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-l . The Flow of Gas under High Initial Pressures, Part I

By C. Cranz and Br. Glatzal

(Translated from innalen der Physik, Vol. 43, p. 1186, 1914, by N. U. Mayall)

Introduction

The phenomena of the flow of gases from nozzles have been the objéct
of many experimental and theoretical investigations; especial mention {s mede
here ¢f the work of E, and L. Mach, Emden, Prandl, Mazin, Meyer, Steicheﬁ."ln
‘the case of all these works, it was always a question of the flow proceés being
fixcd for the case of a large reservoir gradually discharged, so that atten-
tion was given the possibility that, within the time of observation, the prese
sure in the reservoir did not change. Accordingly, P:andl and his students
always based their computafions ﬁnAthe assumption that all flow lines come from

i a space iﬁ which & constant pressure prevailed; and in wbhich the velocity of
the <¢otal mass of gas is not eaaéntially different from zeros Hence there
resulted very'good agreement between theory and experiment, HNaturally the ex-
perimeAtal tests of the deduced laws could extend only to relatively low pres-
sures of several atmospheres if the assumptions made should hold; since other-
wise the reservoir would have assumed too large dlmeﬁaiona. On the other hand,
it appears‘to us worthwhiie to investigate the phqpomena of the flow of gases
under extremely-high pressures, of more than 100 atmosplieres,

The apparatus would be relatively simple if a gun were used, for in
this case the gases flow out under high pressure a“ter the bullet. There was
also the possibility of bringing into the ’1eld of the 11vestigatibnl, at the
same time, several problems hitherto of a bellistic nature.‘ The relatively ‘

'aimpla expsrimental apparatul bad the detect howevor, that it did not'ponmif"

e

tho ronmuletion or cloar conditionl ror a theoretical tr.atment of the queation,

80 thet we were compolled to 1nveatigato, tirat 1n a purely experimental way, ,:"’
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’ ; the process concerned, and frequentli to give up thess questions to numerical
e approximations.
o . : Experimental Apparatns
5 _ A gun of 8 mm. caliber and its emmunition with smgkeless powder was

used, In general it was diecharged with normal loéding. Experimenta with
weaker 1oadihg and correepondingly’lower pressures gave no Qigniticant differ-
ence in the behavior of the phenomena, Since this proceaé took place in very
short time intervals, it could be photographically recorded only.byvtho use

of spark photogra hy. .Furthermore, since the flow phenomena become evident
principally through density changes, spark photography must be cqmblned with

schlieren methods, as had already become apparent in several of the above-men

L vy /

tioned esrlier works. Two methods were availeble for this method, the Toepler

j
L.
;

schlieren method and socalled shadow procedure of Dvorak and Bodys. The
latter method is one Which, without eny kind of an intermediate lens aystem,
traces out a silhouette of the process on & screen brought quite close behind

the ofifice.' Hence it is advantageous to use the smallest possidle point

source of light at a large distance. There is a most favorsble distance for
th; photographic plate which is best found by trial.l) The air strata that
are produced act like le..ess, which briefly refract the light, so that dbehind
an optically thick sbot the air pro&ucee a dark shadow, while the surroundings

are more or less bright. ‘herefore, in the photographs an outically thick

1) In general we had 90 c¢cm. for the distance c¢f the plate from the
light source, and 10 cm. from the orifice, As a light source, we used a spark
between magngsium electrodes, and, of course, the spark gap was sc placed that
the path of the spark was in the direction of a plumb=1line from the spark gap

to the plate, in order to attain a point-like action. IIf spark gaps are used
in which the path of the spark is vertical to the line joining the spark gap
end plate, then it is of great importance to see thet the light glow, which ale
e » vways forms at the electrodes and is relatively slow, be coverea up by suitable
{»4 diaphraims, 1If tais is not done, then it is essy to obtain somewhat 1nd!at1net
\ - . pictures. In the case of the first-mentioned apparatua used by ua, thia error
' did not enter aeriouslj in the phenomenon.. i 53 ~
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place 1s rendered by a dark shadow, an opticslly thin one by a light shadow,
From the behavior of the shadowing, the behavior of the dencity variation can

