2*136 
2.107 
2.039 
2.051 
2.31H 
2.166 

' 3.307 
3.239 

'' 2.903 
'6.772 
6.705 
6.527 
6.699 
6.302 
-..955 
5.026 

■ 5*003 

REACT 
0.195 
0.190 

0.279 
0.337 
0.362 
0.129 
C.280 
0.905 
0.606 
0.596 
0.62"' 
C.655 
0.738 
0.606 
0.665 
0.566 
3*966 
6.090 .6.221 
6.619 
6.536 
3.362 

. 3.518 
3.568 

jmpeO ABSUR 
3.03 ' 0.7.6 
3.113 0.735 

3.011 
3.519 
3.666 
3*680 
3.573 
2.318 
2.192 
2.121 
2.165 
2.122 
2.269 
3.332 
3.269 
2.958 

» 6.161 
6.235 
6.189 
6.599 
6.250 
S.R-’T 
6.133 
6.165 

UURF 
n *? *9 
C ' • 

291* 

vElPT 
-3 897,3 
0 6 7 i, • 9 

0.766 
0.687 
0.692 
0.671 
0.681 
0.802 
0.861 
0.851 
f: .865 
0.866 
0.921 
0.706 
0.712 
0.766 
0.395 

-0.381 
0.376 
0.369 
0.353 
0.625 
0.612 
0.610 

\ 

26V. e 
310.2 
295.5 v 
263.6 
256.1 
131.7 
93." 

107.3 
117.5 
135.0 
131.6 
107.5 
116.5 
163.2 
^/98.5 
88.8 
01.8 
87.6 
96.1, 
9C.8 
90.1 
91.5 

«66.P 
1 w 6 Í . 2 
1079.8 
1113.7 
1125.6 
529.0 
538.9 
5 J 7,0 
568.0 
506.3 

_/*76.1 
1050.2 
1020.8. 
973.ÉÍ 

1672.8 
¡ 1585.5 

1503.1 
1601.1 
1288.5 
1650.1 
1559.9 
1679.3 

.. u 
? '• 

r 
/ 

0 

*, 
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UNCLASSIFIED Pratt & Whitney Aircraft 

3>, FlCV. past TfSTS ioC Dw 2/24/7 

RGAS 

ss.c 1 • 4 ^ 

vol'v. CP sir. - T 0 

28.C.' ■ L'.BbC' 0.0270 0.507' . 0.300 0.C9V 

Ff)F(> ■ 
1100. 
HOC. 

'1100. 
1100. 
1100. 
1100. 
1100. 
hoc. 
1100. 
1100. 
1100. 
1100. 
1100. ' 

'HOC. 
11C0. 
1100. 
1100. 
1100. 

.1100. 
HOC. 

hoc. 
1100. 
1100. 

. HOC. 
uco. 
HOC. 
1100. 

P A1 
159.Î- 
159.3 
159.3 
159.3 
159.3 
159.3 
15*-. 3 

059.3 
159.3 
159H* 
159.3 
159.3 
159.3 
159.3 
If 9.3 
159.3 
159.3 
159.3 
159.3- 
Í59.3 

159.3 
159.3 
159.3 
159.3 
159.3 
159.3 
159.3 

PA2 

<161.2 
161.C 
161.2 
160.5 
162*0 
159.0 
159.0 
159.0 
15 8 . fl 
158.7 
158.6' 
158.3 
158.3 
159.0 
157.7 
157.7 
157.7 
157.6 
157.5 
157.3 

157.1 
157.7 
157.7 
156^7 
156.5 
155.8 
154.8 

pHAsf 
158.0 
158.0 
163.0 
155.0 
157.0 
145.0 
Hl.O’ 
138.0 
135.0 
133.0 
129.0. 
123,0 
120.0 
136.0 
115.0 
114.Ò 
112.0 
111.0 , 
110.0 
109.0 

108.5 
113.0 
113.0 
106.0 
104,0 
101.0 
97.0 

PFSIS 
1.131 
1.160 
0.882 
1.420 . 
1.090 
2.191 
2.398 
2.574 

-2.74^ 
2.868 
3.116 
3.426 
3.629 
2.638 ‘ 
3.970 
3.989 
4.040 
4.109 
4,177 
4.292 ‘ 

4.399 
4.015 
4.013 
4.802 
5.001 
5.405 
6.162 

Rf ACT 
2.800 
2.071 
2.887 
3.046 
2.567 
3.12.9 
2.9 >2 
2.859 

■2.74? 
2.674 
2.434 
2.225 
2.032 ' 
2.73J- 

. 1.851, 
1.776 
1.632 
1.577 

* 1.520 
1.478 

1,471 
1.704 
1.703 
1.377 
1.247 
1.050 
0.756 

IVPED 
3.020 

V3.C97 
3.019 
3.361 
2.789 
3.820 
3.811 
3.848 
3.886 
3.921 
3.954 
4.085 
4.075 
3.798 
4.380 
4.367 
4.357 
4,401 

. ¿,445 
■4,540 

A.BSOR 
0.365 
0.359 
0.297 
0.375 
0.397 
0.438 
0.472 
0.491 
0.568 
0.518 
0.545 

■ 0.558 
0.572 
0.509 
0.564 
0.568 
0.575 
0.574 
0.573 
0.568 

4.639 0.561 
4.362 0.572 
4.360 0.572 

«*,995 0.540 
5.154 0.532 
5,506 0.513 
6.208 0.475 

UCRF 
150,0 
159.4 

120.6 
140.8 
105*7 
170.4 
164.6• 
150.2 
151.0 
146.2 
136.3 
124.7 
117.3 
159.6 
152.5 
150.7 
149.8 
146.7 
144.2 
139.7 

