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ABSTRACT

Theoretical performance investigations have been undertaken for a number
of wave-engine configurations using the techniques of the method of character-
istics. The use of these nonsteady flow techniques permits a detemmination of
intermittent engine performance parameters such as thrust per unit area, .specific
fuel consumption, compression efficiency and cycle time which are much more re-
alistic than thése obtained by the use of the conventional quasi-steady or
steady-flow methods.

Because of the possible use of engines of this nature for a variety of
propulsion applications, a somewhat detailed review of the results of the studies
is included in this report. Two basic cyclga were investigated. In one, part
or all of the initial mass of gas was burned during a single combustion period
per cycle. In the éecénd, the initial combustion of a asmall portion of the
volume was used to compress the remaining mass of gas to a high pressure and
this compressed mass was also burned during the cycle.

From these studies, it has been possible to draw some conclusiouns as
to the optimum engine geometry for maximum performance. For tﬁe single com-
bustion cycles, optimum values of specific fuel consumption of the order of
2.8 128, el ber U%: ore indicated at M = 0.65 for standard conditions.

For the modified cycle, with secondary heat addition, optimum theoretical

specific fuel consumption values of the order of 1.5 were obtained.
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INTRODUCTION

The recent davelopment of techniques for the analysis of nonsteady
flow phenomena, including the effscts of heat addition, has enabled the in-
vestigation of a large group of phenomena, hitherto not amenable to theo-
retical treatment, Of especial interest is the zpplication of these tech-
nigues to the study of the wave phenomena occurring in intermittent engines
of various kinds. For, from the resuiting characteristic cycles or wave
diagrams, an estimate of nonsteady engine performance parameters such as
~thrust per unit area, mass flow, cycle time and specific fugl consumption
nay be obtained,

These techniques, Eonseqhently, are particula:ly adaptéd to the
study of the wave phenomena occurring in intermittent engines of phé type
being investigated in this Laboratoryl, This engine configur&tion consists,
essentially, of two concentric shells, subdivided.into a number of equal
pass;geégand terminated at either end by a rotatiﬁg disc velve., It is
possible, in any configuration such as this, to employ a relatively large
number of different thermodynamic cycles, since the particular cycle would
be controlled by the relative combustion chamber volume, the location of
the combuéiion regio&, the valve phasing, valve geometry and valve timing.
This paper attempts to avaluate the possible merits of the simplest of

these cycles.

-1 =
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The chief obstacle to the accurate determination of intermittent
engine performance is the lack of information concerning the heat addition
phenomena and the boundary conditions at the englne inlet and exhaust dur-
ing outflow and iaflow. Basic information with regard to the combustion
phenonena occurring under the highly turbulent flow conditions encountered
in practice is lacking. Consequently, it has been necessary to employ a

somewhat idealized heat addition pleture in the cycle calculations. For

this purpose, the process of heat addition was represented by the following

modes of heat addition:

1. Constant volume combustion
J‘2° Gradual heat addition with heat added at a constant rate
The reasons for making these assumptions and the conseqdéhcesﬂare discussed
in detailfin Appendix 2.

Although general methods of construction of the characteristic

or wave cycles can be found in a number of recent articles4’5, details of
the method for application to specific problems are not as yet available
in print (see Reference 6). For thié reason, a brief review of the proce-

dures is given in Appendix B, and a few specific examples are worked in

detail.

-2 -
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The following performance parameters were obtained from the wave

diagrams:
. (1bs. fuel hr.)
1. Specific Fuel Consumption 1b. thrust

2. Mass flow per sec/sq.ft. (B/A)
8. Thrust per sq. in. (T/A)

4, Adiabatic compression efficlency

5. Thrust coefficient (Cp S
APo
8. Mass flow coefficlent (CM = —2 )
poaoA

7. Over-all efficiency
8 Eﬁtropy rise priar to compression
9. Eﬁtropy rise due to wave compression
10. Entropy rise due to heat addition
llo‘ Total entropy rise in the cycle
12. Pressure and temperature rise priér to ‘heat .addition
1501 Pressure and temperature rise due to heat addition
14. Cycle time |
The methods used for determining these paramete;s are described in
App;ndix 2, Although performance parameters were compute& for sea-level
conditions, the method by which these results mey be extended to other

altitude conditions is also given in Appendix 2.

-5 -
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All of the wave engine cycles studied are included in Appendix 1.
A summary of the performance for the different configurations studied is
given at the beginning of Appendix 1. All of the studies made were for
straight-tube configurations. The effect of changes in the following
quantities were investigated:
1. Alr-fuel ratio
2. Combustion chamber mass and length
8. Cycle time
In Part 1 of this report, the performance of the wave engine is
discussed assuming the combustion zone occupies one-~fourth of the tube
volume. The effect of an increase in tﬁe volume of the combustion region
to one-half of the tube volume is examined in Part 2. Possible modifi-
cations of these cycles are diacussed in Part 3, including combustion
over the whole tube volume at the same time and at different times:
(secondary combustion cyclea)or In each section the details of the cycles

are discussed and the performance for each cycle is summarized in Tables.
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CHARACTERISTIC STUDIES OF WAVE ENGINE PERFORMANCE

In the first wave engine cycles selected for study and based upon the
experimental cc:nf:Lgu.rtrt,:l.on:L s it was assumed that the optimum performance would
be obtained by continuously meintaining e shock wave in the tube, which would
be strengthened and reinforced by the heat-addition procaess, Fig. I, It was
believed that the strong shock wave resulting from valve olosing and heat

Time Compression Through
Reflected Shock
Reinforced and
Reflected Shook
/ .
/ HotGas
/ Interface .
~—> Discharge of
, - Burned Gas
Inflow =Ly

//A(— Tear Valve Closed
T
=L

— L, 5

Fig. I
Assumed Characteristic Cycle
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addition could be used to obtain efficient compression prior to heat addition

if the valve timing and tube length were such that the shock, reflected at the

inlet, would arrive at the exit valve upon completion of scavenging.

At this

instant, the exhaust valve would be closed and the resultant shock reflection

would produce relatively high pressures in the combustion region prior to heal

addition, For the initial investigation, a combustion reglon located adjacent

.to the exhaust valve and occupying approximately one~fourth of the tube volume

was assumed, The first heat addition mode, constant volume combustion, was

selected primarily because of the simplicity of the calculations.

Two differ=-

ent assumptions were made, the first that a constant pressure rise of four

atmospheres occurred during the heating process and the second that a constant

. amount of heat, 520 BTU's per 1lb, of alr, was added per cycle,

The cycles listed in Table 1 were investigated and the performance of

the various cycles is summarized in Tables 2, 3 and L,

TAHLE 1

CONSTANT VOLUME COMBUSTION

Quarter=Length Combustion Chamber

_ Figures No. Cycles
Table (Appendix) | Mach Number Heat Addition Assumption | Constructed
2 1A, 1B, 16 | N = 0,65 Constant pressure rise 3
of l; atmospheres
3 24, 2B, 2C | M = 0.65 con_ztant air~fuel ratio, 3
31
L 3A, 3B ¥ed Constant pressure rise 2

# In these tables and all subsequent diagrams and tables, performance calcula=

tions are for sea-level conditions,

.6-
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The principle features of the wave cycles are shown inthe Appendix,
Figuras 1A to 3B. The most significant feature of these studles is the rapid
increase in entropy observed from cycle to cycle as periodic conditions are
approached, A mass of air, initially entering the inlet, was found to require
approximately four complete cycles before it propagated through the tube and
reached the exhaust valve. Consequently, for three cycles, as can be seen from
Figs. 20 to 2C, the air mass would undergo alternate compressions and expansions
before heat ‘addition, which resulted in a large increase in entropy due to the
passage of the strong shock waves, without an appreciable increase in the pres-
sure level,

In no case in these studles was & completely periodic condition attained
as indicated by the fluctuation in specific fuel consumption values, as well as
the increase in the total entropy of the air from cycle to cycle, Tables 2 and 3,
However, after three cycles, it can be seen that periodic conditions are gradu~
ally being approached as all air particles from the third cycle on will have
approximately the same history of entropy losses as the air heated during the

third cycle,

The performance, wherever possible, is given in a dimensionless form in
the tables, The combustion chamber mass is given in terms of the ratio of the
mass in the combusilon region to the total mass that would occupy the tube under
the free-~flight flow conditions with the inlet and exit valves open and no
heat addition. The definitions of adiabatic compression efficiency, thermal
ef?iclency, propuisive efficiency and overall efficiency are defined in the
standard manner. Entropy rise () s) is denoted in dimensionless units,

%%%., where Y 1s the ratio of specific heats and R the gas constant. Pres~
sures are given in terms of the ratlo of the actual pressures encountered to

a reference ambient pressure, p,. Temperatures ars also given in terms of a
-7 -
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TABLE 2

CONSTANT VOLUME COMBUSTION, My = 0.65

CONFIDENTIAL

PERFORMANCE BASED OM FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE
e s

Figures (Appendix) 1A 1B 1c 1C

Alr-fuel Ratio 45.0 34.4 27.2 20.9

Combustion Chamber Mass 0.450 0.534 5;570

Specific Fuel Ccasumption 2,026 2.519 2.665

Mass Flow per sec./sq. ft. 31.55 42.23 32.58

Thrust per sa. in. 8.65 12.18 11.24

Adiabatic Compression Efficiency 00925. 0.642 0.343 0.229

Thrust Coefficient | 0.588 0.829 0.765

Mass Flow Coefficient 0.369 0.494 0.381

Oversil Efficiency 0.086 0.069 0.085

Entropy Rise Prior to Hammer Comp.] 0.388 0.924 1.553

Entropy Rise Due to Hammer Comp. 0.044 0.007 0.151 0.165

Entropy Rise Due to Heat Additlon 2.475 2.475 | 2,475 2;475 |

Total Entropy of Cycle 2.519 2.870 5.550- 4.194

Pressure Befcre Heat Addition 2.334 %.608 2.161 3,362

Pressure After Heat Addltlon 9. 335 14.430 1%.643 15.448‘

Temperature Before Heat Addition 1.298 1.690 2.136 2:811

Tamperature ATter Heat Addltlion 5.185 6.759 | 8.543 11.244

tycie Tima ‘ 1.218 1.080 0.970

com;;;tlon Chamber Length 0.25 0.25 0.25 0.25

-8 -
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TABLE 3

CONSTANT VOLUME COMBUSTION, Mi = 0.85

[LISCT R 4
[E—
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PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTER!STIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 2A 2B 2C 2C

Air=-fuel Ratio %1 31 31 z1

Combuystion Chamber Mass 0.450 0.560 0.3%42 0.269

Specific Fuel Consumption 2,520 2,083 2.287

Mass Flow per sec./sq. ft. 3545 48.58 %1.76

Thrust per sq. In. 11.30 18,80 10.73

Adiabatic Compression Efficiency 0.91 0.51 0.286 0.19

Thrust Cosfficient 0.769 1.279 0.730

Mass Flow Coefficient 0.415 0.569 0.272

Ovarall Efficiency 0.069 0.084 0.073

gaitropy Rise Prior to Hammer Comp.| 0.539 1.409 1.800

Entropy Rise Due to Hammer Comp. | ) o/, 0.187 0.213 0,300

Entropy Rise Due to Nest Additlon| . 2,376 2,181 1,773

Total Entropy of Cycle 3,054 3.086 5,600 5,873

Pressure Before Heat Addition 2.334 4.644 3.849 3,553

Pressure After Heat Additlon 12.800 17.418 11.653 9,682

Temperature Bofore Heat Addition 1.296 2.07% 2.811 %.205

Temparature After Heat Addition -6 998 7,775 8,514 9,007

Cycle Time 1.085 0.985 0.920
FCOmbustion Chamber Length 0,25 0.25 0.25 0.25

Q9 -
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TABLE 4
CONSTANT VOLUME COMBUSTION, M= O

PERFORMANCE BASED ON FIRSY SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) ZA zB 3B

Air-fuel Ratio 58.4 52.8 48,24

Combustion Chamber Hass 0.250 0.284 0.250

Specific Fuel Consumption 1.557 1.662

Mass Flow per sec./sq. ft. 11.86 14.43

Thrust per #q. in. 3.26 4,11

Adiabatic Compression Efficiency 1,000 - 0.829 0.270

Thrust Coefficient 0.222 00286

Mass Flow Coefficient 0.139 0.189

Overall Efficlency

Entropy Rise Prior to Hammer Comps ¢ 0,083 0.334

Entropy Rise Due to Hammer Comp. 0 0.005 0.004

Entropy Rise Due to Heat Addition| , .. 2.475- 2.475

Total Entropy of Cycle 2,475 2.564 2.815

Prossure Before Heat Addition 1.000 1.256 1.214

Prassure After Heat Addition 4,000 5,038 4,858

Temparature Before Hsat Addition 1.000 1.107 1.211

Temperature After Heat Addition 4.000 4,427 4.844

Cycle Time 1.800 1,680

Combustion Chamber Length 0.25 0.25 0.25
-10 -
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ratio, the reference temperature being the ambient temperature, U Cycle
time is expressed in the dimensionless form
T (cycle time) = E%fi

wheres L is the overall tube length

a, 1s the ambient velocity of sound

t 1is time, in seconds
Since all systems investigated were straight-tube configurations, the relative
combustion chamber volume is expressed in terms of percent of overall tube
length, L,/Lye

A1l of the characteristics cycles were constructed in a dimensionless
form for a particular Mach number, The specific performance parameters
thrust/unit area, specific fuel consumption and mass flow/unit time/unit area
for the particular Mach number may therefore be obtalned for any altitude by
gubstituting the appropriate values of pressure, density, temperatire and
gound velocity. The performance perameters given in the Tables and Figures in
the Appendix were determined for see-level condlitions., For any other altitude
condition, the performance parameters may be determined using the following

relationss
(ao)alt

(8FCdary, = 8Os T Lt
‘ (302 PO)al'ba

\Thrust/unit area),y, = (Thrust/unit area)g y, ©Z P .
o Jo’s.1,

(20 £)
(Mass £low/sec/unit area)alt = (Mass flow/sec/unit area)s L 2 0 Jo/alt,

8 5.1,

where: a, = ambient velocity of sound

S

S.F.Ce = specific fuel consumption (lbe.fuel/sec./lb.thrust)

ambient density

8.L, = gea-lovel conditicns
alt, = altitude conditions
The compression efficiency, thermal efficiency, propulsive efficlency and overail

efficiency obtained for a particular Mach number do not vary with altitude.

- 1] -

CONFIDENTIAL




e A e wwr e e

~ ot

CONFIDENTIAL

The assumption of a constant pressure rise of 4 atmospheres was found to
be unsatisfactory. As can be seen from Table 2, as the entropy increased prior
to the heat-addition process, more and more fuel was required in succeeding
cycles in order to sustain the assumed pressure rise, For example, at M = 0,65,
Table 2, the required air-fuel ratio varied from 45 to 20,9, Since periodic
conditions were being approached glowly and the entropy rise from cycle to cycle
was increasing repidly, it appeared that a condition could be approached wherein
sufficient fuel could not be supplied in order to sustain the assumed pressure
rise, assuming a limiting air-fuel ratio of 16-1, Because of the unrealistic
nature of this assumption, all subsequent calculations were made with a con-
stant amount of heat added per cycle, as in Table 3,

Although the diagrams were constructed for a particular quantity of
heat added per cycle at sea level to yleld a constant fuel-air ratio, the
resulting temperéture ratio can be correlated with a different amount of heat

and hence, & different fuel-air ratio at any other altitude, using the relation

2
(£/2)qy, = (£/8)g g, olay, . (#/2)5, 1., {8 s,
( 2’5)3 qu (aoa)s‘L.

wherey 7o = &mbient tcaperature
0

One unexpected outgrowth of these studies was the observation that the
quarter-length cycles would not conform to the original, ideal shoek picture.
In all the cycles studied, it was found, &s periodic conditions were approached,
that the shock reflected at the inlet valve would propagate through the burned
gas before scavenging could be completed, even under the ideal conditions of
instantaneous heat addition. Consequently, the actual compression prior to

heat addition occurred through a single shock zemerated by repid closure of
the exhaust valve, Fig.JI.