in turn be d8duced. If the term "Shadow method", which is established in the

iiterature, is perhaps not quite correct, then the picthres takén_muat bs op=
tically similar '1th.high approximation to the actual ones, - But sinéo contrary
views have been expressed whether Dvorak's method is really valid, we heve made
a large number of photogfaphe by the Toepler schlieren method undef the same
experiméntal conditions, but we have not been able to establish any significant
differences, To be sure, the Tospler schlieren method is eonﬁiderably rore sen=
sitive than Dvorak's, although this was found to be a disadvantage in the pree
sent caée, pince the many irregularities only make precise measurements more

difficult. 'the photographs by Toepler's method are, however, more beautiful

to the eye. Figs. 1 and 2 (seec Plates XI and XII), which were taken undér the
same conditions, illustrate this better than longer explanations. Finally,
the electrical apparatus of the experiment, Fig. 3, and the method used by us

to trigger the illuminating spark, mnjbe given in a few wdrda. F is the iilu- ,

minating spark gap, G the gun, and P the photographic plate. rl 15 connected

i in éoriea to one of two terminals Fz at the ehd of a batfery of four Leyden

E jars, which ere charged by an influence machine, The terminels Fa can be plaéed
at any distance from tie gun, -&and can be short circuited by the bullet. For

larger distences from the muzzle, more than 200 em,, two wooden “rames spanned

with tinfoil are used, which were somewhat smaller then the.bullet. For the
smaller distances, atAihich the frame would be thrown ebout by the powder gas
emerging from the muzzle in front of the bullet, that is to say, the tinféil
pieces would be torn, we used E. Mach's technique of crossed copper wif;. on
the ends of_which wero:pushqd small glasa_tubea, which-;ere shattered by the

bullot.l’ The condenser c wa'charged up bj'thehinrluepce'machiné to_uuch a

. 1) Iho method used perhapl first by E and L. Maeh, shootlng between- tuo
“parellel bare copper wires (Bericht der 7iiner akademie, Abt. Za, vol. 98, pe 1u10,
'1889), was prohibited in our case, since.the hot powder~gases could’ easily cause s

',_‘-.h_,-—._b-_f -

;;;..-‘ : the di«chrrgo between tHe bare wiren too early. with ‘respect- to. closer details COB°.:;“E
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potential that the tenninals F Just prevented the sperk discharge, and hence
& discherge through the illuminating spark Pl occurred only with the pasaago
of the dbullet at Fz. Since the 1n11;al velocity of the bullet is known (v = 890
m./sec.), then by changing the distance of Fg from the muzzle, the 1n£fant for
the photographic exposure may be veried or fized in a very sinple way, TFrom
the successive photogrephs, u picture seguence may be collected in é manner 8si-

milar to thet earlier carried out by one of us. It.is, of <course, possible to

use motlon picture photographs instead, although »e have temporarily abandoned

o~

this method since the pictureé are relatively narrow, snd we sre alrecdy near
the limit of observing phenomera at greater distances from the muzzle. Besides, .

it 1svalso apparent thnt the deviations of di{ffernat shots lie.entifely within

I nabiiowiolintoli s A o

the 11-its of measuring errors,

Two edjacent spark zaps and two objectives will be considered later

@

in the case of stereopscope bullet photographs taken by the Toepler achlieren

method.

l. Descrintion of the Flow Phenomena of Powder Gases from Gunshots,
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In order to explain the origin of the flow pattern, as it is repre=-

sented in Fig. 2 (Plate XI), it is first necessary to obtain the velocity dise-

R,
il

tribution of the streaming gas particles within the pattern. Since the motion

: of the individual ges particles cannot -be made directly visible in the cace of -