135.7 
149.0 
i>p.e 
/36.8 
129.7 
119.3 
104.4 

VEt-RT 

165.1 
162.0 
174.1 

200.6 
212.3 
364.0 
396.0 
418.0 
435.3 
4 5-1 .,1 
477.1 
499.2 
515.4 
416.8 
527.8 
^43.3 
559.7 
574.7 
589.7 
602.9 

616.4 

560.3 
560.0 
538.0 
571.6 
602.3 
646.7 
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ON FLOW MAST TESTS. SMI vATUMIOI. CONSTAT VtlOCITr 

Hr,AS C'AW VOLW CF SIO .XL T 

SS.O 1.<*U 2,8.o'. J.85Ü J . 50 7 L .30’U 

F«fO 
1100. 
1100. 
11C0. 
1100. 
1100. 
1100. 
1100. 
1100. 
1100. 
1100. 

0 A1 
1S1.5 
15*5.3 
171,8 
W5.5 
15*5.3 
159.3 
169.1 
176.4 
149.5 
159.3 

PA2 
151.0 
157.7 
167.4 
146.0 
154.8 
154.6 
162.6 
167.7 
149.7 
159.0 

phase 
113.0 
113 . V 
ne.o 
98.0 
97.0 
97.0 

101.0. 
1C2.Ü 
127.3 
14*.0 

PFS1S 
3.537 
. r> « ”1 

• W 4 > 

5.3 2 ¿ 
5,4^3 
6.162 
6.311 
7.679 
9.815 
2.907 
2.398 

HEACT 
1.501 
1.703 
2.829 ' 
C . ’69 
0.756 
0.774 
1.492 
2.086 
2.191 
2.962 

1«PED 
3.843 
4*360 
6.027 
'5.527 
6.208 
6.359 
7.823 

10.034 
2.64C 
3.811 

AbSOR. 
0.619 
0.5 7 2 
0,443 

0.515 
0.475 
0.466 
0*396 
0.323 
0.579 
0.472 

UOHF 
68.4 

149,8 
457.7 

3’, 5 
104.4 
102.:. 
256.4 
453.4 

5 74 0 
164.6 

GN F LOW PAST TESTS 1500*3 2/24/70 

* 

KGAS GA*M MQLW CF S1G XL T 

55.0 1.40 28.00 0.850 0.0270 0,507 Ü.300 

FHEQ MAI PA2 
1100. 149.5 15¾.1 
11C0. 149.5 15C.0 
11C O', 149.5 140.7 
,1100. 149.5 149.7 

phase 
162.0 
129.0 
12 7» 0 
124.0 
119.0 
135.0 
98.0 
113.0 

RESIS 
0.864 
2.769 
2.904 
3.004 
3.459 
2.469 
5.473 
3.537 

HEACT 
2.662 
2.242 
2.188 
2.026 
1.917 
2.469 
0.769 
1.501 

IMPED 
2.799 
3.563 
3.637 
3.623 
3.955 
3.491 
5.527 
3.842 

ABSOR 
0.327 
0.575 
0.579 
0.596 
0.587 
0.544 
C.515 
0.619 

UCRF 
60.8 
59.7 
57.0 
53.9 
45.4 

62.8 
37.5 
68.8 

122 * 
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N 
6.099 

vElht 

560.3 
660,0 
56-.9 
646.1 
646.7 
647.3 
647.3 
681.3 
409.6 
398.0 

D 

0.099 

VELPT 

202.1 
385.1 
409.2 
448.0 
492.4 
357.9 
646.1 
561.8* 
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f 

TL ST r5.Ul-36 

KGAS 
69 • J 

FRtO PAl 
2250. 200.^ 

ÕA'-'v 
1.22' 

*\'IV 

2 2.^- 

6 Eli-vEN1' 

CF 
0.^5- 

S!C 

. -6 

PA2 PmASE 
195,7 25.3 

S E S l 5 
■ 3.070 

, PE' A C7 
-(,,996 

-.36 */jZ2lE 

*L 
.2 ..12- 

ivPEo arsc* ‘ 
7, i B-5 ?.2CA 19A9.1 95..0 

«GAS 
• C 

TEST 05.01-36 

GAVV 

1.22 

4,6 (-LEvf*.T 

FREO PA1 ?A2 
2150. 201.1 193*3 
2150. 204.2 198.-6 
215Q. 198.6 197.2 

vCLv 
22.4' 

-«ASE 
35.2 
33.8 
4118 

CF 

0,950 

» r s ! s 
5.827 
4i352. 
3.178 

-,--,36 '.UZ7Lf 

S1G 
0., 45. 

