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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

MEMORANDUM REPORT

for the
Bureau of Aeronautics, Navy Department
A PRELIMINARY EVALUATION OF THE
EXPLOSION JET-PROPULSION ENGINE

By J. C. Sanders

SUMMARY

The theoretical sea-level performance of an explosion Jjet-
bropulsion engine similar to the one used in the German flying
bomb was computed to show the effects on performance of heat added
and supercharging and a comparison was drawn between the perform-
ance of the explosion jet-propulsion engine and the constant-
Pressure Jet-propulsion engine. The explosion jet-propulsion
engine was found to be more efficient than the constant-pressure
Jet-propulsion engine at compressor pressure ratios below 3.0
when the maximum gas temperature of the constant-pressure engine
is 1600° F. With more efficient compressors and higher gas temper-
atures, however, the constant-pressure Jjet-propuleion engine is
more efficient. The compressor for the constant-pressure Jjet-
Propulsion engine absorbs more power than the compressor for the
explosion Jet-propulsion engine when the two engines develop the
same power.

INTRODUCTION

The most widely known and successful Jjet-propulsion engine
consists of a centrifugal compressor, a constant-pressure com-
bustion chamber, and a turbine to extract enough energy from the
hot gas to drive the compressor. (See reference 1 and fig. 1(a).)
The cycle efficiency of this type of engine is limited indirectly
by a comparatively low maximum permissible gas temperature of 1600° 7
at the turbine to prevent destruction of the turbine blades. Fur-
thermore, a highly efficient compressor capable of producinc a
Pressure ratio of 4 or more is required.

A method of circumventing these limitations of the turbine
and compressor is to use an explosion jet-propulsion engine in which

the air is inducted at low pressure into a vessel, exploded to generate

a high pressure, and expelled through a nozzle. (See fig. 1(b).)
This type of propulsion engine was patented by Marconnet in 1909 and
later patented by Schmidt in 1931 (reference 2). The Schmidt patent
describes the type of engine used by the Germans to propel their




flying bombs against Fngland. Mention is also made of this type of
engine in refercnce 3,

The explosion type of engine 1s not limited in c¢cycle tempera-
tures and may use a fuel-air ratio to give the maximun temperabture
possible in the combustion of air; furthermore, it does 1ot rsquire
a ccmpressor, although a compressor improves its performance.

This report presents the results of calculations showing the
performance of an explosion Jjetl-propulsion enginc, The effects of
supercharging on cycle efficiency and propulsive efficiency wore
computed and a compariscn of the sea-level performance of the super-
charged explesion Jjst.-propulsion engine and the consant-pressure
jet-propulsion engine was made. A schematic diagram of the super-
charged engine is shown in figure 1(c).

The computations were madc at the NACA Aircraft Englne Regcarch
Laboratory, Clcvelsnd, Ohio, during February and March 1944, as a
part of an investigation of means of increasing the cycleo efficien-
cieg of jetupropulsioh engines.

DESCRIPTION OF THE EXPLOSION JET-PROPULSION ENGINE

The simple type of explosicn jet-propulsion engine used in the
German flying bombs is shown diagrammatically in figure 1(b). A
combination of the dynamic pressure resulting from the forward motion
of the flying bomb and the inertia effects of the previous charge
being oxpelled from the combusion chambsr serves to induce & charge
of frosh air through the intake valve at the front. TFuel is sprayed
into the combustion chamber and a spark plug ignites the mixture.
The increasing pressure closes the valve and rises to a high value,
which causes a rapid expulsion of the charge rearward and thereby
gencrates the propulsive thrust. An jdealized sketch of a capturecd
German flying bomb using this typc of propulsion enginec is shown in
flgure 2.

Inspection of the thermodynamic cycle of the explosion Jet~
propulsion engine shows that both the cycle efficiency and the power
can be increased by supercharging. Consequently, considcration was
given to the more elaborate explosion jet-propulsion engine shown
in figure 1(c). In this type of engine, a centrifugnl supcrcharger
delivers compressed air to a battery of combustion chambers provided
with intake valves end possibly with cxhaust valves. An auxiifary
engine drives the supercharger.