-l2 -
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Time

=
i
;

Reflected Shock Passes
™~ out of Tube During

Each Cycle
Hot Gas
\ Interface
y . §
/
/ \
/ /
Length ——— 0%
/[
—Le—
Fig, II

Actual Characteristic Cycle

The optimum compression obtainable, then, would be that of a "hammer" shock
sreated as a result of rapid closure of the exhaust valve, Although this
process of compression by & "hammer® shock can be relatively efficient, the
characteristic studies indicated that the losseg agsoclated with the passage
of strong shocks through the unburned gas prior to compression seriously
reduced the resultant compression efficiency., For example, at M = 0.65,
(Table 3) in the third cycle, the rusulting compression efficiency before

-13 -
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heat addition was 26 percent. The resultant specific fuel consumption at this
Mach number was 2.4 1lbs, fuel/hr./lb. thrust. The adiabatic compression effic-
iency obtained in the next cycle which was not carried t¢o completion wus found
to be even less, Performance was determined by graphical integration of the
resuitant pressurs and momentum contributions assuming ideal exit flow condi-
tions, The value of specific fuel consumption was based on net thrust; i.e.,
exit momentum contributions minus the momentum of the incoming air,

Because of the relatively poor resultant performance and the unsatisfactory
heat-addition assumption, the study at M = O was not carrled through the third
cycle, since it was observed that similar phenomena would occur.

In order to determine if the constant=volume, instantaneous-heat-eddition
assumption tended to overemphasize the actual shock losses which would occur,
studies wers also made assuming a gradual heat-addition process which would be
more closely related 1o the actual physical process.. The following cycles listed

in Table 5 were investigated,

TABLE
CRADUAL HEAT ADDITION

Quarter-Length Combustion Chamber

Figures Mach No. of Cycles
Table (Appendix) Number Investigated Comments
é La, LB, ke 0.65 3
7 SA, SB 0.95 2 Initial conditions based
on 3rd cycle conditionof
Table 6
8 éa, 6B, 6C 0465 3 Effect of change in clos-

ing time of exit valve
after mcavenging

9 A 0.65 1 Study of effect of mass
removal at the inlet

- 14 =
CONFIDENTIAL




T RO g etz v ot m

(2
r

CONFIDENTIAL

Typical features of these cycles are shown in the Appendix, Figs. LA to 74,
and the performance is summarized in Tsbles 6-9,

Because of the assumption of a fixed period for the heat addition, the
resultant pressure rise depended upon the entropy values at the beginning of
the heat~-addition process. Since the entropy before heat addiiion increased
from cycle to cycle, the resultant pressure rise due to heat addition decreased,
at M = 0,65, from 3.1 atmospheres in the first cycle to 1l.L atmospheres in the
third cycle, As can be seen from Table 6, for the beginning of the Lth cycle,
the total entropy rise before heat addition was somewhat less than in the previous
cycle, The performance figure quoted for the third cycle represents, therefore,
a performance very near that for the cyclic condition, Since the constant-
volume combustion calculations indicated a specific fuel consumption of 2,4
lbs.fuel per hr./lb,thrust, the maximum performance values for this quarter=-
length combustion cycle would lie in the specific fuel consumption range
2,4 = 2.9,

The relatively low values of specific impulse obtained in the second
cycles, Tables 3 and 6, were due to the fact that the compressed gas had not
undergone the complete history of losses #8s& in the third cycle and hence, the
pressures were achleved at compression efficiencies of about 50 percent as
compared to 30 percent in the third cycle.

The fuel consumption values varying between 2.4 and 2.9 were much

larger than expected and these results were due primarily to the accumulated

entropy losses in the unburned gas prior to compression and heat addition,
The pressuras of approxime.ely three atmospheres, prior to heat addition,
were obtained at the expense of a considerable portion of the available
energy of the cycle.

Studies were ulso made at M = 0,95, Table 7, to determine if improved

inflow conditions could be ottained resulting in =n increase in the mass of gas
- 15

GONFIDENTIAL



CONFIDENTIAL

TABLE &

GRADUAL HEAT ADDITION, M =0.65

CONFIDERTIAL

PERFORMAKGE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 4 4B 4C 4c

Alr=fuel Ratio 31 31 31 31

Combustion Chamber Mass 0.450 0.507 0.357 0.33%

8pecific Fuel Consumption 2.484 2.451 5,043

Mass Flow per sec./sq. ft. 27.26 33.44 25,27

Thrust per sq. in. 8.85 11.10 6.17

Adiabatic Compression Efficiency 0.91 0.54 0.29 0.30

Thrust Coefficient . 6.602 0.755 0.420

Mass Flow Coefficient 0.319 0.%91 0.272

Overall Efficiency 0.070 0,072 0.057

Entropy Xise Prior to Hammer Comp. O 0.305 0.870 0.797

Entropy Rise Due to Hammer Comp. 0.044 0.273 0.378 0.303

Entropy Rise Due to Heat Addition 3,170 2,777 2.515

Total Entropy of Cycle 3.214 3.355 3.783

Pressure Bafori Heat Addition 2.3%4 2.717 3.31% 3.000

Pressure After Heat Additiou 7.293 6.168 4.611

Temperature Before Heat Addition 1.296 1.833 2.320 2.250

Temparature Aftor Heat Addition 6.408 | 6.518 6.901

Cycle Time 1.410 1.295 1,310

Combustion Chamber Langth 0.25 0.25 0.25 0.2
- 16 -
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TABLE 7

GRADUAL HEAT ADDITION, Ml = 0.95

(Initial Conditions from M; = 0 65)
PERFORMANCE BASED ON FIRST SECOND
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE
Figure (Appendix) SA 5B
Alr-fuel Ratio 21 z1
Combustion Chamber Mass 0.269 0.414
Specific Fuel Consumption 4,311 <.786
Mass Flow per sec./sq. ft. 12.29 28,64
Thrust per sq. in. 3.61 8.29
Adiabatic Compression Efficiency 0.19 0.31
Thrust Coefficient 0.248 0.564
Mass Flow Coefficient J.2268 0.335
OGverall Efficiency 0.089 0.031
Entropy Rise Prior to Haumer dompfesslon 1,782 1.095
Entropy Rise Due to Hammer'compresslop 0.300 0.380
Entropy Rise Due to Heat Addition 2.018 2.166
Total Entropy of Cycle 4,100 5u642
Pressure Before Heat Addition 3.553 4.827
Pressure After Heat Addition 3.955 6.704
Temperature Before leat Addition 3.305 2.796
Temperature After Heat Addition 7.65%4 70,392
Cycle Time 1.190 1.235
Total Mass
Combustion Chamber Length 0.25 0.25

- 17 -
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TABLE 8

GRADUAL HEAT ADDITION, Ml = 0,65
Variation of Closing Time of First Cycle of IV

A AL AmasmmamALess A Qg

PERFIBAMICE BASED O GPoN WL | 0pen T |oven WTLL
CHARACTERISTIC CYCLE ANALYSIS T =1.350 | T =1.560 | ¥ = 2.750
Figures (Appendix) 8A 8B 6C
Alr-fuel Ratio 31 31 31
00mﬁubtion Chamber Masa 0.450 0.450 0.450
Specific Fuel Consumption 1.988 1.833 1.883
itass Flow per sec./sq, ft. 24.03 20.95 | 12.61
Thrust per sg. in. 9.78 9.22 5.55
Adiabatic Compression Efficiency 0.910 0.910 0.910
Thrust Coefficient 0.664 0,627 C.378
Mass Flow Coefficient 0.281 0.245 0.148
Overall Effiplency 0.088 0.095 0.095 |
Entrapy Rise Prior to Hammer Comp. 0 0 0
Entropy Rise Due to Hammer Comp. 0,044 0.044 0,044
_Entropy Rise Due to Heat Additien 3.170 5,175 3.170
Total Entropy of Cycle 5°é14 3,214 3.214
Pressure Before Heat Addition 2,334 2.334 2.334
Pressure After Hoat Addition 7.283 7.293 7.293
Temporature Before Heat Addition 1.298 1.296 1.296
Tenperature After Heat Additiun $.408 6.4083 6.408
Gycle Time 1.600 1.835 3.050
Combustion Chamber Length 0.25 0.25 0.25

- 18 -
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TABLE ©

GRADUAL HEAT ADDITION, Ml_:'o 68
Fffact of Mass Removsl at Inlet

PERFORMANCE BASED ON FIRST SECOND
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE
Figure (Appendix) 7A 7A
Alr=-fuel Ratio 31 31
Combustion Chamber Mass 0,450 0.528
Specific Fuel Consumption 2.850

Mass Flow per sec./sq. ft, 29,74

Thrust per sq. in. 8.43

Adiabatic Compression Efficlency 0.91 0.82
Thrust Coefficient 0.573

Mass Flow Coefficient 0.341%

Overall Efficliency 0.0861

Entropy Rise Prlor-to ﬂammer Compression 0 0.140
Entropy Rise Due to Hammer Compressloq 0.044 0.6%4
Entropy Rise Dus to Heat Addition 5.170

Total Entropy of Cycle 3.214

Pressure RBefora Heat Additiown 2.334 4,120
Preasure After Heat Addition 7.293

Temperature Before Heat Addition 1.296 1.960
Temperature After leat Addition 8.408

¢ycle Time 1,290

Total Mass

Combuation Chamber Length 0.25 0.25

- 19 -
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consumed per cycle and & corresponding reduction in the entropy losses due

to shock passage in the unburned gas. The wave phenomena was such that, although
an improvement in mass flow was evidenced, the number of cycles required for a
particle to move completely through the tube remained approximately the same,
The mass flow increase resulted only from the increase in density corresponding
to the inecrease in Mach number. The results of calculations assuming gradual
heat addition for M = 0,95 are summerized in Table 7 and the details of the wave
cycle are shown in Fig. 5. In order to facilitate the calculations, the initial
cyocle flow conditions were based on the flow conditions obtained in the third

¢ Ca> caleulation for gradual heat addition, M = 0.65,

In all the previous investigatiions, the cycle studies were initiated by
assuming that the tube wes uompletely open and that free-flight flow conditior
were>existing in the tube at the instant of closure of the rear valve. The
resultant hammer compression condition was then taken as the initial condition
for heat addition. As & result, the performance of the first and second cycles
was always superior to the performance of succeeding cycles, since the entropy
losses in the unburned gas were not accurately represented. With these initial
assumptions, it was always necessary to construct at least three cycles before -
an accurate estimate of performance could be obtained. Attempts to reduce the
calculation time by &ssuming arbitrary initial conditions to obtain more rapid
convergence as in Table 7 were found to be impractical, due to the impossibiliti
of duplicating the entropy distributions in the unburned gas as the periodic
condition was approached. This inability to accurately represent the correct

entropy distributions could lead to reduced performance,as in the first cycle

of Table 9 when the entropy was overestimated, or to exaggerated performance values

a&nd high pressures prior to combustion;when &as in some of the early unreported

investigations, the entropy increase was underestimated. Since the number of

cycles required for & particle to pass through the tube was not altered appreciably

- R0 -
CONFIDEMTIAL




Proainiand
e e

b st
Lo s

CONFIDENTIAL

upon increasing the Mach number frem 0,65 to 0495, these studies were not con-
tinued.

It became obvious during these studies that the initial cycle visualized,
Fig. 1, in which a shock wave was maintained continuously in the tube would not
be a practical configuration. In order to match the time of arrival of the
interface and the reflected shock, as indicated in Fig, 1; it would be necessary
to further reduce the relative combustion chamber length, This would lead to an
increase in the number of shock passages occurring in the unburned gas before the
actual process of compression and heat addition and result in & lower overall
performance than shown in Tables 2 and 6.

As a result of the necessity for improving the scavenging characteristics,
modifications of the quarter-length combustion cycle were investigated. The
first modification studied was the effect of discharging & portion of the unburned
gas during the cycle upon completion of the scavenging of the burned gas; see
Fiz. 6. Instead of closing the exit valve upon completion of scavenging of the
burned gas, the exit valve was left open and cold air was permitted to escape,
Table 8. The exhaust of this high-velocity cold air caused an appreciable
increase in the cycle performence, decreasing the specific fuel consumption
from 2,5, Table 6, to 2,0, Table 8, The major disadvantage of this modifica-
tion was the long period required to complete the scavenging of the cold air
mass, Figs, 68, 6B and 8C, If only the portion of unburned gas possessing a
high velocity was scavenged, the remaining mass with a low velocity but still
possessing & relatively large entropy value would, upon closure of the exit
valve, result in a very low compression ratio prior to heat addition. Perfor-
mance in succeeding cycles would then be poor, As can be seen from Fig, 6C,

if the exit valve remained open until 811 the gas with a2 high entropy was
discharged, the total cycle time would be so long that the cycle would not be

a practical one. During the low velocity discharge phase, & shock is created at
the exit which propagates upstream, further reducing the discharge velocity and

increasing the total cycle time, - 21 -
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The boundary condition applied during the outflow phace was the conven-
tional condition that the pressure was equal to the ambient pressure. This
condition, however, is strictly true only for the case of static operation,
During exhaust at high flight speeds when the exhaust velocity of the Jet is
less than that of the surrounding stream, it would be expected that shear
forces would be acting, tending to accelerate the flow at the exit, This would
occur because the total hesad of the surrounding stream would be greater than
that of the hot exhaust gas during the low velocity phase of discharge. The
assumption of amblent pressure conditions would hence be a conservative one for
the case of an engine discharging directly to the atmosphere and would tend to
cause an over-estimation of the required scavenging time,

Another method proposed by A. Hertzberg, that of mass removal at the
intake, was studied, This method involved the removal of a portion of the
unbturned gas in the tube at the air inlet upon completi: n of the heat-addition
process, This alr would be taken into a set of rotating tubes at the inlet and
readmitted into the wave tubes at a more favorable time to improve the scaveng-
ing, Fig. 7A, Table 9. In this cycle, however, no reflected shock passed
through the major portion of the burned gas to its scavenging velocity. As a
consequence, the performance of this cycle was much less than the first cycle
performance for the original cycle, Table 6, Although this cycle would permit
a greater amount of energy tc be utilized in the compression process; resulting
in a higher pressure prior to heat addition, no improvement in compression
efficiency was cbserved over that of the original cycle, Table 6 and hence,
resulting cycles would show no significant improvement.

A conventional pulsejet cycle was also studied, Table 10, Fig. 84, to
determine if a portion of the hot gas exhaust could be utilized for compression.,
An exhaust valve was located at the exit during the discharge to generate a

shiock wave that would propagate upstream and compress the unbwrned gas prior
- 22'—:
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TABLE 10

GRADUAL HEAT ADDITION, M; = O

Fulsejet Cycle

PERFORMANCE BASED ON FIRST SECOND
CHARACTZRISTIC CYCLE AMALYSIS CYCLE CYCLE
Figure (Appendix) 8A 8A
Air-fuel Ratio 3l 31
Combustion Chamber Mass 0.15 0.144
Specific Fuel Consumption 2.138
Mass Flow per sec./sq. ft. 10.34
Thrust per sq. In. 5;90
Adiabatic Compression Efficiency 1.00 0.925
Thrust Coefficient 0,265
Mass Flow Coefficient 0.121
overall Efficiency
Entropy Rise Prior to ﬂamMer Compression ») 0
Entropy Rise Due to Hammer Compresslop 0 0.028
Entropy Rise Due to Heat Addition 5885
Total Entropy of Cycle 3.885
Pressure Before Heat Additlon 1.000 1.4856
Pressure After Heat Addition 2.500
Temperature Before Heat Addition 1.000 1.130
Temperature After Heat Additlon 5.671
Cycle Time 1.24
Total Mass

.-A;;:;;:;;{;n Chamber Length 0.15 0.11

Y
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to heat addition, Fig. BA. However, the velocity profile during discharge was
such that the exit valve could only be inserted in & low-velocity region in
order to obtain compression at the inlet at the proper time and hence, the
reflected shock did not result in an apprecisble increass of pressure prior to
heat addition. These studies were therefore not extended.