XL 
.V 

Rf ACT V'iO 

:¡;“Í 'V.in ulll 2647‘.2 
-3*.554 4.7 6 8 0.422 2269.0 

ELP7 
ro U • W 

0.0 
950.0 

95 
95 

TEST 05.01-36 

RGAS 
fcQ.O 

PSEO 8 A1 

2200. 200.2 
2200. 203.5 
2200. • 204.2 

G A----- 

1.22 

P A ¿ 
189.3 
194.« 
195.7 

^ 2.5 ELEVE7.T . 

22.40 

CF 
0.95: 

•-,36 -vC.ZZLE 

KrASE 9ES1S 
64.8 12.649 
71.8 10.228 
72.3 1C • 197 

SIG 
0.025-' 

A4 

.60' 
RF ACT 

-5.952 
-3.362 
-3.254 

Î V,'EC 
13.979 
1C.766 
10.704 

X 

ARSCR 
3.228 
0.297 
0.299 

»20 0 

JCRF 
1671.7 

•3204.1 
3462.7 

7ELP7 

950. 
950. 
«50. 

t 

’ 9 
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Pratt & Whitney Qircraft A UNCLASSIFIED 
/ 

RGAS 
69.0 

FREQ 
2200. 
2 20^. 
2 200. -2200. 
2200. 

TEST 0.7,01-36 

GAM-* 
1.22 

6 Elk VE*.T 

PA1 
201.5 
202.0 
201.9 
2 PI * '0 
190.3 

••cu 
22.aC 

PA2 
196.1 
197.0 
19«.2 
196.1 
190.1 

phase 
42.6 
63.9 
6E.6 
69.5 
70.6 

CF 
.950 

Pfsts 
5.016 
6.747 
6.195 
6.5 75 
P.676 

sir, 
0.0 60. 

REACT 
-5.41-- 
—4.190 
“3.171 
-2.45P 
-3.066 

' -.6 • 

• 6 - 

I'/PEO 
7.3 6 3 
7.:i? 
6.0 P 6 
7..2 
9.ISP 

:?2iE 

A9S0» 
^.3.6 

364 
--.429 
C .414 

-.337 

4CRF 
216 P . 
2 3« 7 . 

,2-47. 
215«. 
10 79. 

..12- 

VF.LPT 
145..- 
1450.C 
146 . ' 
1 4 6 » . 0 
145-.0 

TEST 07.01-36 

RGAS 
69.0 

FREO R A1 
2200. 198.6 

>2200.« 204.3 
2200. 201.6 
2200. 199.4 

{ 

GA“" 
1.22 

PA2 
197.6 
199.8 
201.0 
197.6 

'•CL 

22*90 

4.5 ELE’t'.T 

CR £10 
0.95C 0.045; 

phase 
56.2 
56.9 
49.6 
39.4 

-.6 VCZZlí 

X.- . 
-.6-- 

RFSIS 
3.P29 
5.607 
j. 267 
3.120 

REACT I',-E0' 

-2.374 4.5-6 
-3.655 6.693 
-2.761 4.278 
-3.796 4.915 

AÜS..R lCRF 

C.52« 3401. 
0.393 4404« 
:.505 5-5». 
-.397 3401. 

'. 11 - 

velpt 

145790 
1450.0. 
145-.- 
1450.0 

RGAS 
69.0 

F&EO 
2150. 
2150. 
2150. 

TEST 07.01-36 

GAVV 

1.22 

PA1 
' 1A5.5 
162.7 
181.7 

PA 2 
164.8 
1 «3.5 
187.7 

'•OLW 
22.40 

2.5 ELE'-E'.T 

CF 
0.950 

phase 
99.9 

127.1 
131.1 

RES I S' 
4.361• 
2.944 
1.539 

S1G 
:.l>25o 

REACT 

0.761 
2.226 
1.343 

■-,6 ‘.OZZLE- 

.XL 

..6:- 

I •■'PE-. 
4.-27 
3.691 
2.043 

A 0 SC® 
0.594 
0.574 

0.746 

.2 - 

'-OR F 
1380.8 
11•9.C 
1917.8 

:.1-0 

VELPT 
1450.0 
14 5 - .- 
145-.0 

. » 

% 
/ 

'4 
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UNCLASSIFIED Pratt 8 Whitney Aircraft 

NGAS 
69*0 

TEST 09.01-31- 

GAVV 
1.2S 

B ELE-EVT 

’■'LL« 
* 22.aC 

freo PA1 PA2 P^ASE 
2300. 199.3 196.6 3Q.fc 
2,00. 203.7 19H.fi 2«. 
2300. 201.1 l"*5 ^*fc 

CF Sir- 
C.950 0.. S'- 

RES l S 
S.PÏA 
4.015 
4.605 

Rt'-CT 
-4.979 
-7,039 
-3.153 

-.36 ' 02ZlE 

XL 
. ft 

I’/PEO 
6.2 fi5 
H . 1 04 
5.681 

* I 3 » ■ ^139 

apsor. .^'RF vElpt- 
c. 31B 1 o'3•6 9 5 -.0 
0.214 1290.2 H;'" 
0,445 1397.fi 95-.- 

tEST 11.01-36 
5 ELt"E‘.T 

RGAS 
69*0 

FREO 
2300. 
2300. 
2300. 