ASSUMED CONDITIONS FCR CALCULATIONS

The calculations were made for the supercharged engine shown
in figure 1(c), assuming a compressor efficiency oif 70 nercegt and
a compressor driving motor having a thermodynamic cycle efficiency
of 60 percent, The assumed efficiencies of the turbine and the com—
pressor in the constant-pressure jet-propulsion engine were 80 and
75 percent, respectively. No other losses were considered,

The following operating conditions were assumed:

WG L ST TR, YN Ay o Y o EEE level
Atmospherie temperature, F L ¢ BT EET G J T e e 00
Velocity of aireraft, miles per RBaRY . J . % « « 4@ § & % edl0
Gas temperature before turbine, OF 5 o + « v §. ¢ % ey 1600

The combined efficiency of the explosion jet-propulsion engine
was computed for & range of heat supplied per pound of air (fuel-
air ratio) from O to 750 Btu per pound. These calculations were
made for compressor pressure ratios of 1, 2, 3, 4, and 8, For com—
parative purposes, the efficiency of the constant-pressure jet-
propulsion engine was computed for the same compressor pressure
ratios,

Calculations were also made to compare the thrust powers obtained
rom a given size compressor as first used with constant-volume com-
bustion and sccond, with constant-pressure combustion, A maximum
heat input of 750 Btu per pound was assumed for the constant-volume
combustion and a maximum gas temperature of 1600° F was assumed for
the constant-pressure combusticn., A range of compressor pressure

ratios from 1 to 8§ was investigated,

The symbols used in the computations are given in appendix A,
Details of the computations for the explosion jet-propulsion enginc
are described in appendix B and for the constant-pressure jet-
propulsion engine, in appendix C.

DEFINITIONS OF TERWS

Cycle efficiency meycle is the ratio of the net work of the
thermodynamic cycles to the heat absorbec from the fuel by the working
fluid, including the fluid used by the auxiliary engine driving the
compressor. The efficiency of combustion is thus excluded from the

calculations,




Propulsive efficiency 10, 1s the ratio of the useful propul-
sive work to the net work addéd to the fluld by the jet-propulsion
engine.

Combined efficiency 17 is the ratio of the useful propulsive
work to the heat absorbed from the fuel by the working fluid,
including the fluid used by the auxiliary enginc driving the com-
pressor. The combincd efficicncy may be obtained by multiplying
the cycle and propulsive efficiencies, provided that they can be
evaluated.

Blowdown is the portion of the explosion cycle following com-
bustion during which cnough gos is expelled from the combustion
chamber to permit the pressurc in the ¢xplosion chamber to-fall to
the cxhaust back pressure.

ESTIMATED PERFORMANCE OF THE EXPIOSION JET-PROPULSION ENGINE

The combined efficiencies of the c¢xplosion Jet-propulsion
engine at sea level and a speod of 400 miles per hour are shown in
figure 3 for compressor pressure ratios of 1, 2, 3, 4, and 8. The
maximum combined efficiency is about 10 percont. In general, the
combined efficlency is less at maximum heat input than at half the
maximum heat input, although this differcnce is small. At low super-
charger progsure ratios, the combined efficiency falls off rapidly
at vory low values of heat input.

A comparison of the efficiencies of Jjet-propulsion engincs
using constant-volume combustion and constant-pressure combustion °
is shown in figurc 4. The constant volume of the explosion Jjet-
propulsion engine is more efficient at compressor pressure ratios
below 3.0. A single-stage centrifugal supecrcharger is capable of
producing a pressure ratio of 4. Inspection of figure 4 gshows that
the cxplosion jet-propulsion engine with a compression ratio of 4
is 2bout 4 percent less efficient than a constant-pressure jet-
propulsion engine having the samc compressor pressure ratio.

The ratio of powers obtzinable from these two types of ongine
with the same size compressors is shown in figure 5. The power
obtainable with constant-pressurc combustion is less than the power
obtainable with constant-volume combustion and, of course, falls to
the very low cfficiency of an enginc using the dynamic pressure of
the air when the compregsor pressure ratio is 1.
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The advantage of the higher efficiency obtained by super-
charging is ohbtained at the cost of a large and heavy engine tc
drive the supercharger, Figure & shows that the power required by
the compressor engine exceeds the net thrust power when the super—
charger pressure ratio is 2,0 or greatver. It therefore appears
that supercharging is practical only for low pressure ratios,

DISCUSSION
Reliability of calculations., = The trends of the performance

curves shown in figures 3, 4, and 5 were expected because examina-
tion of the working CJClES oi the explesion and constant-pressure