sk

normal shots, nor by means of tire schlieren method, there remsins only the pose

sibility of measuring the velocity by indirect means. %¥e therefore proceed in

RITET

the following maenner: A fine steel point is placed in a vertical plane through

the bore-exis und in the flow pattern, in such a wéy that its point is located

< e

at the place at which the velocity is to be measured, and its direction approxze

imutely in agreement with that of tne flow limes. OSince it was esteablished by

.
AL e

several - experimeuta that these in general emsnated from the center of the muzzlo,
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15.: . the above condition was satisfied without ditriculty. Now if tho geses tlo'
3 1 :
: ii‘ ) againlt the tine poxnt then at this vlace there ‘are- formed Mach "head-wavoa"
: f?f" - 'hlch parﬂit the velooity of tho ges particles in. the vicinity 6f ths point to .
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be determined from the velocity of_aound present'there, according to the law
ein&/2 = ¢/v, where & is the angle of the Mach wave, ¢ the velocity of sound,
and v the velocity of the gas purticles. The origin of fhe Mach wave is ex=-
plained by means of Figg. 4 and 5. The bullet point is able to run through
the series of points 1, 2, end 3, with a velocity v, From each of these points,
and hence from all intermediute ones.'sdund waves go out with the velocity e,
which, if the bullet has arrived at point 3, have reached the positions shown
in Fig. 4. vTho envelope of those individual elementary waves ia the Mach wave,
by which meuns there results ths above relation for the ratio of ¢ and v. This
origin of the wave from the individusal elementaLy waves is especially well
shown in Fi:, § (Plate XI). It is now conpletely immateriel for the behavior
of 8 weve whether it is assumed thut the bullet point is moving in-atationary
air, of whether the moving air fliows against a point. The greater is the flow
velocity, the smaller is the angle. If the velocity decreases to the vslocity
of sound, then A attains & value of 180°, 1In this experlmené, of course, only
those velocifiea wére measured vhich were greater thun the velocity of sound,
which was the case, for example, within our flow pattern nearly out to the come
pression lines. The method gives, in addition to the velocity, the inclination
of the flow lines which at the time go through the point of the prohbe about |
the bore-axis, so that 1t>waa possible to esgublish not only the velocity dis-
triovution within the flow pattern, but also the charactér of the flow lines
themselves. The accuracy with which the various flow lines converge toward
the muzzle is quite gooc (see Fig. 8), so that we may consider our method of
measurement perhaps as quite accurate. Also other velocity measures, which
will be furthar.explained below, likewise show a high degree of accuracy; For
the practical anplication of the method it is of great ;mpor*ance to give to
the voint quite a definite thicknoss. _lf the point 13 too fine, only very
faint waves are ob0a1ned, or none at all ‘in the case of .low velocitlbl,,ihilb°

'ith too broad a peint, the formation 0" the w'veu likewise may be affected

~_too mnch, 80 that in this latter caaa 1t must be conaidered that disturbancea s :
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in the behuvior of the rlowblinea cﬁn be produced by the presence'or the
probes The necess:ry finenesa of the point cun best be established by experi-
ment. Finally, 1t may he mentioned thnt, considering the symmetrical form of
the flow pattern, it was only necessary to investigate one half cof it with

the probe. It was inserted as close as possible to the bore-ax!s, such that

the bullet still could pass freely over the probe, Fig. 6 shows a photograph
in which the probe is loceted in the middle part of the flow pattern, and ‘1&.
7 one from which there resulizd a measurement closest to the compression wave,
where the velocity is considerable less than:in the middle. Accordingly, the.
angle o of the wave at the péint of.the p:oba 18 considerably smaller in Fig.
6 than in Fig. 7. Since the wave is formed not bnly at the point, but also

it its farther sufroundinga (see Fig. 6), then from the curvature of the wave
it may also be underétood that the velocity of the gas particles decreases with

greater distance from the muzzle. For the measurements, however, only the

straight part of the wave in the immedizte neighborhood of the point was uti-
lized. The diagrum of Fig. 8 illustrates, on the besis of the results of mea-
surementl), in its upper part, tho_numericél values found, as well ca the variae

tion of the velocity along a typicel flow line A. The flow velccities zre -

given in numerical values calculated on the basis of the velocity of sound
v = 334 m./sec. In reality this value should be different, since it wouléd be
considarably.changed by the pressure prevailing within the flow pattern, as
well as bX.the higher temperature of fho gas. For clarity, however, the ges
velocities are given in absolute nubers. We intend to give the size of fbo
necessary corrections s soon as we are sble to obtain closer estimates of the

temperutures and pressure relations within the flow pattern. The diagram showl,
firat, that the ve‘ocity of the gas particles incresases from the muzzle out to

ubout the middle or the flow patternga, and then rapidly deoreasaa; second, that

~ 1) the points of measurement were established by meuns of a model ot tha
flow pattern in apaco fastened to the muzzle of the gun. ' :

2) 1a tho moat 1mmediate neighborhood of tae muzz;e, where for prac‘ical

reasons no measurea can be carried out, conaiderabl’ smallar velocitiea muat be -
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the flow lines rediute as diverging streight lines ‘rom the buzzle. These late
. ter facts we can confirm by a photograph, reproducedvin Fig. 9, in which'we have
imede the flow linee'directly visible., This was accomplished by removing the .
bullet from the cartridge and by replacing it with a wed in order to retain the
powder in the shell. Then if this cartridge were msed for 1gn£tion, the burning
of the powder was not ali complete as & consequence of the essentielly lower
pressure, and a large number of unburned powder perticles flowed opt of the muz-
zle, muking the flow lieea recognizable,.