HAI 
205.0 
204.8 
205.2 

GA*‘V 
1.22 

PA2 
199.3 
199.3 
199.5 

vOLk 
22.40 

phase 
•3.9 
88.0 
82.2 

C.F 
0.950 

RESIS 
fi. 75 7 
P .661 
P.735 

S1G 
u .0^00 

REACT 
-0.936 
-0.303 
-1.196 

•-.36 

XL 
0.5-: 

I “PEO 
P, 8 0 7 
fi .6 66 
B . fi 16 

0¿2l t 

T 
0.3- 

ARS'OR 
0.364 
0.370 
0.363 

0.116 

lORP 
2184.6 
2184.6 
2242.1 

velpt 
<?50 • 
950 . 
950. 

TEST 11.01-36 2*5' El»r‘E‘;T 

RGAS 
69.0 

;REO 
2200. 
2200. 
2200. 

PA1 
200.8 
205.1 
204.3 

GA"V1 
1.22 

PA2 
190.6 
194.* 
190.9 

«■•OLV 
22.40 

PhASE 
57.9 
56.2 
47.0 

CF 
0.950 

RESIS 
13.050 
13.397 
16.439 

S !G 
0.1251 

REACT 
»P. 186 
-8.968 

-15.329 

— .36 *.CZZLE 

XL 
4.501 

T 
C.3p0 

IvPEO 
15.4C6 
16.121 
22.477 

AflSCR OCRF 
0.197 1539.7 
C.18* 2419.5 
0.121 1594.7 

i ILL 

VELPT 
950.0 
950.0 
950.0 
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Pratt & Whitney Aircraft 

"¡r.AS 
69.0 

2150. 
215% 
2150. 
2150. 
2150. 
2150. 
2152. 
2150. 

3f,AS 
69.0 

P9E0 
2150. 
2150. 
2150. 

90 AS 
69.0 

PREO 
2150. 
2150. 

UNCLASSIFIED 

TEST i: '1-36 ’2wi 

r,Av' 

1.22 

r a; 

19 ? , 
201.6 
22 1.5 
198.1 
195.3 
196.8 
2-2.2 
19’.5 
3 O' •. ■» 

392 
19-.1 
19fc .6 
199.8 
195.3 
191.2 
195.3 
22-.4 
19...3 

►-ASE 
3 6. ■■ 
36.3 
5 ’.V 
46. . 
6..2 
52.V 
51.- 
66.4 
t i T 

• A. 

•'.FSIS 
4.49". 

s.os: 
4.9% 
6.252 
6.211 
6.142 
4.6-9 

■’.25’ 
^ • V - 6 - 

<r--cT 
-6.229 ’.62- 
-..91’ ..5-2 
-3.231 • 6.-53 
-4.663 6.°-4 
-6.144 * . 4 —’ 
-2.’3- 6.82- 

5.93 
_ _ -7-^1 

V * 4. 4, • * 

-3."»uc ^ tu 

H S - •< ^ f 

.2’- 1163.4 
% 2 3 9 1 - 3 ‘,- 
.-31 2-’t.9 

2.36 2 1 23 ..’ 
1.322 ’59.2 
2,»55 123-.’ 
. . . t 2-2 6 .. 
".-33 :i"2.c 
i.?-1 9 ? ». : 

-5. 
-5 . 

TEST* «, r E“E‘.T -.6 ’222lE 

OiAV 

1.22 

PA1 P A ¿ 

199.' 181.1 
199.2 181.1 
2--.2 184,.. 

»'„ 

'•CL a 
22.4- 

P-ASE 
52.2 

■ 9 3.2 
148.3 

. .95- 

9ES!S ' 
35.922 
39.182 
14.5-6 

-..5- 

9pACT 
-19.46-1 

2.253 
23.562 

¡‘•■PEO ARS-P 
41.’-: 2.281 
39.235 ’.195 
2%fc8_ 2.-’3 

.3- -.lit 

--9P VE- 
3 0 5 .t 145- 
385.6 i-4L 
590.9 1452 

TEST 10.01-3 2.5 ElE'-’c’.T "-.6 ‘02218 

OA' 

1.22 
’’CL ■ 
22.40 

sir, xi 
2.-252 -.5.0 

PAi PA2 P-ASE 
190.5 180.9 21.7 
164.2 182.5 1-.e 

9ESIS 9EACT 
5.440 -13.670 
1.537 -5.817 

¡VPEO AESC9 
H.^ll 0.095 
6.017 0.152 

JC9F VEL 
^54.° 1452 
902.6 1452 

« 
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UNCLASSIFIED Pratt & Whitnçy Qircraft 