In these investigations, the most significant improvement in performence
of the first cycle at M = 0,65 occurred, Table 8, when the cycle time was increased |
to permit discharge of & portion of the unburned gas at high exit velocities, The
specific fuel consumption value of 2,5, obtained when only the hot gas was dis-
charged during the cycle, dropped to 2,0 when a portion of the high velocity
unburned gas was exhausted, In the quarter=-length combustion cycle,conse-
quently, a large amount of the available energy of the burned gas was trans-
ferred to the unburned gas through the shock wave, This energy, due to the
large entropy increase caused by the passage of shock waves, could not be

effectively used for compression in succeeding cycles,

Since this quarter-length cycle did not lead to a practical cycle, studies
of the effect of increasing the relative combustion chamber volume wers initiated.
By increasing the combustion chamber volume and length, the reflected shock would
pass through the burned gas much earlier and hence, a considerable portion of the l
available energy would be used in accelerating the burned ges during discharge,

Fig. I1I. i

Performance studies of this configuration indicated that an increase in
combustion chamber length to approximately one-half of the overall tube length |
would, in addition, reduce the time of travel of a given air mass through the !
t.ve to two cycles., Hence, the entropy loss incurred in the unburned gas would
be reduced to that corresponding to two shock waves;, Fig.JIIl, However, since the
major portion of the energy would be utilized in accelerating the hot gas during
discharge, ths characteristics studies indicated that a very small awount of the energy

-24 -
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Fig. III

Effect of Change in Combustion Chamber Length
on Wave Engine Oycle

of the heat-adiitionprocess would be available for compression-in-Succeedd-.ng_;;cyéles._.In
effect, variations in the relative combustion chamber length could be used to
control the amount of energy utilized in the compression and expansion processes,

A number of different configurations were studled with the combustion
chamber length equal approximately to one-half of the overall tube lenyth,

These configurations are tabulated in Table 11, and the cycle diagrams are
included in the Appendix, Figs. A to 1lLA.

For these studies, although the initial value of the combustion chamber
length was selected as one-half of the total tube length, it was found that the
remaining volume of air in the tube which suffered an entropy increase due to

- 25 -
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TABLE 11
HALF-LENGTH CGMBUSTION CICLE
a/f = 31
Figures Mach No. Cycles
Table (Appendix) £/a Number Combustion Mode Investigated
12 9A, 9B, 9C 1/31 0.65 | Constant volume combustion 3
13 104,10B,10¢C 1/31 0.95 | Constant volume combustion 3
1N 114,11B,11¢ | 1/31 0.65 | Gradual heat addition 3
15 124,12B,12¢ | 1/31 0.95 | Gradual heat addition 3
16 134,13B,13¢ | 1/3L | ' 0.0 Constant voiume combustion 3
17 1A 1/31 0.95 | Constant volume combustion 3rd Cycle

shock passage occupled a region in the next cyecle slightly gréater than the original
assumed length, In the constant volume calculations, Tables 12 and 13, the fixed
combustion chamber length was based on conditions found in the second or third cgycles,
As can be seen by comparing third cycle conditions, Tables 3 and 12, even
though the initial and final third cycle pressures were grester for the quarter-
length cycle than the half-length cycle, Table 12, the overall entropy rise for
the quarter-length cycle was also greater, Consequently, the resultant performance
of the half-length cycle was substantially improved over that obtained for the
quarter-length cycle, This was due primarily to the smaller losses encountered
in the unburned gas prior to compression,
Studies were also carried out at M = 0,95 assuming constant volume combus-
tion. The results, Table 13, indicated a slight increase in specific fuel

consumption with Mach number,

- 20 =
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TABLE 12

CONSTANT YOLUME COMBUSTION, My = 0.65

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 9A 9B 9c 9C

Alr-fuel Ratio 31 31 31 31

Combustion Chamber Mass 0.900 0.633 0.723

Specific Fuel Consumption 1.754 2.173 1.934

Mass Flow per sec./sq. ft. 35,93 24,98 50.81

Thrust per sq. in. 17.90 9,27 12.84

Adiabatic Compression Efficiency 0.91 0.31 0.53 ) 0.34

Thrust Coefficient 7 1.218 0.631 0.873

Mass Flow Coefficient 0.456 0,292 0.361

Overall Efficiency 0,099 0.080 0.090

Entropy Rise Prior to Hammer Comp.| o 0.541 0.238 0.491

Entropy Rise Due to Hammer Comp. 0.044 . 0.113 0,115 0.108

Entropy Rise Due to Heat Additlon| 5 4y, 2,793 2,917 2aé26

Total Entropy of Cycle 3,004 3,447 3,279 3.426

Pressure Before Heat Addition 2,334 1.694 1.856 1 699

Pressure After Heat Addition 12.508 8.090 9.564 8.227

Tempersture Before Heat Addition | 1,298 1.510 1.378 1.484

Temparature After Heat Addition 6.997 7,215 7.080 7.1886

Cycle Time 1.975 2.164 2.005

Combustien Chamber Langth 0.50 0.585 0.535 0.53b
-27 -
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TABLE 13

CONSTANT VOLUME COMBUSTION, M, = 0.95

CONFIDENTIAL

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH
CHARACTERISTIC CYCLE ANALYSIS VJL=_CYCLE CYCLE CYCLE CYCLE

r;lgure-o (Appendix) 104 10B 10C 10C
Air-fuel Ratio 31 31 31 31 ,
Combustion Chamber Mass 1.116 0.874 0.862 0.762 |
$pecific Fusl Consumption 2.086 2.200 2.065
Hass Flow per sec./sq. ft. 50.17 29.82 40.80 _
Thrust per sa. in. 19.40 10.93 15.93
Adiabatic Compression Efficiency 0.85 . 0.339 0.567 0.426 ;
Thrust Coefficient | 1.520 0.744 1.084 | |
Mass Flow Coefficlient 0.587 0.349 0.478 {
Overall Efficiency 0.122 0.116 0.123

r f |
Entropy Rise Prior to Hammer Comp.| g 0.718 0.287 0.450 f-
Entropy Rise Due to Hammer Comp. 0,119 0.094 0.100 0.175 |
Entropy Rise Due to Heat Addition| 5 gog 2.608 2.803 2.,6.87
Total Entropy of Cycle 2.945 3.420 3.190 3.312
Pressurs Befora Heat Addition 2,290 2.148 2.394 2.297
Prossure After Heat Addition 16.018 9.264 11.501 10.337
Temperature Befors Heat Addition 1.474 1.721 1.499 1.629
Temperature After Heat Addition 7.178 7.423 7.201 7.351
Cycle Time 1.900 1.930 1.805
GCombustion Chamber Length 0.560 0.540 0.540 0.54C ;

- 28 -
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Cycles were also constructed assuming gradual heat addition, Tables 1:
and 15 For the study at M = 0.85, it was assumed that the exit was slightly
constricted in the initial cycle before heat addition. This agsumption resulted
in a reduced pressure and flow condition prior to heat addition which led to a
more raplid cyclib condition, Since the combustion chamber length was selected
as 0,60 in succeeding cycles, a mixture of fresh gas and air that had previously
incurred an entropy penalty due to shock passage was obtained in the combustion
chamber. Carrying out the usual averaging process to obtain the new cycle con=
ditions resulted in a lower overall entropy rise and a resultant higher compres-
sion efficiency. This yielded a specific fuel consumption value of 1.8 as opposed
to 1.93 for the case of constant volume combustion., The heat-addition assumption,
for the low initial entropy level, resulted in pressure increases during the heat-
addition process of the same order of magnitude achieved for the constant volume
combustion picture, 5-6 atmospheres,

The performance study at M = 0.95;, assuming gredual heat addition was
carried out assuming that only air from the previous cycle was included in the
combustion region for the succeeding cycle, Fig, 12, Table 15, For this case,
also, the resultant specific fuel consumption value, 2,0, was slightly larger
than the specific fuel consumption for M = 0,65,

It may be concluded that the optimum performance for this cycle at M = (.65
lies between the specific fuel consumption limits 1,8 and 1.9, a~d, bepause of the

reduced shock losses, indicates an appreciable gain in performance over that of

the quarter-length cycle,
It was observed during these studies that the amount of fresh air admitted

into the combustion region with the air that had previously incurred an entropy
penalty due to shock passage could apprecisbly alter the eycle results. The
caleulations for the third cycle Table 13 were repeated. including only the air
that had undergone the shock passage, Fig. 14A, Table 17, The specific fuel
consumption in the approximately cyclic condition increased from 2.1, Table 13

to 2.3, Table 17, = 29 =
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TABLE 14

GRADUAL HFAT ADDITION, M1=0.85

Initial Constriction at Exit = 0.70

Fxit Completely Open in Succeeding Cycles

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE
o e
Figures (Appendix) 11A 11B 110 11C
Air-fuel Ratlo Il 31 31 31
Combustion Chamber Mass 0.988 0,937 0.9388 0.969
Specific Fuel Consumption 1.881 1.855 1.807
Mass Flow per sec./sq. ft. 55ﬁ65 29,53 32.40
Thrust per sq. in. 14.42 12.84 14 .48
Adlabztic Compression Efficiency 0.98 ‘ 0.78 0.75 0.81
Thrust Coefficient | 0.981 0.87% 0.984
Mass Flow Coefficient 0.394 0.346 0.379
Overall Efficlency 0.093 0.094 0.096
Entropy Rise Prior to Hammer Comp.| 0.667 0.107 0.08%3
Entropy Rise Due to Hammer Comp. 0.010 0.055 0.080 0.026
Entropy Rise Due to Heat Addition 3,274 5.108- 3,017 |
Total Entropy of Cycle 3,284 3,230 3.173
Pressure Before Heat Addition 2.021 1.998 2.189 2.082
Pressure After Heat Addition 11.901 11.486 12.185
Tomperature Before Heat Addition 1.228 1.280 1.332 1.289
Temparature After Heat Addition 7.256 7.%12 7.268
Cycle Time 2.510 2.710 2.60
Gombustion Chamber Length 0.60 0.60 0.60 0.60
- 30 -
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TABLE 19

GRADUAL HEAT ADDITION, M;=0.95

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE
Figures (Appendix) 124 128 12C 12C
Air=fuel Ratio 31 31 31 31
Combustion Chamber Mass 1.116 0.818 0.828 0.772
8pecific Fuel Consumption 1.932 1.892 1.983

Mass Flow per sec./sq. ft. 51.15 39,96 59.40
Thrust per sq. in. 21.34 17.03 18,02

Adiabatic Compression Efficiency 0.855 | 0.478 0.568 0,549‘
Thrust Coefficlent 1.452 1.159 1.090

Mass Flow Coefficient 0.599 0.468 0.461

Overall Efficiency 0.132 0.135 0.128

Entropy Rise Prior to Hammer Compe| 0.376 0.220 0.205
Entrapy Rise Due to Hammer Comp. 0.119 0.150 0.170 0.197
Entropy Rise Due to Heat Addition | 5 979 2.767 2.932

Total Entropy of Cycle 3.029 3.293 3.222

Pressure Before Heat Addition 3.290 2.331 2,419 2.304
Pressure After Heat Additlon 1%.857 11.131 11.405

Temperature Bafore Heat Addition 1.474 1.572 1.505 1.491
Tompornfuro After Heat Addlition 7.118 7.431 7.274

Cycle Time 1.865 1.745 1.795
Gombustlonichlmhef Length 0.50 0.55 0.515 0.50

- 3] -
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CONSTANT VOLUME COMBUSTION, My = O

TABLE 16

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE
= —
Figures (Appendix) 134 128 13C 13¢C
Air-fuel Ratio 31 31 31 31
Combustion Chamber Mass 0.500 0.477 0.557 0.441
8pecific Fuel Consumption 1.872 1.949 1.673
Mass Flow per sec./sq. ft. 17,94 28.20 24.24
Thrust per sq. in, 7.73 11.67 11.69
Adiabatic Compression Efficiency 1.000 0.516 0.298 0.115
Thrust Coefficient 0.526 0.794 0.795
Mass Flow Coefficient 0.210 0. 330 0.284
 Overall Efficiency
Entropy Rise Prior to Hammer Comp: o 0.248 0.399 0.849
Entropy Rise Due to Hammer Comp. 0 0 0.377 0.042
Entropy Rise Due to Heat Addition 3,392 3,072 2.696 2.765
Total Entropy of Cycle 3,392 3.320 V47 3.876
Pressnre Before Heat Addition 1.000 1.514 1.796 1.222
Pressure After Heat Addition 6.682 8.453 3.126 5.811
Temperature Before Heat Addition 1.000 1.244 1.612 1.512
Temparature After Heat Addition 6.682 6.946 7.294 7.194
Cycle Time 2.380 1.445 1.962
Combustian Chambar Langth 0.500 0.392 0.500 0.546
- 32 -
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TABLE 17

CONSTANT VOLUME COMBUSTION, M; = 0.95

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE
Figures {Appendix) 10A 10B L4A
Alr-fuel Ratio 31 2] 21 23,
Combustion Chamber Mass 1.116 0.674 0.732 0.872
Specific Fuel Consumption 2,086 2,200 2.303
Mass Flow per sec./sq. ft. 50.17 31.29 36.48
Thrust per sq. in. 19.40 10.93 12,77
Adiabatic Compression Efficiency 0,8F 0.339 0.532 0.439
Thrust Coefficient 1,320 0.744 0.889
Mass Flow Coefficient 0.587 0.349 0.427
Overall Efficiency 0.122 0.116 0.111
Entropy Rise Prior to Hammer Comp. 0 0.718 0.328 0.445
Entropy Rise Due to Hammer Comp. 0.119 0.094 0,107 0.143
Entropy Rise Due to Heat Addltio&_ 2.826 m;:608 2.797 2.768
Total Entropy of Cycle 2.945 3,420 3,230 '5.296
Pressure Before Heat Addlitlen %.290 2.148 2.334 2.346
Presaure After Heat Additlion 18.018 0,264 11.120 10.563
Temperature Before Heat Addition 1.474 1.721 1.514 1.628
Temperature After Heat Addlition 7.176 7.423 7.216 7.330
Cycle Time 1.900 1.840 1.715
GCombustion Chamber Length 0.50 0.540 0.475 0.£05
- 3% -
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Studies were also carried out at M = 0 assuming constant volume combustion,

Table 16, Figs. 13A to 13C. Periodic conditions were approached much more slowly
in this cycle as the degreec of scavenging varied greatly from cycle to cycle,
Although & specific fuel consumption value of 1,7 was obtained in the third c¢ycls,
the initisl and fourth cycle conditions indicated that the resultant performance
would be miuch less than that obtained in either of the first three cycles, since
complete scavenging of the burned gas could not be obtained in a single cycle.