Jet—propulsion engines shows that the efficiency of the constant-

pressure cycle must be zero with a compressor pressuve ratio of 1,
assuming no dynamic compression, Ffurthermore, the explosion cycle
permits expansion of most of the gas from a much higher pressure
than is available in a constant—pressure cycle and therefore usually
has a higher cycle efficiency, In spite of the lower cycle effi-
ciency of the constant-pressure engine, its combined efficiency is
expected to exceed the efficiency of the explosion jet-propulsion
engine under conditions of optimum design because the propulsive
efficiency of the explosion jet—propulsion engine is very low as a
result of the high jet velocities at the beginning of blowdown,

The assumption was made in these calﬁulatlons that the hlowdown
to atmospheric pressure was complete, Consequently, the veleccity of
d¢schnrge during scavenging was negligible, Iu is possible, however,
that the explosion vessel would blow down to supercharger pressure
and the regsidual gases would be expelled at a velocity corresponding
to the pressure drop from supercharger pressure to atmospheric pres-
sure, Calculations of combined LfflCan“ es with this type of opera-
tion (shOWL in fig., 3 for comparison with performance with complete
blowdown) zhow lower eificiencies at hkgh heat inputs but higher
elflc*“n01o at very low heat inputs than in the case of complete
blocwdown,

Other factors that may lower the perfermance of the explosion
jet-propuleion engine are ensrgy losses in charging and scavenging
the combustion chamber, poor scavenging of the combustion chamber,
poor combustion, and degeneration of the ideal cycle resulting from
expulsion of gus through the nozzle before combustion is complete.
Insufficient data are available to evaluate the significance of
these factors and they were gherefore not considered in the calcu—
lations.




Charging. - The charging process in the explosion Jet-propulsion
cngiﬁ§7nay be similar to the uniflow-type two-stroke cycle englne in
which inlet and exhaust valves are at opposite cnds of the cylinders.
The indicated mean effective pressures developed by a representative
two-stroke cycle engine at 1800 cycles per minute (reference 4) indi-
catcs that effective scavonging may be sccured.

The Schmidt patent (reference 2) specified thc utilization of
inertia effects arising from blowdown to induce a fresh charggc.
Erickson (reference 5) has shown that considerable pressure resulting
from inertia in the intake systom may be utilized.

Suitability of the explosion jet-propulsion engine. - The chief
claim for the desirability of the explosion jet-propulsion cngine is
its simplicity and consequent ease of development. Its efficicncy
is comparable with a constant-pressurs joct-propulsion engine although
the constant-pressure engine may be expected to become the morec effi-
cient as materials for turbine blades are improved.

CONCLUSIONS

Theoretical calculations of the thermodynamic cycles for an
explosion jet-propulsion engine and a constant-pressure Jet-
propulsion engine indicate that:

1. The combined efficicncy of the explosion jet-propulsion
engine (cycle efficiency times propulsive efficiency) is 8 to 10 per-
cent as compared with 3 to 1l percent for a constant-pressurc enginc
at a maximum gas temperature of 1600° F and an eircraft speed of
400 miles per hour.

2. The explosion jet-propulsion cngine is more efficient than
the constant-pressure Jjet-propulsion englne at pressure ratios below
61,0}

3. Supercharging up to a pressurc ratio of 4 increases the
efficiency of the explosion jet-propulsion englne.

4. The power absorbed by the compressor in the cxplosion jet-
propulsion engine is less than in the congtant-pressure jet-propulsion
engine.

Aircraft Engine Rescarch Laboratory,
National Advisory Committec for Aeronautics,
Cleveland, Ohio, August 11, 1544.




APPENDIX A

STMBOLS
a pressure-rise ratio occurring during combustion
b pressure-rise ratio of the compressor
e ratio of stagnation pressure to free—stream pressure
B correction for compressibility, 1,064 at 400 miles per hour
' cific heat of the gas at constant essure, (Btu)/(slug)(°F)
Cy specific heat of the gas at constant pressure, (Btu)/(slug)(
ey specific heat of the gas at constant vclume, (Btu)/(slug)(°F)
d..._p. rat £ e f charge ("l‘ ) /(p_ )
3 rate of expulsion of charge, (slug)/(sec
s : Wy — Wi
€ specific energy inpubt, =-pm~
Vo /2
F thrust force, (1b)
h heat added to air during combustion, (Btu)/(lb air)
Iy impulse per cubic foou of vessel
Iélug impulse per slug of gas
K internal drag coefficient, assumed to be zero
n combined efficiency of explosion or constant—pressure jet—

propulsion engine at an airspeed of 400 miles per hour

Nad adiabatic efficiency of the compressor, 0,7
4
MNe compressor efficiency, assumed to be 0,8