1 WMMINDIX III 4 
UNI'.U Dl'-SUîN COM I'l I KI5 l’U< )(¡KAM 

n,, ,,,,,,,1U, ,,r U,is app,u,lis npp.,u-i.Uhv 

\' Source- Program Lifting 

ß. Sample lnpuf 

Output Symbol Di-scription 

n. Output tor F.xampU* Case / 

¡Är"s"a'"a'B'"tsu,ts ' 

\ SOI HCK PltOGltAM LISTING 
• • rnin u-VN IV for the HIM li:iO computer. The 

lite Program was Instructions ,vvith a brief <les,npüon 
following listing mcluilns the l>i og ' ,he program. ^ oí th, inpunlata, and a som,, listing 01 ui 1 
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Pratt & Whitney Pircraft UNCLASSIFIED 

WAC-f 1 

// JCP 

LOG OKtVt 
coco 

CAHT SPEC CAr/T AVAIL »'HV D^UE 
UC22 0022 .ouyu 

V2 AC TlAl • ** O^NE 1-0 r* 

// EJR 
• IOCSICARÜ.U32 PRINTERI 
• Nt,«C«0 INTEGERS 
• LIST SCURCE PkUGRAA« 

mo* Flo* velocity design program 

S> 

# 
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UHCÜSSIFIED Pratt , Whitney Pircraft 

2 >:è 
HICH FLU*» VUUClTt Ut b lt)N PKOOKA- 

c 
c 

\. 

\ 
I» 

A 

CARO CULS V AP I-A'SÎ.t 

l.SPüT SYMÖUL’NOMtNCLATuRt 

UtSCKlPÏION 

C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c' 

Ol-OS 
01-80 

31-1.0 
;Ll-S0 

CAStS 
TITlI 

PRtbS 
OASCN 
lE'-'M 

¿A*A 
VtLfT 

Tt“PC 
•TtF’CA 

FMt\ 
OEUF 
FMAX V 

SIGN 
DELS 
SI GM 

5 01-10 SPUN 

11-20 DEL? 
21-30 SPLM 
31-40 . CFMJN 
41-SO OECCF 
51-bO . CFMAX 

6 01-10 XL.MIN 
11-20 DELXL 
21-30 XLMAX 
31-40 TMIN 
41-50 DELT 
51-60 TMAX 

0l'to10 
11-20 

»21-30 

DM IN 
DELD 
DMAX 

NO.' OF CUMPLtTt SETS OF INPUT 
ANY TITLE INTOPMATION 

CJMhUSTlON PHESSORt tPSlAl. ' 
r.AS CONSTANT IN HESUNATOM 1 tHF-.F T/LPM/R I • 
GAS TEMPERATURE IN Rt SONATOP APEpATuPES 

IZTJ sp£1fk-heats of gas in resonatop. 
VELOCITY of FLO* PAS^ apertures. 
for NO Flow input*velpt.o.o 
FOR FLOW thru.input VElPTÄS NEGATIVE. i 
chamber'gas termperature ioeg. R). 
cavity TEMPERATURE IDEG.RI 

MINIMUM FREQUENCY OF OSCILLATIONS IH2I 

FREOUENCY INCREMENT ,Mf!. TIDk, ihZI 
MAXIMUM FREQUENCY 0F OSCILLATIONS in 
vilimiim LINER OPEN AREA RATIO IPERCENli 

iNFR OPEN AREA RATIO INCREMENT ^PERCENT I 
.«» ««tio («««»!. 

minimum CHAMBER PRESSURE oscillations 
(DECIBELS REFERENCE 0«0002 MlCROBARI 
Idf UuRE OSC ILL AT I ON I NCREMENT I OB I 

SÈsÔnATORECAvÎtÎRDEPtJTINCREMENT1UNCHES) 

5“°üí¡ «sôsiloí c.v tt kfih , HC.es. 

minimum liner thickness ‘,NCM^S’ . 
liner THICKNESS INCREMENT (INCHES) 
mÍximüm liner thickness (INCHES. 

MINIMUM LINER APERATURE DIAMETER ( INCHES) 
Ïperature diameter INCREMENT lINCHES) 
MAXIMUM S^NER APERTURE DIAMETER (INCHES) 

_ or REPEATED CASES (CARD !• TIMES 
NOTE. CARD 2.3.A.5.6 AND 7 WlLL^E REPEATED u 

REAL IMPED 
DIMENSIOfTt ITlE120) 

100 FORMAT(BEIO.O) 
READL2.1001 CASES 

' NCASE»CASFS4.05 
DO 299 MWH-l.NCASE 

READ!2.101) TITLE 
/' 
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Pratt & Whitney Oircraft UNCLASSIFIED 

Hioti Flu« vtLüCl'» DtsioN 

101 

r' 