. For this configuration with the half-length combustion chamber, the final
compfession level prior to the heat-addition process was intermediate between the
ideal ram pressure recovery level and tﬂe ideal hammer recovery pressure level,

Although the ¢yq;e time for the half-length combustion cycle was in general of the

order of twice the length of the quarter cycle, the indicated thrust, in lbs./sq.in.,

was much largef for the half-length cycles, as shown in Table 18,

TABLE 18

VARIATION IN SPECIFIC THRUST WITH COMBUSTION CHAMBER VOLUME

" | Mach Thrust g
Cycle i Number Lbs./Sq.In, Heat Addition Mode | Cycle
Quarter-length - 0465 11.24 Copstant volume 3
Half-length 0.65 12.84 Constant volume 3
Quarter-length 0.65 6,17 Gradual heat addition 3
Half-length 065 | 1.6 Oradual heat sddition | 3

In order to determine the effect of change in fuel-air ratio, the following
cycles were in.estigated for air-fuel ratios of 56 to 1s
TABLE 19
HALF-LENQTH COMBUSTION CHAMBER

No, Cycles

Combustion Mode Investigated

154,158, 15¢C Constant volume 3
21 164,16B,16C Constant volume
22 174,17B,17¢C Gradual heat addition
- 54 -
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It was observed that when the combustion chamber length was held fixed, the
resultant specific fuel consumption values were slightly lower than those obtained
for the air-fuel ratio 31to 1. These results are, however, not of great signifi-
cance, since for lean air-fuel ratios, the pressure rise during the combustion
process, as well as the amount of fresh gas included in the combustion chamber in
succeeding cycles,varies, To determine the effect of change in air=fuel ratic
alone, the 3rd cycle, M = 0,65, Table 20, was reconstructed, including only the
alr rrom the previous cycle that had suﬁ ered an entropy penalty, This resulted,
Table 23; in a reduction in the combustion chamber length and an increase in spec-
ific fuel consumption for the 3rd cycle from 1,8 to 2.6 Fig, 18A. It 1s apparent.
from this study that the relative combustion chamber length is much more important

a faotoz‘ in determining the overall perfomance than the air-fuel ratio,

Since the compression ratio prior to the heat-addition process for the half-
length combustion cycle was found to be nearly equal to t.hat' for hammer compression

at the corresponding Mach number, the resultant performance should approach that for

‘the hammer compression engine suggested by R. Weatherston of this LaboratoryB. In.

the hammer compression cycle, the complete tube :g_volume is assumed to be burned at
c'onstant volume and completely scavenged in one cycle, The maximum compression '

is assumed to be that of hammer compression at the corresponding Mach number,

Since the study at M = O for the half-length cycle, Fige 13, indicated that complete

scavenging of one-half the tube could not be obtained at M = 0, this engine would
not operate in the static condition. The calculation of a hammer compression cycle
at M = 0,65, f/a = 1/31, Fig. 194 indicated that complete scavenging could be
achieved and that hammer compression equivalent to that occurring at :bhe corres=
ponding flight Mach number could be obtained, The first cycle condition, Table 2L,
with an adiasbatic compression efficiency of 0,91 and a specific fuel consumption
of 1,8, consequently corresponded to the periodic condition, This specific fuel
consumption value 1s somewhat beiter than that outaimed for the corresponding half=-

tube combustion configuration, 2,0, Table 12, The gradual heat addition assumption
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TABLE 20

CONSTANT VOLUME COMBUSTION, M= 0.85

T Ay gt o a1y
s SRCRIFEET,

FT Y S Ry YT Vo S e

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE
Figures (Appendix) 154 158 15C 15C
Alr-fusl Ratio 58 56 58 58
Combustion Chamber Mass 0.900 0.732 0.824 0.8086
Specitic Fuel Consumption 1,858 2,184 1.765

- Mass Flow per sec./sa. ft. 35,73 26.78 “ 29.38
Thrust per sg. in. 9,74 5.47 7.44
Adiabatic Compression Efficiency 0.927 e 0.445 0.630 0,581
Thrust CoeffICIONt | 0.6863 0.372 0.506
Mass Flow Coefficient 0.418 0.313 0,344,
overall Efflciency 0.108 0.080 0.099
Entropy Rise Prior to Hammer .Comp.l 0.%01 0.153 0.101
Entropy Rise Due to Hammer Comp. 0,043 0.115 0.070 0.077
Entropy Rise Due to Heat Addition | , o 20112' 2 187 16
Total Entropy of Cycle 2,253 2,528 2.410 2,436
Pressure Before Heat Addition 2,333 1.731 1.830 1.816
Pressure After Heat Additlen 7.973 5.646 6.232 6.116
Yemporature Before Heat Addition 1.298 1.382 1.299 1.320
Temperature After ﬁcnt Addition 4,420 4.507 4=424 4.445
Cycle Time 2.152 2.335 2.335
Combustion Chamher Length 0.500 0.585 0.535 0.585
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TABLE 21

CONSTANT VOLUME COMBUSTION, M;= 0.95

CONFIDENTIAL

PERFORMANGE BASED ON FIRST SECOND THIRD FOURTH
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE
Figures (Appendix) 164 168 16¢ 16¢
Alr-fuel Ratlo 56 58 56 56
Combustion cﬁamber Mass 1.116 0.854 0.958 0.924
8pecific Fuel Consumption "1.781 1.975 1.909
Mass Flow per sec./sq. ft. 48.52 34.91 10.85
Thrust per sq. In. 12,16 7.89 9.55
Adiabatic cénprelalou Efficiency 0°855.. . 0,482 00615 0.585
Thrust Coefficient - 0.827 -| . 00557' 0.850
Mass Flow Coefficient 0.568 0,409 ©0.478'
Overall, Efficiency 0.143 | 0.120 0.133
Entropy Rise Prior to Hammer Comp.| ? 0.450 1 0.192 0.225
~Entropy Rise Due to Hammer Comp. 0.119 0.106 0.135 0.131
Enfrgpy Rise Due to ueat'Addltloq; 2,038 1.943 2.040 2,058
Totll En‘ro’y of Cycle 2.157 2.498 2,368 2.394
Prassure Befora Heat Addition 5.290 2,315 2,397 2.514
Pressure After Heat Additlon 10,299 6,878 7.518 7.249
Temperature Before Heat Addition 1.474 1.587 1.483 1.465
Temporature After Heat Addition 4.614 4.712 4,588 4.589
Cycle Tima 1.965 | 2.090 2.005
Combustion Chamber Length 0.500 C.585 0.585 0.585
- 37 -
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GRADUAL HEAT ADDITION,M}=0.65

TABLE 22

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH
] 1 CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE
: Figures (Appendix) 174 178 17¢ 170
Alr-fuel Ratio 86 56 56 -
Combustion Chamber Mass 0.900 0.746 0.577 0.849
Spacific Fuel Consumption " 1.568 1.818 2.1%0
Mass Flow per sec./sq. ft. 39.34 32.26 27.00
Thrust per s4. in. ,_ 11,20 7,92 5:68
Adiabatic Compression Efficiency | . oz 0.54 0;55 0.48
Thrust c§qfffc(ent 0.762 0.5%9 0.335
Mass Flow Coefficient 0.461 0.378 0.316
Overall Efficlency 0,111 - 0,096 0.082
Entropy Rise Prior to Hammer Comp. 0 0128 0,112 0.155
Entropy Rise Due to Hammer Comp. | o 044 0.178 3,163 0.290
Entropy Rise Due to Heat Addition | 5 5ap 20195- 2.229 |
Total Entropy of Cycle 2.305 2.499 2,504
Pressure Befors Heat Addition 2,330 1.796 1.851 1.990
Pressure After Heat Addition 7.863 8.896 8.052
Temporature Before Heat Addi“ion 1.295 1.32%6 1.288 1.454
Temparature After Heat Additien 4.535 4.718 4,554
Cycle Time 1,955 1,978 1.825
Combustion Chamber Length 0.500 0.585 0.450 0,620
- 38 -
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] TABLE 23
CONSTANT VOLUMF COMBUSTION, M1=0.85

{ PERFORMANGE BASED ON FIRST SECOND THIRD FOURTH
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE
!; Figures (Appendix) 154 158 184
| Atrfusl Ratio 56 56 56 56
; l Combustion Chamber Mass 0.900 0.732 0.584 0.767
N Specitic Fuel Consumption 1.638 2.184 2.562
; Mass Flow per sec./sq. ft. 55075 29.09 26.74
i Thrust per sq. in. 9.74 5.47 4.82
g ~Adiabatic cowvr?asl°n Efficiency 0.927 0,445 0.506 0.400
- Thrust Coefficient 0.86% 0572 0.314
: E Mass Flow Coefficient On4lé 0.313 0.313
dverall-Effleiqncy 0.106 oodao 0.0867
Entropy Rise Prior to Hammer Comp. o 00301 6;226 0.275
Entropy Rise Due to Hammer Comp. 0.043 0.115 0.090 0.242
_ Entropy Rise Dus to Heat Addition 2.190 2.112 2.171 2.050
i Total Entropy of Cycle 2,233 2.528 R.488 2,567
Pressure Before Heat Addition 2.%333 1,731 1.683 1.791
: Pressure After Heat Addition 7,973 5.646 5.677 5.644
; Temperature Before Heat Addition 1.29¢ 1.382 1.3.7 1.452
| Temperature After Heat Addlition 4.420 4,507 4.442 4.578
IE Cycle Time 2.152 2.150 1.865
Combustion Chamber Length 0,50 0.585 0.457 G.622
|
f@ -39 -
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TABLE 24

CONSTANT VOLUME COMBUSTION,M;=0.65

PERFORMANCE BASED ON FIRST SECOND
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE
Figure (Appendix) 19 194
Air-fuel Ratio | 31 31
Combustion Chamber Mass 1.800 1.800
Specific Fuel Consumption 1.807
Mass Flow per sec./sq. ft. 40.45
Thrust per sq. In. 13.05
“Adiabatic Compression Efficlency 0.91" 0.91
Thrust cogfflciant 1.228
Maog Flow Coefficlient 0.474
Overall Efficiency 0.098
Entropy Rise Priorrtb Hamnier domp?eoelon 0 0.0086
Entropy Rise Due to Hammer conpreaslop 09044- 0.044
Entropy Rise Due to Heat Addition 3.010 5.010.
Total Entropy of Cycle 2,084 3,054
| Pressure Before Heat Addition 2.334 2,334
Pressure After Heat Addition 12.588 12.588
Temperature Before Heat Addition 1,296 10296
Tempoerature After Heat Addition 8.998 6.996
Cycle Time 3.800
Total Mass
Combustion Chamber Length 1.00 1.00
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for the half=-tube cycle, however, yields approximately the same performance as the
hammer cycle, Table 12, The major objections to the use of the hammer cycle may

be in the actual achievement of rapid volume combustion and the relative long period
of time required for complete scavenging. The total cycle time is approximately
twice that of the corresponding halt-tube cycle and forr times that of the corres-

ponding quarterstube cycle,
During the characteristic studies, it was observed that a very high pressure

region was created upon reflection of the reinforced hammer shock at the inlet valve,
Fig,IV., For example, from Table 2, Fig. 1A, with an initial pressure of 2.33 atmos-

pheres before heat addition and & L atmosphere pressure rise during combustion, a

pressure of 10 atmospheres waih obtained after the shock reflection at the inlet velve.
This pressure was obtained with & compression efficiency of 78 percent. H,R. Lawrence

and J. G. Logan of this Laboratory suggested that heat addition at this point might

~lead to improved performance, since a portion of the air in the tube would be burned

at relatively high pressures and that the compression would occur with reasonable

efficiency, The basic characteristics of this cycle are indicated in Fig. IV

‘ _ A
L //
/ Hot cas '
.S Interface ./
/ s

Inlet Combuation
Valve —f/fia M2l

Closed _
Refli;ted E#ﬁ;g:ion
8Shock %

Bxit
«Yalve
Clozed

Combustion
Fig, IV

Typical Cycle Configuration with Secondary Combustion
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After completion of the combustion at (1) the exit valve, fuel would be
injected at & point adjacent to the inlet valve (2) after the shock reflection.
The various configurations studied are summarized in Table 25,

TABLE 2
SECONDARY COMBUSTION CICLES

M= 0,65
£/a % Mass in
Figures Tube Burned
Table |(Appendix) (1) (2) (1) (2) Total; Combustion Model et
26 20A /3| /31| 38 61 100 | Constant volume combustion|
| 27 21A 1/31| /3 29 29 58 | Constant volume combustion
28’ 22}.; 1/311 1/31 3 3l 62 | Gradusl heat addition
29 238 1/56| 1/56 | 55 | LS 100 | Gradusl heat addition
30 2ka /56 1/56 | 55 | ks 100 | Constant volume combustion
3 258 ys6| 1/56 | 23| 100 | Constant volume ccmbustion
32 | 26A | 1/11;» 1/56 2l 76 100 | Constant volume combustion

+ v e e erin gy 41 4 Yy PRRATEET NREIRIE T
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During the calculation of the cycles, it was observed that the expansion waves .

generated at the exit due to the opening of the rear valve could exert an appreciable
effect upon the pressures obtained at the inlet with resp@c’o to both the duration of
the pressure level a3l the magnitude, For exampls, during the gradual heat addition
calculation, Table 28, Fig. 22A, the pressure dropped from 10 atmospheres before
heat addition to 6 atmospheres after heat addition. Even so, the resulting specific
fuel consump‘t:ion value of 1.6 was superior to the value 1.8 obtained with the half-
tube cycle, Table 1, This may have been due, however, 10 ihe presence of unburned
cold air in the tube which was exhausted at a high vélocity leading to a form of -
augmentation,
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TABLE 26

CONSTANT VOLUME COMBUSTION, M

Double Burning

PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND
CYCLE ANALYSIS COMBU?TlON COMBUSIION
B e l@g

Figure (Appendix) 20A 20A
Alr=-fual Ratio 31 21
Combustion Chamber Mass 0.630 0.998
S8pecific Fuel Consumption 2.111

 Mass Flow per sec./sq. ft. 43,47

© Thrust per sq. in. | lé a0
Adiabatic Compression Efficliency 0.910 0.878
Thrust coefflélent | 1.129
Mass Flow Qoe?flélent 0.509
Overall Efflciency 0.083
Entropy Rise Prior to Hammer Compression 0 0.495
Entrqpy Rise Due to Hammer Compression 0.04% 0,067
Entropy Rise Due to Heat Addition 3.011 2,059
Total Entropy of Cycle 3,054 2.621
Pressure Before Heat Addition 2.3%0 13.443
Pressure After Heat Addition 12.594 42.578
Temperature Before Heat Addition 1.295 2,631
Temperature After Heat Addition 6.996 8,532
Cycle Time 3,195
Total Mass 1.826
Combustion Chamber Length . 0. 350 0.195
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TABLE 27

CONSTANT VOLUME COMBUSTION, M; = 0.85

Double Burning

AT PO B

PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND
CYCLE ANALYSIS COMBU?T\ON GOMBU?IION
2 = e o
Figure (Appendix) Q1A 21A
Air-fuel Ratio 31 31
Combustion Chamber Mass 0.450 » 0,450
Specific Fuel Consumption 1.825
" Mass Flow per sec./sq. ft. ~‘26“19
Thrust per sq. in. 1%.00
Adlabatic Compression Efficiency 0.910 ' 0.678
Tprgst Coefficlient 0.884 .‘
Mass Flow Coefficient 0.307 '!
Overall Efficiency , 0.107 —
g
Entropy Rise Prior to Hammer Compression 0 0.495
Entropy Rise Dus to Hammer Compression 0.044 - 0.070
Entropy Rise Due to Heat Addition %.010 2.037
" Total Entropy of Cycle 3.054 2.602
Pressure Before Heat Addition " 2.334 14.268
Pressure After Heat Addition 12.600 44,630
Temperature Before Heat Addition 1.295 2.879
Tempe: sture After Hoat Addition 5.996 5,281 g
Cycle Time 2.935
Total Mass 1,576 '
Combustion Chamber Length 0.250 0.085
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TABLE <8

CONSTANT VOLUME COMBUSTION, M; - 0.85

Double Burning

PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND
CYCLE ANALYSIS COMBU?TION COMBU?IION
e e e Ee—r—————
 Flgure (Appendix) 224 224

Alr-fuel Ratio 31 3l
Combustion Chamber Mass 0.450 0.450
Specific Fuel Consumption | 1.601