Neycle ¢ycle efficiency of compressor driving engine, 0,6

p propulsive efiiciency
T turbine efficiency, assumed to be 0.9
P exhaust back pressure, (1b)/(sq ft)

' Py stagnation pressure before inlet to compressor, (1lb)/(sq ft)




pressure of gas eatering turbine, (1b)/(sq £t)

pressure of suriounding atmbsphere, (1b)/(sq ft)

total pressure of gas in vessel after completion of combustion,

(1b)/(sa ft)

ratio of the specific heats zt constant volums and constant
pressure, 1,28

2

ratio of the specific heats at constant volume and censtant
pressure, 1,%2

ratio of the specific heats at constant volume and constant
pressure, l.b

gas constant, (ft-1b)/(slug)(®F)
weight of gas remaining in vessel at any instant, (slug)
weight of initizl charge, (slug)

weight of charge remaining in vessel at end of any assumed
blowdown process, (slug)

density of air at atmospheric conditions, {slugs)/(cu i)
temperature of gas in vessel after completion of combustion,
O

temperature of air entering supercharger, ~I" absolute

tenperature of @ir leaving supercharger, or at end ol com-
ession, OF absclute

temperature of air entering compressor, accounting for adia-
batic temperature rise to stagnation, OF absolute

temperature of gas approaching turbine, °F absolute
velocity of aircraft with resnect to earth, (f£t)/(sec)

velocity of esceping pas relative to sirplane, (t)/(sec)

thrust work developed during blowdows, (ft=1b)/(cu It}

work equivalent of hesat added to fluid in suxiliary =ngine
driving the compressor, or added to gas during combustion,
(ft-1b)/(1b of fluid passed through nozzle of jet), or
(ft-1b)/(slug)

0
o
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| ,,
total work available in adiabatic expansion, (ft-1t)/(slug)
wy net thrust work, (ft-1b)/(slug of air)

Wy work abstracted by turbine to drive compressor, (ft-1b)/(siug)

Z effective thrust coefficient
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APFENDIX B

CALCULATIONS FOR THE EXPLOSTON JET-PROPULSION FNGINE

The equation for the combined efficiency of a jet-prepulsion
engine is;:

. Net thrust work (1)
Energy supplied by fuel

"

The net thrust work is the thrust work developed by the vessel
blowing down minus the work required to bring the charge air to a
zero velecity with respect to the airplans, The energy supplicd

to the working fluid includes the heat added to the air in the com-
bustion chamber and the hepat added tc the working fluid in the aux-
iliary motor driving the compressor, In computing the thrust work
developed during blowdown, il is necessary to determine the maximum
amount of heat to be supplied to the cycle by the fuel, These com—
putations therefore describe in turn (1) 2 derivation of the expres-
sion for thrust work of a vessel blowing down, (2) the work of the
fluid in the engine driving the supercharger, (3) a determinaticn of .
the maximunm heat supplied, and (4) the final equaticn for the effi-
ciency of an explosion jel-prepulsion engine,

Thrust developed by a vessel blowing down, - The vessel is con=-
sidered to be filled with its charge and combustion complete, with
the gas pressure P, and temperature T,. The vessel then blows
down to atmospheric pressure p,. If the volume of the vessel is
1 cubic foot the weight of the initial charge is p, slugs, The
thrust force at any instant is

The thrust work developed during the expulsion of the charge
dp is

.~ TR el
.hNb FVoat
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Substibtuting the value of F and 1ptaér1+1u5 the left side gives

%o

= ()
Te )r Vedp . &

If it is assumed that the gas obeys the general gas law,
PV = wRT, then

/é F %3 pq\ ' ;
fo = 223- O) 1‘\ 2 1 - —
\M Po PO/ \p
Substituting the value of Vp from equation (3) in equation (2)
and simplifying and converting to impulse per slug of gas in cylinder
before blowdown yields

| ST oy Y|

'l

4A

m I" \
To1ng = 223+7 ( (L)

Q s
‘J.u FO/
where 7 is the effective thrust coefficient defined as
Y-1

P Y=1 /P,
Z = b&//%l - ‘iﬁ) a" L. (
Jpo v \Po/ Nigfe Po

Values of Z obtained by arithmetic integration of equa-
tion (5) are shown in figure 7.