MHt SS.OASiN*UMH,uAN'A*Vf.Li’l»ftyt'' 
F«IN.01 Lf ,K«AA.tlGN.Üf.i>.b !iJv 

SOLf..i)tL^»S^Ly.Cf-^!r>.ÜtLCf 

»l.'' ir L XL » ,M1 r',Llt ^1 *Ty** 
D^IN.-U LJ.JM*' 

\ 

K 1 
1 ' 1 
30 3 
JO* 

30* 
306 

?00 

?0 

and D1MtNS 1CNS1/ I■ 

J* 

FOMMA T 1 ?0 A4 ) ..^l.UyK.M^A 
Mt AD U’tlOCI 
HtADt 2. IOC I 
Ht ADI 2 • IOC I 
Ht AD (21100 I 
HtADI2.1001 
s;(>■■'a » sic 
.n*soLr. 
C f * C F M 1N 
Xl*almIN 
T-T^IN 
D«DM IN 
CONTINUE 
FREQ»EytN 
0.32.172¾ . ,,, 
SCNC* SC*R T Í G AVA • 0* OASCN* TEM -■ 
fl^ac.vElpt /SUNC, 

SÍÍ1tmÍ'°1*T.?o**/' ?ix,‘NPuT une« p^pehT1ES 

^in^i^^?K:iï:ïr;s^::r:is,A;:E27.3; 

'i^rescnatch'1 apehatuhes degree M.EIO.32 

310*‘RATIO OF SPECIFIC HtATS*F37.3/ 
41(1 * * ^ ACh NUmHEH CF FLCH'FAl.31 

?02 F^vAhÍoS'ÚnÉÍMÍpEn’ÍrÉÍLRTAJIO .«PERCENT »^29.3/ 

UOX'CHAMRER pressure osculations .decibels,. • 
, ?.•."» COEFFiCU.1 OF LISE. .««TU«.,F S.3F / 

310*1 RESONATOR CAVITY depth «INCHES F29.3/ 
410*'LINER TM1C*,NESS ( INCHES)'F36.31 

ÏwÔîtÎÎm'MU« »FERFUHE DIASETE« 1 INChESI 'FE.*î1 

í“ünnl«í;.«E»C;.»,T< TEMPERATURE I DECREE R1 'F2.»î • 

PI 2*6.2B32 
DEN»1*4.*PRE5S/GASCN/TEMP 
scnic.sqrt(Gama«gascn*temp*g) 
SONCC.SORTIGAPA«GASCN*G*TEMCAI 
IF(FlMAC) 307.300*300 

FLOW PAST OR NO FLOW CALCULATIONS 

300 CONTINUE 

PlA»*176.0*SORTI2.0)»l10.0*«IP1/20»0-10.0I) ( 
UORFO.SORT1 « P1AaCF**2*G/10.37*DEN) I 
DENC»14*.*PRESS/GASCN/TEMPC 
\/POR« (VELPT/VX)R^0)*< D£N/0£NC)##1«5 
SIMM . ÏSIGMA/100.0)/(1.0-«SIGMA/100:0)..2) 

315 RESF0.0.37*UORFO/I(CF**2)*SIGIM*SONICI 

IF(VPOR-l.S) 499.499.490 
490 aESFO»RESFO«l.33*VPOR*.51 

409 CONTINUE , 
ABSF0.4..RESFO/««RESF04U>**2) 
ARSFO ■ ABSFO * XOO.O 
IFIFLMAC) 324.325.325 

324 XLEFF.it/X2.)^10/12.) 

325 SÎEÎ?.m2.>.375.« .85.0/12.*« l.-.7*SQRT « SfGMA) » ) 

20 3 

2 1C 
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UNCLASSIFIED ‘ Pratt- & Whitney Pire 

PAf.f 
mioh nui* wttocnv oesicin pkotiK** 

3?^ 

phupekt1E£ 
*s 

« 

FO • SQ«TtSCNCC«SOMC«SU.IM/l*LirK*UL#U.) ) )/M2 

ALEFF»ALErF«12. ^ 

204 Foi^M/!///H*'CALC^*TfD OAS PLENTIES AND ACOuSUC 
1 AT RESONANCE'/> ,« 
«K 1 TE l 3«20S I DEN* SONIC «ALEFF »PI A» UOREO .A'* », 

->■>*. FCRwATl lÓA'DENSIÍT OF APERTURE GAS %ILbM/FT»«J.) F2S*3/ 
' l^S^K Suoirv OF APWATOHE GAS (F T / SEC > ' F20* 3/, 

? 10X#£fF£CT I Vt . APERTuWt lInOTh-^ i,NCMtS I 1 F26# 3/ 
3 10A1 CnAMBER PRESSURE OSCIlLAUOnUlBF^FT«*? •FifrM/ 
4 1J X'C RIF ICE PARTICLE VEuyClTV AT RESONANCE (FT/SECI F13.3 

«+11 TF i 3*206 I FO.RtAFO.Rt ¿FO*ARSFO ,,,-,, * 
;r'N FORMATtlOX'LlN^ESCrANT FREÙUENCY HZ»'F31.3/ 

1 lOX'ACOUST JC^REAC TANCE AT RESONANCE'F29.3/ 
i mH AfOiiST 1C RESISTANCE AT RESONANCE'F28*3/ 
3 i3x'APSORPTION COEFFICIENT AT RESONANCE ( PERCENT I F15.3 