“Mass Flow per sec./sa. ft. ' 23.48
Th}ust per 8q. Inmi 11.83
Adiabatic compre:alon Efficiency 0.910 0.761
Thrust Coefficient 0.805
Mass Flow Coefficient 0,275
overall Efficiency 0.109
Entropy Rise Prior to Hammer conpreqa?on 0 0.3086
Entropy Rise Due to Hé&ner Compressloh 07°;; ’ 05052‘
Entropy Rise Due to .Heat Addition 3.170 2.742
Total -Entropy of Cycle 5;214 3.100
Pressure Before Heat Addition 2.3%4 10.548
Pressure After Heat Addition 7.293 5.858
Tempoerature Before Heat Addition 1.298 . 2.282
Temperature After Heat Addition 6.408 5,726
tycle Time 3.275
Tote} Mass 1.460
tombustion Chambar Length 0.250 0.100
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TABLE 29

Gradual Heat Addition , Mj = 0.85

Double Burning

PERFORMANCE BASED ON CGHARACTERISTIC FIRST SECOND
CYCLE ANALYSIS COMBU?TION COMBU?}ION
e e c——
Figure (Appendix) 23A 23A
Alr=-fuel Ratio 58 58
Combustion Chamber Mass 0.900 0.751
Specific Fuei Consumption 1.681 |
© " Mass Flow per-sec./eq. ft. _ZQoOé
Thrust per sq. in. , 10.38
Adiabatic Compression Efficiency 0.930 0.855
Thrust Coefficient | 0.706
MassFlow Coefficient 0.457
Ovﬁrall Efficiency 0.104
Entropy Risé Prior to Hammer Compression "0 0.115
Entropy Rise Due to Hammer Compression 0"04; ' 0.013
" Entropy Rise Due to Heat Addition 2,261 2.003
Total Entropy of Cyele 20505l 2.131
Pressure Before Heat Addition 2,550. 9,830
Pressure After Heat Addition 7.883 5.830
Temperature Before Heat Additlon 1.295 2.0685
Teamperature After Heat Addition 4.533 %.881
Cycle Time 3.6810
Total Mass 1"6§1
Combustion Chamber Length 0.500 0.180
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Studies of the constant volume cycle were made with all of the gas mass
being burned during the cycle in the first and second burning periods, and with
only & part of the total mass being consumed. As the heat additiion process in
the second region occurred in each c~se at approximately the same pressures, a
direct comparison of the augmentation effect could be obtained. The results
for the cycle with exhaust of cold air indicated & lower specific fuel consump=
tion, 1,63, Table 27, Fig. 21A, than for the case of combustion of all the enclosed
air mass, 1,98, Teble 26, Fig. 20A. It Js interesting to note that the specific
fuel consumption for the hammer cycle 1.8, Table 2L, was somewhat less than the
specific fuel consumption value obtained in Table 26, The presence of the strong
sh;cks due to the constgnt volume'combusﬁion assumption may have coniributed to
the somewhat‘higher specific.fuel conaumption value obtained, It can be seen from
Fig. 20A that ﬁhe strong shock generated during tﬁe second combustion period &s a
result of the aaéumed constant volume combustion mode results in an appreciable
entropy rlse of the gas through which it passes before reaching the exit valve.
The entropy of the gas ehcountering the shock was increased from 3,054 to 3,281.
It is this gas mass that generates the major portion of the impulse. On thé other
hand, because of sléw build=up of the shock with the gradual-heat-addition assump-
tion, Table 29, no significant entropy rise occurred, Fig., 234, as & result of the
shock passage. sinée the pressure before heat addition of 9 atmospheres was
obtained at & compression efficiency of 86 percent, and since the gradual buildup
in shock strength probably more nearly co:rgsponda to the actual phenomena, future
investigations of the oycle may lead to much improved performance, This is also
partially confirmed by the results of constant volume calculations assuming an
air-fuel ratio of 56 to 1, for which case considerably reduced pressures after
heat addition were obtained, The use of the relatively lean mixtures, Table 25;
Figs. 234 to 204, indicated that somewhat reduced specific fuel consumption
values could be ohbtained if all the gas was burned at the same air=-fuel ratio,
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the specific fuel consumption values varying between 1.51 and 1.61 for the combus-.
tion of different relative volumes, Tables 30 and 31, Figs. 24A and 25A. When a
rich initial mixture was employed, Table 32, Fig. 26A, in order to increase the
initiel pressure, no performence improvement was obtsined. The specific fuel
consumption value actﬁally increased from 1.51 to 1.95.

Since the cycle time for these cycles varied from 2.9 to 4.0, this engine
configuration would be subject to the same objection?as the constant volume hammer
cycle, an lmpractically long cycle time. In order to obtain an adequate basis for
comparison of this double-burning cycle with the constant volume hammer cyecle, it
would be necessary to extend the hammer jet investigation to air-fuel ratios of
56-1. The qnlyrcgse available for comparison for the air-fuel ratio 31-1 ingdicates
that the addition of heat at different periods to take advantage of the possible

higher compression ratios, Table 28, yields a lower specific fuel consumption

velye]than the addition of heat uniformly in a tube, Table 24.
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[ TABLE 30
! CONSTANT VOLUME COMBUSTION, M 1 = Q Eb
) Double Burning

} PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND
% i CYCLE ANALYSIS COMBU?TION COMBU?IION
TSR
Figure (Appendix) 244 244
‘ Air-fuel Ratio 58 56
é _combustion Chamber Mass 0.900 0.726
E' Specific Fuel Consumption - 1.513
" Mass -Flow per sec./sq. ft. ' 138.00
1{ ' _ Thrust per sq. in. | 11.21
3Adlabatlc cdﬁgraas!on Efficiency |7 o.a10 0..790
-l! Thrust Goofficient | 0.763
%j - Mass Flow. Coefficient . 0.445
Bt Overall Efficiency ' " C0.115
I
i Entropy Rfae Prior to Hammer Compression 0 0.276
Entropy Rise Due to Hammer Compression 0,0447 0.025
)  © Entropy Rise Due to Heat Addition 2.189 1.594
i 1 Total Entropy of Cycle 2.2533 1.895
.l Pressure Before Heat Addition 7 ' 2.334 9.830
1é Pressure After Heat Addition 7.973 24,008
_: Temperature Before Heat Addition 1.295 2.167
Q: Temperature After Heat Addition 4,418 5,292
‘I Cycle Time 3.855
: Total Mass : 1.626
}! Combustion Chamber Length 0.500 0.160
]
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TABLE 31

COASTANT VOLUME COMBUSTION, M, = 0.65

Double Burning

PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND
CYCLE ANALYSIS COMBU?TION COMBU?}ION
R _ ‘ NS s |

Figure (Appendix) 254 254
Air-fuel Ratio 56 &6
Combustion Chamber Mass 0.380 1.212
Specific Fuel Consumption | 1.611

" Mass Flow per sec./sq. ft. . 33,18
Thrust pﬁr 84+ In. ) 9.19
Adiabatic Compression Efficiency 0.910 ‘ 0.701
Thrust Coofflcient 0.625
Mass Flow Coefficient 0.%88
Overall Efficiency 0.108
Entropy Rise Pr|o; to Hammer Compression 0 0.276
Entropy Rise Due to Hammer Compression” 0.044 0.028
Entropy Rise Due to Heat Addition 2.189 1.919
Total Entrapy of Cycle 2.233 2.223
Pressure Before Heat Addition - 2.334 %.539
Pressu;a Aftar Heat Addition 7.973 10.364
Temperature Before Heat Addition 1.295 1.820
Temperature After Heat Addition 4,418 4.745
Cycle Time 4.050
Total Mass 1.572
Combustion Chamber Length 0.200 0.555
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TABLE 32
CONSTANT VOLUME COMBUSTION, M;= 0.65
Double Burning

: PERFORMANCE BASED ON CHARACTER!STIC FIRST SECOND
: ;; CYCLE ANALYS IS COMBU?TION COMBU?}ION
SRS SO —
:,i : Figure (Agpendix) 26A 288
| Air~fuel Ratio 14 56
é ;; ' Combustion Chamber Mass 0.380 1.147
% lf Specific Fuel éonaumption - 1.951
; " Mass Flow per séc./aq. fﬂ. : - 44;03_
% {E Thrust'per (L ﬁn. : 17 32
; Adlabatic Compression Efficiency iO}BlO - _1' 0.500
53 ; ~ Thrust c§éfflclenf i“l78‘
E {? ' - Mass Flow Coefflclent 0.515
f : 1. overal) Efficiency B ' 0.089
. | f
é ;o Entropy Rise Prior to Hammer Compresslo? ; 0 0.950
Entropy Ris. Due to Hammer Compression 0.044" 0.140
i Entropy Rise Due to Heat Addition 4,223 i0250
N Total Entropy of Cycle 4,287 2.340
.! Pressure Before Heat Addition 2.334 11.187
E ,é | Prassure After Heat Addition 24,834 22.525
; Temperature B;fore Heat Addition 1.208 3.084
: 3 Temperature After Heat Additian 13.796 6 208
" : Cycle Time 2.925
| Total Mass 1.507
3 i Combustion Chamber Longth 0.200 0.315
Ii - 51 -
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SUMMARY AND CONCLUSIONS

This serles of characteristic studies was undertaken to obtain some informa-
tion as to the scavenging and compression processes occurring in intermittent engines,
All the studies were of stralght-tube wave engine configuratlons and the wave phen-
omena established by valve action was based on the assumption of instantaneous valve
opening énd closing. The results consequently are not immediately applicable to
practical configurations wherein some variation in tube geometry occurz as well as
a gradual valve action as opposed to the instantaneous assumption'employed. Never-
theless, the results of the studies should have some influence upon the nature of
the experimental work to. be undertaken in order to develop intennibtent engines for
spacific applications.

‘1_‘ The characteristic investigations of cycles with a single combustion process
occurring in each cycle led to the somewhat unexpected conclusion that high values

of compression prior to heat addition cannot be efficiently achieved because of

the large shotk ioéses that would be'encountered. It should be stressed that this

is only true of the straight-tube configurations studied in this investigation,

It may be posaible thé£ some method nf avoiding the shock losses in the unburned
gaa'prior to heat addition can be developed. For the eimple configuration initi-

ally visualized, however, the use of shock waves continually reinforced and reflected
in the tube, as an agent for compression, would result in very poor cyclic performance.

The performance estimates obteined from the characteristic cycles indicate
that the resultant specific fuel consumption values decrease as the relative volume
of gas burned per cycle is increased. In these intermittent engines, it appears
to be more efficient to utilize the energy of the heat-addition process to accelw
erate the flow to produce thrust rather than high pressures. Optimum performance

occurs when all compression is obtained as a result of hammer or ram pressure.
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The studies also indicated that scavenging difficulties may be encountered
in the static operating condition if the relative combustion chamber volume is
larger than 50 percent. This would apply both to _t.he constant volume hammer cycle
as well as to the cycles that were modified by introducing a secondary combustion
zone in the cycle in order to take advantage of the existence of regions of rela-
tively efficient, high-pressure compression,

Although insufficient studies were undertaken to determine the relative
merits of cycles with secondary heat-addition regions, éuch studies {may lead to
efficient high=pressure intermittent engines of relatively simple gec?metry. The

major objection,: the relatively long periods required for the oomplet.icn of scaveng-

It is to be expected that during the non-atea.dy discharge when the- tobal head and
velocity of the Jet are appreciably less tha.n for the surrounding strea.m, an
appreciable accelbaration of the jet would occur, due to shear forceg which would
alter the present length of the theoretical cycle.

As & result of these studies, it is concluded that the characteristics of
the wave engine cycle prevent the attainment of performance equivalen’_o to ‘__c.hat.
of present=day turbojet engines, i'he theoretical studies show that tﬁis eﬁgine,
in any of the forms studied in this paper, will occupy & poslition interxﬁ;ediate
between that of the ranjet and turbojét.u | o
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ing, may only be due to the application of the ambient pressure boundary condition,
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APPENDIX 1

The detailed analysis of the wave phenomena for the intermittent engine
configurations was éerformed by means of the numerical method of characteristics,
This meihod, including details for the representation of the effects of heat
addition, has been described elsewhereh’s’b. All of the cycles deseribed in the
report have been included in the Appendix for reference, For convenience, these

cycles are summarized on pages58.and 59,

The abscissa and ordinate of the wave diagrams are given in terms of the

usual dimensionaless parameters L and ’G’;, where

L = 11,

‘ TJ = acﬂ;/ Lo
1, = tube length
t = time

a, = reference sound velocity

‘The encircled values on the wave diagrams denote "tl'm entropy v#lue at that
point, with the ambient condition takehr as the zero reference level, This entropy
is represented in the dimensionless form

8 = 47/¥R
wheres

8 = dimensionless entropy factor

A o entropy

R = gas conetant

¥ = ratio of specific heats

Heavy lines are usually employed to represent the shock waves., The inter=
face between hot and unburned gas is denoted by the dashed lines, Local entropy
discontinuitles and particle paths are indicated by the finely dotted lines. The

only values of pressure, flow velocity and velocity of sound included, are for the
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inlet and exit conditions. These values are also given in & dimensionless form,

the quantities being rendered dimensionless by division by the related ambient
quantity,

P = p/pg
U = ufa,

A = afa

8 = Vi,

The conditlons before &nd after heat addition are based on the average con-
ditions of entropy and temperature obtained. For the case of gradual heat addition
and for all conditions before heat addition, small variations in entropy and tem=-
perature occurred. To simplify the heat-addition calculatione,-average values f
were determined 8o thet uniform conditions were obtained throughoux the comhuetion
chamber region.

In the caloulations, the effect of temperature on the ratio of specific
heats was represented as followst i :
' (a) during compression and expansion V'ail.h

(b) during combustion ¥ = 1,36 (cy = 0.19)

All perfermence values given are for gea~level cenditicns with

ambient air tempersture, 29~ = 518°R

 amblent air density £, = 0.76 1vs./cu.ft.
total heat added q = H ngoamy) /2
combustion efficiency D(eomb) = 0+7
fuel heating value H = 19,200 btuls/lb,

fuel-air ratio = £/a
For any other altitude condition, at the same Mach number, the fuel-air ratio,

thrust/unit area, specific fuecl consumption and mass flow/sec/unit area may be
obtained using the following relationss

1
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2
(2 Y14
a (t/a) :
(f/a)alt.. ( a S.L. (ao )S’L‘
- (ao)alt.
(S.F.c.)alt. = (S.FOLQ)S.L. (ao)s.Lo
: 2
(8o Sodais.
(Thrust/Unit Area) ,, = (Thrust/Unit Area)g o ~0lalt

e (a°2 f;)s

(Mass Flow/Sec/Unit Area)alb = (Mase Flow/Sec/Unit Ares)s .
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SUMMARY TABLF OF PFRFORMANCE