ASn{
5

The value of Po was determined as follows:

The value of a was determined by

P g (7)

The value of

o)
&
=
o
t

determined by

o ik Eaed
] Py, +{§ph Vo B

2117

@)
S
—
2
I

is caleulated from

0.714

The value of Py

Py = p, (be)
= (\.(/().‘rl/ J.‘I.7lh
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When the proper veluem nrc substituted, equatien (4) bccomes:
l
Islup 22.0 bC. 10 - (9)

2

.

where

YLJ. (lQ)

T & ')r201 i 2L
The net thrust work is

. 2
V'i\T &= ‘]OISIUE‘ i ‘yO

N

, ( Po b2
vy 52,0 x 587 \:\1—'-7-]:7; 7] - 587
Work of fluid in the engine driving the supercharger. - The
work of the fluid in the engine driving the supercharger wos com-
puted by dividing the energy required for adiabatic compression by
the adiabatic efficiency of the compressor and the cycle efficiency
of the compressor driving engine:

w, = Y RT; (ho 2{6 ) (1)
Sl (nad/(n ycle)

The value of T is equal to

w256 0 19 m,
T% (u) = 1419

Ty

i

7

nad

i

90.0R¢ ‘
W, = 262,000 \bc'&f -l) (12

Maximum heat supplied in explosion. - It was assumed that the

comtustion in an er¥plosien jet-propulsion engine would be similsr

o combustion in an internal-combustion engine using spark ignition
nd that the maximum heat sdded to a- pound of mixture in uﬂr sparhn
ignition engine would likewise be the maximum added in s
propulsion engine. Indicator-card analvsis in reference showed
that the maximum healt was delivered te the charge with a fuel-air
ratio of 0,002, Analysic o“ the indicator card for ihis fuel-air ratic
showed that 750 Btu were added per pound.

,—o-

Final equation for efficiency of jet-~
From equation (1)

Tl
: Islwg”o Y0
'f‘ = = >

%2,2(778h + supercharger work)
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Substituting the proper values from equations (9) and (12) gives:
1 .
g, 71"
966(Po/b : ) Z 2010, 700 b,
= — o) 1:7
768n + 262,000(17“-2“’5 )
!
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|
i
i
|
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APPENDIX C

CALCULATIONS FOR CONSTANT-PRESSURE JET-FROPULSION ENGINE

The efficiency of the constant-pressure jet-propulsion engine
is given by the equation

. T

Wh

Total work available in adiabatic expansion, - The total work
w, available in adiabatic expansion is given by the usual equation

for the work of an air wotor: -
Ya=1
o= S
At

—~
[

L

—

i p
W, = ~Il* HTa (1 - _ﬁ)
-1 P3

Work abstracted by turbine, — The work abstracted by the itur—
bine is given by the equation:

= !
P2) MMt |
N7 - )
Propulsive efficiency. = The propulsive efficiency w
by the use of equalicn (14) of reference 7, which is:

=
il
=
o
|
_’-—4
=3
AL
o
T '1;(
G552
<
=
1
S
r._l
N
N
et
(@AY
SR

" P
& f
1441+ e ~K

Ip

Peat added during combustion. — The heat added dw
tion was computed by the following equationi

g combus-—

h's T8 as{(Ts < T2} (17)

The temperature Tp is computed by adding to the ambiznt
atmospheric temperature (assumed to be 560 F absolute) the adia-
batic temperature, rise to stagnation before the intake to the com=—

pressor and the temperature rise through the compressor,
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(a) A Jet-propulsion engine using constant-pressure combustion.
|
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(b) A simple explosion Jet-propulsion engine.
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(c) A supercharged explosion jet-propulsion engine.

A Combustion chamber F Spark plug

B Air intake G Intake valve

i C Compressor H Bxhaust valve
D Turbine I Motor for driving
E Nozzle supercharger

13

Figure 1. - Schematic diagrams of jet-propulsion engines using
constant-pressure and constant-volume combustion.
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Figure 3.- Effect of heat input and pressure ratio of the compressor
on the combined efficiency of an explosion jet-propulsion engine.
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Figure 5.- Comparison of the thrust power obtainable from a

given compressor in jet-propulsion cycles using constant-
pressure and constant-volume combustion.
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Figure 6.- Relation of useful thrust power of an explosion jet-
propulsion engine to the power required to drive its compressor.
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vessel periodically discharging from high pressure.
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