FOR^AtÎ"// /2X •F/TEO’TX'RESIS'TX' ft E ACT ' 7X* •IMPED'* 7X ' UORFX ' 7x ' ARSON ' / • 

FCRVATt VMM2I'*UMFT/SECI “.A' (PERCENT) •/) 

XLEFF.xaFF/12. ' * ' . 
GO TO 312 . ' P ■ 
CONTINUF . 
IF (FVAX-FREQ) 311.311.310 

3K reÍct.5i2*Íeff*freq/sonic/sigim-cosipI2*freo«kl/soncc/u.) /(SIN( 

lS"":?;?^ÒÍÂÍK.»»CT.tcr..!n..J.s0»,TM!.7.s,<„«.SONK. 

I REACT*tCF**2))••A.A.O*(OORFO**RI•1/2.0 
i UORFX»SORT(UORFX) 

IFIFL'/AC) 328.329.329 
jF(-FLRAC”0.5*OORFX/SONIC) 329.327.32T 
RESIS*0.37*UORFX/lSIGIP*SCNIC*lCF**2I• 
VPOR«(VElPT/OORFX)*IDEN/DENC)**1.5 
IFlvP0R“1.5l 5D1.501.500 ^ ' 

RFSIS«RESIS*(.33*VPOR>.5l 

CONTINUÉ . 
IMPEO*SORT«(RESIS**2)*(REACT**21 ) 

207 

2:*r 

30P 

apsÓr»a.*resis/( CRESIS«-!. !**2* ‘REACT**2 » > 

20« 

wRnE(3.209) FREQ.RESIS.REACT.IMPED.UORFX.ABSOR 

FORMAT (F8«l.5F12.3) 
GO TO 309 

flow through calculations 

/ 

307 

316 

>)) 

CONTINUE 
REAF0»0.0 ,,, 
P1A*A176.0*SORT(2.0)*(10.**(Pl/20.-10< 
iinaFOsSCRT((P1A*CF**2T*G/(0»37*DEN)I 
SIGIM ■ (SIGMA/100.0)/(1.0-(SIGMA/100.0)**2I, 
1FI-FlMAC*0.5*UORFO/SONIC I 315.316.316, 
RESF0 . FLMAC « I-1.0I/(S1GIM*(CF*.3H 
XLEFFí.U'T/^.T-fIO/U. ) I 
ABSF0.A.*RESF0/(RESF0*1.1**2 
arlFO * ARSF0 * 100.0 
FO » .S0NIC*SORT(SIGIm'/(XlEFF*(XL/12.0)))/PI2 

XLEFF«XLEFF*12. ^ 
WRITEI3.20AI 
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Pratt & Whitney Pircraft UNCUSSIFIED 

HUiM FLU.» VtLUClTY ÜtSIÙN PKUUKAW 

f 
»KITE t 3't20% » DEN.SUMC»*LtFF ,K1 A.UOKF 0 
»RlTE(i»206) FU«REAFUtKlSFO»AHSFU 

WHITE I3»207l 
wKlT^OiioHI 
ALEFF ,» ktE F F /. 12*0 

bw TO 3W , 
in resis.flMac/«sioimmcf..3)».«^i.oi 

UOR F Ä . F L^ AC*-%0N1C * ' "J • 0._'_ 
IMPED-SORT! lHESIS**21*»mCT«2TT 
APSl)R.-..«RES»S/llRES.,;Y..I..¿«REACT**í I 

GO TO 30R 
311 CUNT.! NUE 

IF(D-DmAxI 401^021^02- 
401 d«d.deld 

GO TO 30<> ^ 
402 IFtf-TMAX) 40^.^04,404- _ -» 

403 T«T*DELT - 
GU TO 305 

404 IFIXL-XIMAXI 405.406.406 ^ , 

405 xl.xu*deixlV 
GO TO 304 -A , 

406 IF(CF-CFMAX) 407.40».408 

407 cf«cf-»delcf 
GO TO 303 

408 1F1P1-SPLMI 40R.4lo.4lQ / 

40R Pl = P16PFUP 
GO TO 302 

410 lFlStORA-SKif,l 411.299.299 . 
4ll.'fcIGMA.SIOMA4DEL5 

/GO TO 301 
2W CONTINUE, 

CALL EXIT ( 

END 
S. 

FEATURES SUPPORTED 
ONE WORD INTEGERS 

IOCS 

CORE REQUIREMENTS FOR 
COMMON 0 VARIABLES 

I 
END OF COMPILATION 

170 PROGRAM 1856 

-4 
// EQ j rV 

\ 
i 
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UNCLASSIFIED Pratt & Whitney Aircraft 

B. SAMP Li: INPUT 
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Pratt & Whitney Rircraft 
■0 

UNCLASSIFIED 

c. or rih!r svmih)i, dksi iupi 

The symbols used for lhe output format are described below. 