4% E-T Nt
1 R FLIGHT |{ COMBUSTION| FURL-AIR | MODE OF
( AgPGngfx) CYCLE | TABLE | MacH CHAMBER | BATIO | AIDITION | S.F.C.| T/A | PAGE
- NUMBER | LENGTH | f/a
1A 1 2 0.85 0.25 1/45 c.v.C. 2.028 8.85 61
1B 2 2 0.25 1/34.4 2.519 | 12.18 63
1c 3 2 0.25 1/27.2 2.665 | 11.24 | 65
2A 1 3 0.85 0.25 1/31 C.V.C. 2.530 | 11.80 | 67
2B 2 3 0.25 2,085 | 18.80 | 89
2C 3 3 0.25 2.287 | 10.73 | 71
3A 1 |4 0 0.25 1/58.4 | C.v.C. 1.557 | 3.76 | 173
3B 2 14 0.25 1/52.8 1.662 | 4.12 | 75
4A 1 8 0.65 0.25 1/31 G.H.A., | 2.484 | 8.85 | 77
4B 2 6 0.25 2.431 1 11.10 | 79
4C 3 6 0.25 3.043 | 6.17 | 8l
54 1 7 | 0.95 | 0.25 |1/31 |G.H.A | 4311 | 3.60 ] 83
5B 2 7 0.25 2,786 | 8.29 | 85
6A 1 8 | o.65 | 0.258 |1/21  |c.H.A. | 1.986 | 9.7 | 87
€B 1 8 0.25 1.833 | 9.22 | 89
6C 1 8 0.25 1.833 | 5.55 | 91
TA 1 9 0.65 0.25 1/31 G.H.A. 2.850 8.43 93
8A 1 10 0 0.15 1/31 .} G.H.A. 2.138 3.0 | 95
94 1 12 0.85 0.50 1/31 C.V.C. 1.754 | 17.90 97
9B 2 12 0.565 2,173 | 9.27 | 99
9C 3 12 0.535 ~ 1.934 | 12.84 | 102
10A 1 13 0.95 0.50 1/31 C.V.C. 2.0868 | 19.40 | 103
10B 2 13 0.54 2,200 | 10.93 | 105
106 -3 13 0.54 2,085 | 15.73 | 107
11A 1 14 0.65 0.60 1/31 GoHo A 1,881 | 14.42 | 109
11B 2 14 0.60 1.855 | 12.84 | 111
110 3 14 0.60 1,807 | 14.46 | 113
124 1 15 0.95 0.50 1/31 G.H.A. 1,952 | 21.34 | 115
128 2 15 0.550 1.892 | 17.03 | 117
12C 3 15 0.515 1,983 | 12.02 | 119
134 1 16 0 0.500 |1/33 C.V.C. 1.872 | 7.73 | 121
138 2 16 0.392 1.949 | 11.67 | 123
13C 3 16 0.500 1.673 | 11.69 | 125
144 3 17 0.95 0.475 |1/31 C.V.C. 2,303 | 12.77 | 127
154 1 20 0.65 0.500 |[1/58 ¢.v.C. 1.638 { 9.74 | 129
158 2 20 0.585 2,184 | 5.47 | 131
150 3 20 0.585 1.763 | 7.44 | 133
- 58 -
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SUMMARY TABLE OF PERFORMANCE (Cont)

: 3 COMBUSTION |FUR~AIR
(EIGURE | cvcre | TaBLE e VBER | Raco | MODE oF*| i
APPEN NUMBER | LmNGTH £/a AIDITION | S.F.C.| T/A |PAGE
16A 1 21 0.95 | 0.500 1/56 | C.v.C. 1.781 | 12.16 | 135
16B 2 21 0.585 1.975 | 7.89 | 137
16¢C 3 21 0.585 1.909 | 9.55 | 139
174 1 22 0.65 | 0.500 1/56 | G.H.A. | 1.568 | 11.20 | 141
17B 2 22 0.555 1.818 | 7.92 | 143
17¢ 3 22 0.450 2.120 | 5.66 | 145
184 3 23 0.65 | 0.457 1/58 | G.V.C. | 2.582 | 4.62 | 147
194 1 24 0.85 | 1.000 1/31 | C.v.C. | 1.807 | 18.05 | 149
20A 1 26 0.65 | L1=0.350 1.31 | c.v.C. | 2.111 | 16.60 | 151
L=0.195 _
214 1 27 0.65 | L3=0.25 ‘1/51 | c.v.c. 1.625 | 13.00 | 153
L2~0.085
227 1 28 0.85 | L1=0.25 1/31 | G.H.A. 1.601 | 11.8% | 155
L2=00100 .
| 23A 1 29 0.85 | L1=0.500 1/56 | G.H.a. | 1.681 | 10.38 | 157
: L,=0.160 |- ,
24A 1 | % | 0.65 |L3=0,500 1/56 | c.v.C. 1.513 | 11.21 | 159
L.,,=0.180 .
2BA 1 |'a 0.85 | Ly=0.200 1/58 | C.v.c. | 1.811 | 9.18 | 161
L2=0.556 -
26A 1 | 32 0.65 Ll=0.200kf/a31=1.15 c.v.Cc. |1.951 | 17.32 | 163
* C.V.C. = Constant volume combustion
GoH.A. = Gradual heat addition
' 1bs.fuel/hr.
® 8.F.C. dn To0 Yhrust
H.* leo
T/A in 8q.1n.
- 59 -
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CONFIDENTIAL

In order to carry out the characteristics calculations, it was necessary
to make e'humber of assumptions concerning the heat addition process, valve clos-
ing time and the flow boundary conditions. These assumptions are discussed in
detail in Section 2A.

”’ General methods for construction of the wave cycles can be found in a

%number of‘:eeeﬂt'erﬂicles., Complete detalls of the methoa are not as yet'eveil-

*ebieuin priht. For thie reeeen, a brief review of the procedurcs is given 15,_

:Section 2B and a few specific examples are worked. '

; _The engine performance peremetere eueh as thrust per unit aree, mass $low

? and epeeific fuel eoneumptien can be obteined from these eherecterietio dia- _

grema. Deteile of the methode of obtaining this performance data, ae well as

:fmeihode of extending tne performance obtained for e single altitude condition
,to other ‘altitude conditiene, are described in Seetion 2C.

/A. Hea 481tdi stions " ',l

f j/ ) . The processes of heet edditdon vas represented by the foLlowing modes or

H heat edditionz s ; J .

1. conetent volume eombuetie;

2. Greduel heat addition with heat edded at a constent rate.’
l?or;the latter case, the combustion time vas baged on the values observed in
experimental intermittent ‘engine studies about 1.2 mil)iseconds. in both
cases, it ves assuied that all the gas particles in the'combuetion Tegion
wers ignited at the same instant and that the pfeceee of heat addition was
delayed until all the gas to be burned reached approximately the same stete.

Since the compression occurred through a reflscted shock wave, the heat-
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CONFIDENTIAL

addition process was, therefore, assumed to be delayed until the shock traversed
the whole combustion zone. This assumption was only made to simplify the char-
acteristics calculations. After the shock passage, the pressure and temperature
vere nearly uniform in the combustion region. Average values of pressure and
temperature could, therefere, be used and uniform conditions could be assumed
for the whole of the combustion region. |

In the studies it wvas found that as'a result of the wave phenomena estab-

ﬂ lished the msximum pressures prior to heat addition occurred at the instant of

\ valve olosure. With the delay assumed in the heet—sddition process in order to

bring ell the gas in the combuetion chamber to epproximstely the ssme state, it
was observed that the pressure in the combustion region gradually decreesed,

This pressurs drop occurred becauee expansion waves previously created by valve :

’wmmgudemewmuﬁmrQMnﬂwﬂyﬁurmemwkmﬂwumsm

csused s-drop*in the ;Sressure° -Consequently, in all the cycles studied heat 3
addition ocourred at pressures much lower than those obtained at the instant
of valve closure. The assumptien of the ignition delay wee, therefore, con- -
servative in thet, if ignition had been assumed to occur et the instant. the

' gas wus breught to rest, the assumed heat edditien process would.have been

initiated at much higher pressures.

The first heat addition mode, constant volume combustion, was sslected

primarily because of the simplicity of the calculations. Tuo different assump-

tions'yere mades the firat, that a constant pressure rise of four atmospheres
ocourred during the heating process, and, the second, that a constant amount
of heat, 6520 BTU's per lb. of eir, was added per cycle. The pressure rise of
four atmospheres was initially assumed in order to study the wave pattarn

generated. Eariy wave engine teats had indicated that 2 pressure rise of the

- 185 -
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order of 4 atmospheres was obtained during the heat addition procass, In
succeeding studies, it was found to be more convenient to employ a fixed quan-
~tity of heat pef lb. of air, since the engine performance for s fixed ai.-
:fuel ratio could be determined.

All of the studies made were for straight-tube’configurations operst-

ing with instantaneous valve opening and closing timesg ‘The use of the instan~

“htaneously-operating valve assumption resultis also in an appreciable simplication

of the procedures, although it probably tends to over-emphssize the shock losses.

. Actually, 8 shock is formsd gradually’bscauss of a finite valve slosing time
and is not created 1nstsntansouslyor During the early phsses of the vsivs clos-
1ng the compression is;- thersfore, essentially isentrapicn -On the-other hand,
this assumption tends to eliminate the actual leakage losses obtained during

a finite period ‘of. closing° N }

N

. As yet, very fow studies have been undertaken to determine the velidity

i of the conventionsl boundary conditions assumed in the nonsteady flow calcula—

tions. These are: rem pressure at the intake during inflov and ambient pres- . -

sures st the exit during outflow for nonchoksd flow conditionse> Prohubly the
" most serious error is introdueed by the assumption of ambient pressurs during
: _the exhaust-flow phase. During a 1args period of the nonsteady exhaust
- process at high flight speeds, when @he velocity of the exhsusting air becomes
'spprscisbly less 'than that ér the su;rounding'stresm, the total heud of the
ejected gas becomes much lower than that of the extsinal flow. It would be
eipsctedfthen, that the exhausi ges would be acceiersted, dus to shear
effects,fto & velocity near that of flight. This would appreciably alter the
internal flow phenomena, i.e., the rapidity of scavenging, the internal

pressure, and the resultent cycle time. Since no experimental informstior
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concerning the magnitude of this effect has been obtained, the conservative
assumption of constant ambient pressure during noncheked outflow has been used.
B. The Method of Characteristica
General methods of construction of characteriastic or wave cycles can be
,lround in a number of receat art.icloa4’5q Details of the methods, appiicshle
' to a specific problem, ‘&re not as yet available in print (see Reference 6).
. A brief review of some of the procedurss iz given in the folloving pages.
The specific example selected is a wave cycle with the conditions:
- (a) Constant volume Veuibrnat.tdn
ST () Me0uE |
| (o) Pressure rise at the end of heat addition equal to foud times
| the initial pressure,
j The caloulations for the gradusl hest eddition process are similar.
: !/'Ibi‘ the gradusl heat addition process, it was assumed that the heat addition
’iroaaas in the combustion chamber was only a function of time, and that the
_ *;g>f fheat vas added at a constant rate.

- . IIi
g oo
i

e % = q/te (te = combustion time)
.  The change in the characteristic values, as defined in the following

g
J

"’"7 #‘,’Q@ég for the heat addition process would then be given by

: V-A HT 4. s
| °P=3Q@= Fx ¢ 5.
.+ . -C. Rerformance 'Gg;; culationg
' ' The tctal impulse generated per cycle may bs calculated slther by in-
tegration of the pressure forces over the valls for the cycle, or by inte-

B -
grave

— ..f dadaT o e oo f‘l... &l

tim flow over the cycls, In th

§
!
g
g
;

Al -
wuo
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I-‘toh\l - APo/}%:--—[)d{- -f.A /'\(_%)9 (“e"‘dc)df'

vhere -

A = tube area
P = preasure .
V=4A /o (lo = over—all length)

and the subseript (o) refers 'oo amblent conditions and (e‘ to exit. condlt.ions
In dimensionless form thia may be vritten

I(t«m..) ; | Ce L _ o $ o
Vg, ﬂf"_'.)dt + fu_t"g%(“fa{-’)d? Rt

il
3

vhere § - T T : .
2« ﬂo% , ' . o
The a.ir specific impulse is given by
— —Ia = Itt°tal/mass(-cyqle) R ' (2)
- where ,’ - '
b
' 3‘% = ( ) (c refere to combustion chamber)

\
W
oy

In dimena.onless fornm, the alr apec:l.ﬁ/c impulse is given by

.f e fle-Us
f.-":L"’z' (La )(?a) ﬂ]? ’)d?"" /%ga ” d>dz

The mass flow per sec. per gq.ft. may be determined from the relation

Mags per cycle . L 4-0 A A )

cycle time Lo

Hence

Mass fiow per sec. _ Lbe Pa N Ze (e
: ﬁq::fto Le e’ ) Te
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or in dimensionless form
{ Le”
oo fow/see | o = 7, (L %), (4)

Since

1bs.thrust Thrust - Te
I = 1bfa1r§s:c = (zl;u: 5) Ao @ @ )A

'7 the thrust per aqu in. may be written

T _1lbs. _ Ia. )éo(%(Q’aﬁ)

A 8q.in. _ /44, Te . ) _' (5)

SogﬁCu-w | S * .

gince - - Ig - -

If ="£-7' » .'E". . E

J - . . ::. —

The adiabatic compreasion efficiency is defined by T ‘ ' -

= (_%2__:'——- ,-

e '
The over-all efficiency is defined in the usual manper: / )
; ) _ B ' ) . - » :'/I",
% over-all ~ /7Prop'3-- /7 “thermal = ' ;o (8)

and can be written B R o /
- }7 over-al]. '_.-/2;),/0 LR N ' | (8)
wha';'e o 1is the flight. velocity. 'fhis efficiency was c’aiculated by |
integration of the momentum flow.

The performance parameters given in the Tables and Figur?;a were
determined for standard sea-level conditions. For‘any other altitude
condition the performence parameter S.F.C., Thrust/unit area and

mass flow/sec/unit area may be determined using the following relations:

- - (ﬁ"")ﬂ-ﬁ.
(shedue = €370 (Et
CONFIDENTIAL
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/s - 2 N
(G (o Jgyp

(Thrust/unit area)syy = (Thrust/unit area)sp ~— (11)
{de"F s
(Mass flow per sec/unit area)sit =
(Mess flow per sec/unit area)g [, Qf_"?ﬂ'- (12)
Cde ep) S'Ll
F ('f (ﬂpt)a
= v /alt.
<A' >au~e. %) e0. Zo- <, * (18)

£
The ratio '?‘;'k , the entropy parameter in the characteristics calcula-

tions is also dimensionless. Consequently,

(_Z—)S'L = ( ‘g—)ﬂut.

( (v%) 2 ) (- .,
and
(4 o Jntt

CZ‘)&LH = (/)!L (4 P

which is reletion (13). The remeining relations (10), (11), and (12) may

be obtained by direct substitution observing that

<r“')“'u' -"é_z;)—ﬂ, -C(—;-‘-:)—)j—:-?- ' s

from (3) and

C?:L)ALH' — li
Z*A Jart (s'Fm')"-”—'- ' |
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GRAPHICAL PROCEDURES FOR CALCULATION OF WAVF FNGINE CYCLE

The continuity and momentum equations for one-dimensional nonsteady

flow ars

A%%+g;(pun)

]
o

Su Qu 10P
Bt *oxtpox ™ 0

These may be transformed to yield

- _ua r B a
P=- e § log A+ - 5§ S+

Q=-2 $ loga+d g s+2.D8 oy

u-a YR Cp dt
where
A = area
p = density
u = veloccity
a = velocity of sound
P = pressure

For a tube of constant area and isentropic flow
§Q= §P=0
P = ;%T a + u = constant
Q= ;%I a - u = constant
These quantities, P & Q are constant along characteristic lines where
the characteristlc velocities are u + a and u ~ a, respectively. With
thess relations we can construct a characteristic network in the x,t-plane

which enables a dstermination of the flow parameters u,a,etc, at each

point of intersection.
. 171 -
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General Procedurs for Wave Engine Characteristics Diagram
with Constent Volume Combustion

:INLET Mo 68 ATLéS ; &£ X7
| i

‘ ke /=p. 24

| Aoo28

be L=ho— ~

!

I. Initial Conditions
l, Uniform flow through the tube which is completely open, with a flow

Mach Number M = 0.66.
All quantities are dimensionless.
Pressure, p = p/Po

Velocity of Scund, A = 8/ag

Velocity, U = u/ag (where ag and p, are
Time, (4 =%‘- reference sound velocity
Length of tube, L = -2 and pressure )
4o
Entrop =5
vy YR

2. At some time, T, , the valve at the exit closes. The flow wvel-
acity at the closed valve equals zero and a shock wave is created

vhich propagates into the tube.
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MfOié 5'

U=t:68 «)

¢)

3. In order to determine conditions in (b) the change in velocity across
b the shock that is formed is given by the shock relations.
NOTE: Until the sheck reaches the inlet we have uniform flow in the
i.f tube with & veloeity U = 0.85.
To determine the ratio d3/2; across the shack it is necessary to

revert to the Rankine-Hugoniot relationa
2
2+ (y-1)M
2 = --—éx——l—;» Normal shock
2yM;< -(y-1) My Mo

. -1/2
|- -1 2
1+ xé"‘ Ml

42/41 S et
_ 1 2
-‘ 1+1-2—Mz

and obtain relations hetween the steady flow parameters and the

velocities U and Uz in the nonsteady flow case.

U1-Usz _ AU _ 2,

2 —ag M- a,
i Uy + Vs

M ="a
{ Ug + ¥g
1 M, =

< Qz
{: ¥g = shock velocity
- . 175 -
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Since the entropy rise acroas the shock may be required, we also have

Py 2yM% - (v-1)

P1 = v+l
and
a8 a 1, F2
YR~ y-1 ’f“al'v 4n 5,
vhere
ég d',b! a
al =al etc. ( %, -

As
A )

4. Vhen the shock reaches the position L = 0.25 we assume constant

volume heat addition

@)
P
L— 420.75
II. Characteristic solution in the heating region
1. Heat addition
For the heat addition P2/P, = 4.0 and @p/dp = V4.
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Interince &)
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AY
‘\\\\\\\\\\ \ * C?) @)

Af=0.46 ﬁ%gﬁs
ne068 (see Fig.1)

L

Immediately after the heat addition we assume the rear valve opens and outflow
begins, while, simultaneously, a strong shock moves upstream. The interface
(a) separates the hot and cold gas. - |
2. DBoundary conditions
Exits
() The general boundary condition for outflow is that the pressure at
the oxit is equal to the reference pressure pg = Poc This condi-
exists only when Uy < Agq.
(b) Since Ug can never become greater than Ag, choking occurs when
Ug = Ae, then pg > po.

Qof.

5 A2 = bAg + T, = constant

Yy
2y
\‘\,}%9 (a) P2 _ 42 v-1

v Po ~ fe Since py = pg=1.0

~~
o’
ot
o
g
o
i
Py
7
(s2)
N
-3
o
C
—
[ =]
it
et
D
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Consequently for this particular diagram -

5A+U2=P2 = 11,385 Since Uy = 0
5 A10+ 010": P10= 11..385
oo hg=Tyo = 1.89878
Aleo  pyy = Pe = 2.8054 : Since pyg = 1.0 would make
U0 ~ Ao

%. Solution across the interface
Pe = Py
UB=U4

The strength of the expansion fan created at point No. 4, and

the strength of the shock between points No. 1 and No. 3, must be

gselected so that py = ©p4 8c1 288 the interface.

2
_AMy - (y-1)

P3 Y

7
py = (84/K2) ° P2

Ug - U1 _ Az
el b

Uy =544 ~Q= 5 Ag - Q2
Sulving these relations ylelds
Pg = Py = 5.5524
U, = Ug =-0.820
Ay = 1.366
Ay = 2,113

[qp = 9, = 11.385]

4. Determination of Pts. 5 to 9 and 11 to 16 ( sec Fiq. 2)

Q remains constsnt going from right to 1eft:}

P re mins constant going from left to right
- 176 -
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AP = AQ =0
P2 = Pg = Pg = Pg = Pg = Pg = P4 = 11.385
Q; = 11.385 and Q39 = 7.590

Taking values of Q between 11.385 and 7.590 and using the constant

value of P, solve for U and A at these points
v . )
EA+U=pP A= ETB'Q &y = 259

S5A-TU=4Q

In a similar manner -

Since Q is constant going right to left

vhen there 1s no entropy or area change.

5. Boundary point 17
P17 =Py = 9.745 = 5 Ay + Upq

Since, P17 = Pe = Po = 1.00, U1y < Ajs

12000 pn = 1,855

P4 A 2

p2
This value of Ag = 1.6565 remains constant at the exit ag long as

= o Ay T Ao

Pe = po #nd Ug < Ago

8. All subsequent points within the boundary formed by the interfacs,
Nos. 11 to 9%, the shock, Nos., 935-17, and the characteristic line
Nos. 11 to 17, are determined in the same manner since here also
there 18 no entropy change and no cross-sectioml area chenge.

IIl.Change in Characteristics in Crowsing Lurge Entropy Discontinuities
Solution for Point 18-18 (F.4 2).
Along the high pressure side of the shock, point 3, P is constant until

the intersection of the first Q characteristiec with the shock.
- 177 -
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Therefore Pla = Pz = 6.010.

Qg = Q1 = Q5

P1g = 6 415+ Upg

U1g = U1g
P1g = P1g

Also Ar/Ap remains constent. It is equal to Az/Ay = 0.846472.

From the characteristics relations ’ A _ Mg _ Az _ 0. 646472
| hp Mg A
5 Ajg + 5 AlQ = P1g + Q19
or ap =28 * 410 _ F18 + Y19
8.2t
5(1 + fL .252360
Ap

Therefore:

Ulg = Ula = -0.526

A = 1.307
This procedure enables all points along the interface, Nos. 18 to 100,

and Nos. 19 to 101, to be determined,

IV. Procedure for determining changing shock conditions es characteristics

avertake the shoeck
T zec%xlf
1. General Procedure ,/’<?hock
20

In this case, we know Pj, Q;, and Qp
Q - Ql - —_ (9'1..
From AQ, -in-—- » we cun find AD (r!ﬁ 4) ﬁ///\;§Tf"“‘-
- 178 -
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P, - P A

2 - F1 _ 2 2 A

Relations Ai" R My + ¥-1 (KT -1)

ShQCK 92———&1. - M2 .é-g- - My - _2_. (ég .,.l)
Al Al 'Y-l Ai

Example: Solution for point No. 20

Py = 5.650, Q; = 4.350
A value of Q was interpnlated between No. 3 and No. 18 which would reach
the shock at No. 20. From AQ/A; we determine AP/Ay which enables the
determination of Ayg and Upy from the usual relations, SA + U =P
and 5A - U = Q. From the A ratios and pressure ratios which can be ob-
tained in terms sf the Mach number, the new value of entropy can be

determined from the previously mentioned relation -

%-g = -Y-f-l- An A/ - 1/ 4nPy/py
At No. 20 we obtain %—i—g = 1.3307, g—iﬂ = 4.9785 with a new S/yR = 0,285.
Since the initlal entropy change across the shock equaled 0.3%8, Q is no
longer constant between No. 3 and No. 20. The cc-rect value of Qyn can

be obtalned by use of the relation

= 5 08
Sg0 ~ Sz

uaoQ2°=Q5+As YR
This yields a new value of Quy so that a new value of Py, Azgy Upg

and Sy may be determined. 1In geueral, one iteration is sufficient to

determine the value of Q20 For this case, on = 7.355.
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Inlet Boundary Conditions

1.

At point No. 1 the inlet valve 1s cpen. As soon ss the shock reaches

the inlet we assume the walve closes
instantaneously snd the new boundary

2! condition at point No. 21 is that

1l and 2.

_Subsequent points along the reflected shock, Nos. 23, 35, etec. are deter-

mined in the same manner as point No. 20.

2,

For regions of variable entropy the changes of P and Q are determined
(as previously) by the relation
= = é§
AQ =AP = A YR

Examplez No. 49

_ 849 = Sg7
Pao = Por + Agy (g —)

= . (S49 = 8

Hence,
P49 = 6'-478 and Q49 = 50888

Also, at No. 87, Uzp = O and Pgp = Qg7 since Q37 = =Ugzp + 5A57
= 2 _
and Pgy = Ugp + 5A37.[ﬁ =5 ]
At No. 142 the pressure se determined by the relation

AS - 2 A2 1 P2
a0 o L N —= . * ,(_ &
YR y-1 By Tp

is 25
P2 _ (ha 7 VMR

Inflow accurd wihieh the pressurs at the valve beooomes equel to the

outside pressure. For the particular problem selected, the

- 180 -
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surrounding stagnation pressure, %ﬁ- equals 1 3283 We assume that when
Q
the inside pressure drops to this value the valve opens instantansously

and inflow takes place.
Procedure for determining inflow.
For inflow the energy equation always holds

Since U at the inlet is EEQ and A nt the inlet is 2{% we obtain the rela-~

tion between P and Q, which must hold at the inlet. On substituting in

the energy equation

P9?, 2 ma°_ 2,2
2 y-1 10 y-1 s

Exsmple: Point No. 189
We assume a velocity which gives the initial slope of the interface,
Q186 = Ql45 + AQ. At the interface there ig a temperature discontinuity

and
U185 = U1g6
P1g5 = P186
The A retio 18 a constant along this interface. Since pygg = P1ges
88 _.2 o, L

YR~ y-1 R
pore L . A18s
where -T- = 7T
Ap  A1se

In the inflow region S/yR = 0.
Hence, we can determine Qqgg which equals QIBV' Knowing Qg7 we can
then find Fyg, Ujg7 and Ajg7. The correctness of the assumed initial

inflow velocity moy be checked by drawing back the characteristic Pyapg

- 181 -
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to the inlet and comparing with the interpolated value between Pyqyp and
P1g7 at this point.
Qutflow at the Exit

When the pressure at ths exit becomes equal to py, in gereral Ug is less
than Ag. For subsonic outflow Ag is u constant (Ag = 1.655) for the hot
gas. Since Ay is fixed, Uy can be determined since

5 Ag + Ug = Pg
The reflected characteristic, Qg, is immediately determined. Points 17

to 130 along the exit are determined in this manner.

VII Intersection of Shock and Interface

Characteristics from Nos. 31 to 44 overtake the characteristic from
No. 17 to 93 to form a shock. Therefore at No. 101 it is necessary to

gsolve the intersection of the shoeck and the interface.

Transmit+ited
Shee ki,

72/
Interfaee
P/O‘ﬂ /ﬁ/p’ ‘406‘(
127 - WYY
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In general. the simplest method of solution is5 te assume a walue of Aog
This will determine the strength of the reliected shock, Alo4/A102> which
in turn yields p104/p102 and the pressure at point No. 104. Since the pres
sures ure equal across the interface, P10z = F104- The pressure ratio,
plOS/ploo’ of the transmitted shock gives Ajps/Ajgg: This, in turn, yields
a new A ratio across the interface.

Knowing Aloz/AIOO’ we find Ujgz from the shock relations. From A;gs/A102
we cbtain Ujgg. If the assumed value of Ayg, 1s correct, Ujgz = Ujpq-

VIII.Intersection of two shocks .

i

i

P1sg = 151

Uiso = U151

This problem mey he solved by procedures similar to those used for the
intersection of a shock and an interface.

Assuming a value of A151 determines the new strength of the shock moving
to the right, the pressure ratlo across the shock and the value of Ujs -
From the continulity of velocity and pressure at the interfsce we find
9150/b148, the pressure ratio across the shock moving to the left. This
in turn yields AlSO/Al43 and U,gq. If Uisp = Uzg), the assumed value
of Ays1 is correct.

IX 1. End of Scavenging Period
When the interface resches the exit, point No. 130, it is assumed that

the valve closes instantaneously.
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N sppok
P129 = P13g = P
. 129 130 o
(€T Valve U128 = U1z0
Close s
7 /13
/// Mg = Az = 1.655
/f Uigg = 0
Ihtervtace

In general, in order to determine the value of P9, it may be necessary
to interpolate to obtain the correct characteristic that just reaches
point No. 128. For this case, hovaver, since P does not change between
the points No. 125 to the shock at No. 133, Fyyy = 6.010. Oince

Ap/AR = 0.646472, Ajng = 1.070 and U129 = U130 = 0.6€0.

At point No. 128 the velve closes and a shock 18 zenerated because of

U129 = Y148
A129

the parameters behind the shock may be determined in the same manner as

the sudden interruption of the flow. Ul46 = 0 and knowing

points No. 21 and (b) were determined previously.
2. Shock Reflection at a Closed End

N U154 =0
1574
152
(IR
U2 =0

Since the boundary condition at point No. 154 is that Uygg = O, the
solution of the reflected shock is obtained in the same manner as in

the pravious Seetion IX; 1.
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5. Two Shock Coalescing

]j /7:77 \

@171

Thie problem may be solved by treating each shock separately. From
P12 - P1m
Mn

the values of Pl?lt Ql71, and Ql72' we find , .alseo Ul?z énd , |

A172 ‘since we know '
}i - . o e -an s -
' i Mn ' '

n' -

. .
In the same manner we find 1373 =172 .. Qi7s ~ Q72 Q172
+ AL72 Al72

Hence, the A ratio across the two shocks, %%%% , is simply

A173  A173 A172

( =173 _ 2173

. . A7l T W72 Rypp

For strong initial shocks this may lead to an entropy discontinuity at
the junction.

X Beginning ¢f Second Cycle .
When the shock reflested at point No. 154 reaches the §oéition

L = 0.25, combustion occurs and the cycle is repeated.

-J: - : - 185 -

i a CONFIDENTIAL




A

CONFIDENTIAL
4331.3660
: Ayr2.113
L  UYgs -, 820 . Uyt - 820
=~ Pyt 5.5324 AN b= 5.5324

) Ao"' /. /385
Up=0

% G SU GR W WH W W wy e o

(¢)

B23338

Ap= 2(Ap) = 22770

"AFTER COMBYSTION
: N ; Ug: o . .

: - %o ;
i B PR
N/
Voo . . i

} Pyt 41(p,) = 9.3352 .

AT THE EX/r‘ WHEN, g+ 1.0,
, Az 1. 6549
-, Y A/Ag 0.646472
ACROSS THE INTERFAGE } - p,+ Gy |
- " 8232360

UL"’U”
h=b

TUBE OPENS WHEN p,= /.3283
INFLOW M= 65 - P/pr-'.75283 -~ p.= /3283

A = 96025 = Az 1.0414
Ay =l

.. BOUNDARY CONDITION = Usr S54%= 5Af= 5422570

CALCULATIONS FOR STRAIGHT TUBE WAVE ENGINE
Fig. 1
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STRAIGHT TUBE WAVE ENGINE
MACH NUMBER = 0.65
.. FIRST CYCLE
9
VALUE S 8,y 2.0044
8,7 27638
y .
o . ) X g, 8007
1O
: o
Pag"!328% 5'
| L Bollke30
80P
R Ypp*: 680
\ -
. s i .U/’Q .8/5
~ / :: U”' s, 490
. : vl _
ar i - A Upp?. 875
. ,’ U,a 2, 6”
‘;“’4 & 2,735
p,:-'ann =t 0
411000 Uyy* 080
PP Uyy* 990
Uyt 150
L{"lI.JID
20
Uyl 470
...... e - N 57 7 W A —
‘ Yoe18975
0 2 .
0 02 0.4 0.6 A 1.6
TUBE LENGTH (L)
Fig. 2
- 187 -

CONFIDENTIAL




w!- Y
A

FOR

P SHOCK
/
oR
Wy,

4
FOR

0 SHOCK

- - s -
7 .0 .
261 - UPRURI SEURDRPRIAY IO RN R | B

1
22 P R R

CONFIDENTIAL

4.8 T

Y ! : : ;

i | 1

38

‘e

2.2 26 30

-188 -
CONFIDENTIAL




D

S

CONFIDENTIAL

i l . i ! ! | | '
| VARIATION OF AP WITH 40 /
] . AP IS POSITIVE, 40 IS NEGATIVE R g
. READ KNOWN QUANTITY ON ORDINATE SCALE /
READ UNKNOWN QUANTITY ON ABSCISSA SCALE
rel 4
&4 - J L) [T U NSRSV U U SOVROROVEY (RSP
// ...........
|
"6
@0,
) ‘ :
oR :
R-A i
/] :
R ¥ | TTSRSRE—— T AV SAR—— SR T T W SUiy S S :
0.8 / i .
04 o - .
. i ;
: : i
0 i :
04 08 o/ 016 o20 0.24
@0, PP,
a; /3 B
Fig.4
- 189 -
CONFIDENTIAL




FE Yo

L e

RY )

J.2

2.8

A

CONFIDENTIAL

au ACROSS

Ut | 4
a4, ° A

" Xa/q

|
l |
1

A SHOCK WAVE
Mg - M,

- 190 -
CONFIDENTIAL

TE—
LIE_ . .180-===124""" ] E8
2.6 28

I

. 1
)