Description 
Sy mbol 

l-MUXi 

HKSIS 

HE ACT 

IMPED 

CO HEX 

A Di?0 H 

Ere(|uency, JU 

Specific acoustic resistance 
« 

Specific acoustic reactance 

Specific acoustic impedance^ 

' Orifice particle velocity, ft/sec 

Absorption coefficient, (< 

r- 
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y UNCLASSIFIED PrattÄ Whitney Oircraft 
PW A K H-1515 

n. , or r in T i-ou i:xam.vi,k cask 

mIûm VLLCCITY LXAVPLE CASE 

_l-.PuT Ll^EO PPOPEKTIEE A\£ Dr£‘SIQ'iS- 

^BoSTIC'. STATSC PPE|Sl,Rt iPSiA) 
GAS CÔ\STA\’T p, PESO-.ATPB l J 
GAS f£•■?£?ATE I" BEjCPATCB APfBATyBES iDEG^EE B) 

RATIPjOP SPECIFIC HEATS 
«•aCh \u‘'aEP Cc B LO y: 

"lPEB CPEV APrA 'PATJO (PFRÇF NT ) 
ChA‘oç^ pqpsSL^F OSCILLATIONS tOFCIBFLS) 
Fuo. OOFBCÙCIFNT of LINFR APFPTuRFS _ 
PE SON A T O'» CAVJTŸ DFPTh (INChES) 
L l ' EP Th ICS' FSS I P ChFS) > , 
lINFp APFPTuPF QIAHFTrP (INChFS)__ 
tP.EB CAVITY TT hPFB A T'jBF HOFCjPFF B ] 

i:o*;co 
6?tc:c 

'' r\r . r> r r k' * V • * Y V 
1*22? 
U3IL 

- iiicrr 
l'U.ÇOÇ 

3.950 
C.¿5C 

Î»23C 
1x11 

¿oqo*;ç; 

CAuCüLÂTEO CAS PBOPEPT IES, A*;0 ACCySTIC PROPERTIES AT 9£SC* A*.Ç£ 

DFÑ SÍ T Y yt A PF » TUftF fi A S .(LP 'VFT**31 _ _ 
SC' IÇ VELOCITY' OF APE^AtwPf GAS IFT/SrC.) 
rfF ec TIVF APE»*yPF. LFPGTh (TÇhF SI_ 

" c H a’ ■•BER PRFSSuRF OSC ILLATION (LPF/FT»*2) 

_0,569 
2859.^91 
_0,111- 

?32,ia¿- CHA r. a au r v; o v. * ^ ^ i ^ v> . . - .-1 ■ r "— 
CR IF ! CE o ART fCLF. VFLOC.Í.TYAT p ESCN ANÇE_1Ft/¿£0 
LINER RESCNA'.T FREQUENCY (HZ) ___ 

~~ ACOUSTIC REACTANCE AJ.^EjON^-CC--—- 
ACOUSTIC PF51 ST ANCE_AT _RE§ÇN A*!5E_ :- 

~~~ABSrRPT f0Ñ~ CCEFF IC f E>'.T ATRESO*'' A^CE..! PERKIN.TJ 

119,561 
_6001,912- 
J_0,000 
__ 1,15-9- 
_90,191- 

FREÇ 

.(HZ) 

PESIS PFACT JHPCfr UORFX 

.( FT/SEC) 

ARSCP 

I PERCENT ) 

ISoo.T 
2000,0 
2S0C,0 
30.00,0 
3500-,0 

1.551 
1,506 

•4,216 
-2,951 

4.491 114,467 
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*■ APPENDIX IV' 
HEA'l’ED Fri: 1. FACHAT Y 

Combustion stability has in some instances been a problem in motors 
burning heated 50-50 blend fuel. Thus, to establish the effectiveness of the 
acoustic liner configuration chosen for the regeneratively cooled chamber, it 
was accessary to conduct firings at the same injector fuel inlet temperature 

* as,\v.oftld be encountered whep the cooled chamber was fired. To accomplish 
this- n heated fuel system was fabricated and installer Ion theB-5 test stand, A 

. schematic of the heated fuel system is shown in figure 82. The system con¬ 
sisted of an enlarged section of run line that held approximately eight gallons of 
fuel, immersed in an open vat of ethylene glycol. The vat was heated with 
external electrical heaters and wrapped with th rmal Insulation. 

Thermocouples were installed at several locations through the enlarged 
rim line to determine when the desired fuel temperature was reached. 

The procedure used for a firing was as follows: the run line up to the 
fuel control valve was filled with fuel and the ethylene glycol was heated. When 
the fuel in the heated section reached 250°F, the heaters were shut off, the 
ethylene glycol drained, and the firing commencccH After 2.0 sec the control 
valve was closed and the vat was filled with cold water. The system was then 
allowed to cool to approximately ambient conditions before the water was , 
drained and the vat filled with ethylene glycol in preparation for the next test. 

Figure 82. Heated Fuel Facility FD 53781 
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