1“

%

E—

1

e
ERL

CONFIDENTIAL

4%

to4 10R 1 _E___120-=-124" 128 |
= —-——‘-—--J‘ ,
2.2 2.6 30 29

Fig®
CONF‘I%DENT‘:AL




3 UL e B

30.0
29.0

250

2.0

9.0

5.0

1.0

CONFIDENTIAL

PRESSURE

VS o RATIO
re14

1

/

4

-=""10

.._....._’,.,,_-..;.-_.._.;f........T_.._...[._.._-

104 1.08 ¥/ 4 116

/£Q e [£F == =108 73

1.8 2.2 z 2.6
%

Fig.7
- 192 -

CONFIDENTIAL

40

34




kT

T

=
o

5.650
11.385
8.010
9.745
11.385
n h585
11.385
11.385
11 .585
11.%856
9.745
9.746
9n7“5
9.745
9.745
9.746
9.745
6.010
9.586
65.962
7.386
5.966
7.348
?.015
9.686
9,686
9.585
9.585
9,586
9.586
9.586

- 8,010

90426

5.994
7.865
7.070
8.428
9.425
9.425
9.425
9.425
9.425
9.425
9.425
8.010
9,285
7.181
7.084

Q. i v
4.350 0.850 1.000
11.385 -0 2.277
7.650 0.820 1.366
11.885 -0.820 2.118
10.635 0.376 2.202
9.885 0.750 2.127
9.156 1.136 2.062
8.586 ,1.500 1.977
7.960 "1.717 1.934
7.660 1.8875 1.8974
10.6356 -0.446 2.038 .
90985 : ,-00070 1.985
9,186 Qn;;Sbe' 1.880
8.885 0.640 1.813
7.850 _0.888 1.770
7:600 1.078 1.734
8.806 1.470 1.856
7.080 =0.526 1.307
10.685 -0.528 2.022
7.866 0,702 1.8307
7.385 0 . 1l.47
$"ooe -0,526 1.208
', 022 0,168 1.4%8
7.016 0 1.4030
giit; 885 « 00150 19947
9.135 0,226 1.872
8.3%85 0.800 1.797
7.950 0.818 1,754
7.5680 0.998 1.718
6.8056 1.%90 1.839
8.985 1,810 1.6EE,
68,4170 -0,280  1.248
8,885 =0.250 1.981
8.458 ~0,28). 1.245
6,481 ; 0.897 1.374
8.481  0.204 1.355
60428,1' 0 i 1u283
901-35:! 00145 15856 .
8.385. 0,520 1.781
7.950 0.738 1.738
7.580 0,918 1.702
8.8056 1,310 1.623
8.985 1,250 1.639
7.125 1.150 1.855
5.880 0.085 1.189
2,135 0.085 1.840
5.801 0.840 1.308
5.901 0.592 1.298

STRAIGHT TUBE WAVE ENGINE WITH RAM M = O 65

CONFICENTIAL

1t Cycle
UtA U-A Vg
1.660 -0.350
2.27T7 -=2.277
09446 -2 3086 "l 2552
1.208 -2.988
2.577 =1.827
2.877 -1.877
&.177 -0.927
3.477 -0.477
3.651 -0.217
8.796 0
1.698 -2.458
1.898 -2.088
2.186 ~1.875
20495 —1«153
2.8688 | -0.872
2.812 -0.656
8.126 -0.185
0.762 ' -1.882
1.497 -2.547
0.629 -2.058 -1.450
1.477 -1.477 +1.120
0.777 -1.81% '
1.808 -1.271 +1.384
10408 "1 o 4035
1.797 - -2,007
2.097 -1.647
2,807 -1.197
2,872 -0.856
' 2.716 -0.720
- 5.028 -0.248
2.866 -0.346
1.018 -1.478
3.701 ~ -2.161
1.014 -1.476
1,765 -0.883 +1.443
1.649 -1.061
1.286 -1.288
2.001 -1.711
20501 "10261
- 2,476  -1.000
2.620 -D.784
2.953 -0.318
2.869 -0.8509
2.806 -0.508
1.2564 -1.124
1.906 -1,770
1.948 -0.668 1.649
1.890 -0.706
-~ 198 -
CONFIDENTIAL

S

°
2.519
0.358
2.519

0,358
2.519
0.285
0.309

0,287

0.821

0.509

0.338

2.519

0,827

0.348
0.348

0“509‘.

0.3%38
2.51%
0.358
0.358

1.1086

1.000 1.000 1 00O
9.53582 1.800

1.3660 5.532¢
5.5524

2.6054

1.000
1.,8807 4.9785
1.1100 0. 9808
1.1°.00

i+

6.9674

2,473

1.1001



6.478
9.265
9,265
9,255
9.265
9.265
9.265
9,265
6.010
9.095
7,084
8.490
9.0985
9.095
9.095
9.095
9.095
9.095
3,095
9,095
6.010
9.010
7,034
6.488
9.010
9,010
9,010
9,010
9.010
9,010
9,010
9.010
6.010
8,930
8.930
8.930
8.930
8,930
8.930
8.930
8.930
8.930
6.01C
8.850
8.850
8,850
8.850
8.850
8.850
8.850
8.850

STRAIGHT TUBE WAVE ENGINE WITH RAM M = 0.€5 (Cont. )

Q

5.888
8.385
7.950
7.590
6.805
6.965
7.125
7.285
5.295
8.385
5.314
5.316
7.950
7.590
7.200
6.808
6,965
7.125
7.285
7.455
4,950
7.950
4,967
4,968
7.5390
7.200
6.805
6.965
7.125
7.285
7.455
7.540
4.670
7.590
7,200
6,805
6.980
7.125
7.285
7.455
7.540
7.620
4.360
7.200
6.805
7.140
7.285
7.455
7.540
7.620
7.700

U

0.295
0.440
0.658
0.838
1.230
1.150
1.070
0.990
0.355
0.355
0.885
0.587
0.572
0.752
0.948
1.145
1.065
0,985
0.905
0.820
0.530
0.530
1.054
0.760
0.710
0.905
1.102
1.022
0,942
0.862
0.778
0.735
0.670
0.670
0.865
1.062
0.975
0.902
0.822
0.739
0.695
0.655
0.825
0.825
1.022
0.855
0.782
0.698
0.655
0.615
0.575

|

1.237
1.765
1.722
1.686
1.607
1.623
1.639
1.655
1.130
1.748
1.240
1.181
1.704
1.668
1.630
1.590
1.606
1.622
1.638
1.655
1,096
1.696
1.200
1.146
1.660
1.621
1.582
1.598
1.614
1.630
1.646
1.8685
1.068
1.652
1.613
1.574
1.591
1.606
1.622
1.638
1.647
1.655
1.038
1.605
1.566
1.598
1.614
1.830
1.639
1.647
1.655

CONFIDENTIAL

U+A

1.5%2
2,205
2,380
2.524
2.857
2.77%
2,709
2.645
1.485
2.103
2,125
1.768
2.276
2.420
2.578
2,735
2.671
2,607
2,543
2.475
1.626
2,226
2,234
1.906
2.370
2.526
2.684
2.620
2.556
2.492
2,424
2.390
1.738
2,322
2,478
2,636
2.566
2,508
2.444
2.376
2,342
2,310
1.862
2,430
2.588
2.454
2.396
2,528
2.294
2,262
2,230

U-A

-0.942
-1.325
-1.064
-0.848
-0.377
-0.473
-0.569
-0,665
-0.775
-1.393
~0.355
-0.594
-1.132
-0.916
-0.682
-0.445
-0.541
-0.637
-0.733
-0.835
-0.566
-1.166
-0.166
-0.386
-0.950
-0.716
-0.480
-0.576
-0.672
-0.768
~0.868
-0.920
-0.398
-0.982
-0.748
-0.512
-0.616
-0.704
-0.800
-0.900
-0.952
-1.00
-0.212
-0.780
-0.544
-0.744
-0.832
-0.932
-0.984
-1.032
~1.080

- 194 -

Vs

+..852°

+1.874

-0.569

-0.654

CONFIDENTIAL

S

0.348

0.338
2,519
0.356
0.358

0.338
2.519
0.355
0.356

2.519
2.519
2,519
2.519

0.338
2.519
2.519
2.519
2.519
2,519
2.519
2.519
2.518
2,519
0.338
2.519
2.519
2.519

A/A1 P/Po

1.0973

1.0949

1.0101

1.0108
1.0203
1.0203

1.0211



Nao

100
101
102
103
104
105
106
107
108
109
110

112
113
114
115
116
117
118
119
120
121
122

h Ky
‘.‘.5

124
125
126
127
128
129
130
131
132
133
134
135
136
137
128
139
140
141
142
143
144
145
146
147
148
149
150
151

6.010
8.765
8.765
6.010
8.835
8,765
8.835
6.010
8.905
7.000
6.488
6.975
6.487
8.765
8.840
8.905
8.765
8.845
8.845
8.905
8.905
6.015
8.940
3.940
8.940
€.010
8.955
8.955
6,940
6.010
8,935
6,950
6.950
6,950
6.487
6.495
6.495
5.840
5.886
5.886
5.497
5.897
5.540
5.553
5.582
5.582
6.050
6.012
6,940
5.048
6.971
8.976

Q U
4.050 0.980
6.805 0.980
7,155 0,805
4,330 0.840
7,155 0.840
7.455 0.655
7.455 0.690
4.560 0,725
7.455 0,725
4.686 1,157
4.687 0.900
4.376  1.300
4.376 1,056
7,620 0.572
7,620 0.610
7.620 0.642
7.785  0.490
7.785 0.530
7,705 0.570
7,705 0.600
7.645 0.615
4,690 0,550
7.620 0.660
7,705  0.618.
7.610 0.665
4,760 0.625
7,705 0.625
7.595 0.680
4.066 1,437
4,699 0.660
7.615  0.660
4.710 1.120
4.710  1.120
.4.780 1.085
4,144 1.172
4.735 0.880
4,784 0.858
5.840 0
5.304 0,291
4,959 0.464
4.689 0.604
4,379 0.759
5.540 0
5.274 0.140
4,959 0.312
4,679 0.452
6.050 0
4.725 0.644
4,738  1.101
6,050 -0.001
6.059 0.456
-6.064 0.456

W

U+A

1.986
2.537
2.397
1.874
2,439
2,277
2,319
1.782
2,361
2.326
2.018
2.435
2.142
2.210

U-A

-0.026
-0.577
-0.787
-0.194
-0.759
-0.967
-0.939
-0.332
-0.911
-0.012
-0.218
+0,165
-0.030
-1.066
-1.036
-1.010
-1.165
-1.663
-1.085
-1.061
-1.040
-0.410
-0.996
-1.046
-0.990
-0.452
-1.041
-0.975
+0,341
-0.410

-0.046
-0.046
-0:;088
+0.109
-0.,243
-0.270
-1.168
-0.828
-0.,620
-0 .455
-0.269
-1.108
-0.943
-0.742
-0.5074
-1.210
-0.430
-0.067
-1.211

195 -

CONFIDENTIAL

STRAIGHT TUBT WAVE TNGINE WITH RAM M = 0.65 (Cont.)

LE

-0.,€697
-0.116

2.3%08
-0.192
2.075

2.190

2,243

2.178

2.304

+0.,122
+2.049
2.022

-0.091

+2 ,029

CONFIDENTIAL

S

0.338
2.519
2.519
0.339
2.518

2.512
0,341
2.519
0.355
0.356
0.355
0.355
2,519
2.519
2.519
2.519
2.519
2.519

AZ/Al

1 0225
1.0278
1.0044

1.0043
1.0506

1.0946

1.0945

1,0049

1.0048

1.063¢€

1.0944

1.0587
1.0880
1.0888
1.0564

1.9241

1.3283

?/Po

0
o
0
0
0

b e b

SN SR WIN

7620

6512
6512

7870
7870

.9958

1966

0004
.000

L7735
L7735

.2430
.0225
.8055
.2443
7439
.7439



No .

152
153
154
155
156
157
158
159

171
172
173
174
175
176
177
178
179
180
181
182
183

184

185
186
187
188
189
190
191
192
193
194
195
196
197

P

6.049
6.976
6.990
6,495
6.526
6,526
6,540
6.53¢

6.251
6.255
6.288
6.286
6.295
6.295
6.295
6.074
6.172
6.158
5.166

5.340
5.870
5.420
5.713
5.420
5.750
5,763
5.490
5.480
$.800
5,895
5.990
5.582

Q

6.049
6.058
6.990
4.770
6.062
6.060
6,970
5.539

4.180
4.760
6.062
6.060
6.930
6.539
6.295
4.240
6.138
6.125
6.977

4.930
5.260
4,930
4.959
4.810
5.140
4.930
4.810
4,560
4.917
4.280
6.138
4,524

STRAIGHT TUBE WAVE ENGINE WITH RAM M = 0.65 (Cont)

0.

0.
0.
0.

-0.

1.
,748
0.
0.
-0,
-0.

0

0

0.
00
,016

0

-0,
-0.
-0.

0

0.
0.
0.
0.
0.

0

U

0
459
0
862
232
233

215

0

035
113
113
518
122

917
017

406

222
¥ 037

205
205
245
377
305

305
0.
0.
0.
0.
0.

0.
0,

416
340
440
440
8oe
074
529

A

1.2098
1.,3034
1.398
1.126
1.259
1,259
1.351
1.3078

1.043
1.102
1.235
1.235
1.322
1.283
1.259
1.031
1.231
1.228
1.314
1.303
1.3005
1.299
1.027
1.093
1.035
1.0867
1.023
1.039
1.069
1.030
1.008
1.072
1.018
1.213
1.011

CONFIDENTIAL
U+A U-A P
1.210 -1.210
1.762 -0.844 +1,518
1,398 -1.3%8 -1,159
1,996 -0.242
1,491 -1,027 -0.703
1.492 -~1.026
1.136 -1.566 -1.331
1,3078 -1.308
2.074 -0.008
1.850 0,354 -0.205
1.348 -1.122 - .799
1,348 -1.122
1.004 -1.540 -1.410
1.161 -1.405
1.259 -1.259
1.948 -0.114
1.248 -1.248 -0.784
1.244 -1.212
0,908 -1.720 -1.497
1.232 -0.822
1.298 -0.888
1.280 -0.790
1.444 -0.690
1.328 -0.718
1,394 -0.784
1.485 -0.653
1.370 -0.690
1,458 -0.558
1.523  -0.623
1.827 -0.207
-0.862
1.540 -0.482
.. 196 -~

CONFIDENTIAL

Ap/Ay

1.0768
1.0728
1.1181

1.0731

1.0566
1.1207
1.1841
1.0704

1.1348

1.070%

1.1916

2.8344

2.2712
5.6114
3.6679
3.6192
3.5901

2.2006

2.0916
2.1604
2.1399
2.127¢€



CONFIDENTIAL

ACKNOWLEDGMENT

This project was sponsored by the Office of Naval Resesrch,
Contract No. Nonr-665-(00) under the technical & ~»rvision of Cémmander
R. L.Duncan of the United States Navy. The writer wishes to express his
appreciation to Commander Duncan for his continued encouragement and val-
uvable suggestions during the course of the project. He also wishes to
thank Messrs. H. R. Lawrence, G. Rudinger,and A. Hertzberg for helpful
suggestions of many problems, and Mmes. A. Dowd and M. Johnson for con-

structing the wave diagrams.

CONFIDENTIAL



a1

UNCI.ASSIFIE

CLASSIFICATION CHANGED FROMCONFIDENTIA s

TOUNCLASSIFIED! AUTHORITY LISTED IN
ASTIA TAB NO.__ =% DATE_ . s
~ Hrmed Services [echnical Information Hgency

ARLINGTON HALL STATION; ARLINGTON 12 VIRGINIA

|

|

_— REPRODUCED FROM o J}
BEST AVAILABLE COPY —