' The peobe method may elso be used to demonstrate the pressure differ-
ence in the flow  pattern in ocontrast with the surrounding air, If the probe
is brought very close to one of the compression lines at the side, then the
waves originating at the‘ﬁoint 0f the probe are formed not only within the'com-
pression line but also outside it, the waves being broken in the manner shown
in Fig. 10, Measurement of the interior wave-angle o« and the exterior ang;oat'
- gives the ratio of the velocities of propagation of the gas perticles ;lthin

(v) and without (v') the flow pattern: .

sin &/2 _ ¥*
sindf2 v

This ratio of the velocities ef propegation probably effera the eoeeibility of
obtaining.the preseere'within the flow pattern, which in turn would permit en
inference of the gas pressure et the muzzle. We intend to treat these questions
in a specisl paper, . For the production of the flow pasttern, whose investigation
is of the nost importaece to us in the present work, it is important, since it

agrees with the rest of the results, that the preesere difference at the compres-

sion lines is quite large, and that these lines should reprssent s really sharp

-

boundar;y of the flow pnattern.

We cen now proceed to explain in deteil the origin of the flow nattern

as it is echematicﬂlly represented in Pig. 11.'

When the body of the bullet juet leaves the muz*le (Fig. 12), gasae :L'.

’compressed to. ebout 300 etmosﬁheree are mecranicelly necessary to take the path
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indicated by the arrows, because of the resistance which the bullet offers to
them. Wo yill designate a velocity vertical to the longitudinal bore-axis as
tho‘transverae or cross velocity, &nd one in the direction MiP of the bore-

axia (Fig. 11) as the longitudinal velocity. as soon as the bullet is away

from the muzzie, the ges particles flow frecly into thé sir. Since the gas pres-
sure.thereupon falls, end at first little energy has been lost by friction etec.,
then the velocity of the gas particles increuases until, as a conssquence of the
energy loss becoming stronger partly because of friction on the surrounding

air particles and partly because of doing work of compression, it gradually de-
creases., This work of compression, which requires the greater part of the en=

ergy, is used up if the rlowing powder gases compress the air in front of them,

‘This occurs until the gas pressure produced by the existing elastic air compres-

sion prevents a further ecceleration of the air particles. The air is there~
fore demmed ﬁp at the place CPCy (the so-called Stodola compression-shock), and
this dam or piling-up lies farther from the muzzle in the case of hlgh pressure
than for low pressure. As a result of this the dam always moves back towards
the muzzle with gradually decreasing pressure, and finally apparently disape
pears in it. The migration veiocity of the dam 1is thereforo a direct measure
of the pressure variation in the muzzle, The series of photogranhs of Fig. 13
shows this phenomenon for the time interval during which the bullet had moved
from the muzzle out a distance of 3 m. The numbers indicated in the individusl
pictures denote fhe distance of the trigpgering spark rz_(Fig. Si from the muze
zle in deci meters. In all of the photographs it may also be noticed that the

image of the compression line is shadowed dark toward the muzzlo, end bright

away from it. Accordingly, the denaity or congestion of air is greuter on the

© side qf the compression line facing the muzzle. The increa.e in pressure li

steéper here, end outside gradualiy decreases.v It is perhaps useful to draw an

‘analogy for the explanation of the compreauion line crcl, which is obaerved 1n

'the case ot flowing 'aterll

1) Our attention was hrought to thia analogy by Baurat Beyerhau.

(Versuchhustalt fur Schiffs und Tiasserbau. ‘in Cherlottenburel. -
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At a watergate AC (Fig. 143,-‘), the water sbove stands at the height hy,
ard below at hé. The sluice gats is pulled up so far that water from the cpening
BC (Fig. 14b) flows out. If no friction were present, then the weter in the region
BCDE would flow farther undernenth the stationary water GBDF. In fect, however,
friction exists between the flowing wa%er end f$he stationary wuter. A8 8 conseguence
stationary water above BD is dregged along by tie flowing water below BD, and the
result is that the water-level is lowered some distance from G, 80 that a piling-ﬁp
1s seen at M. The smaller is thg pressure-head difference hlvhz, the smaller is the
exit velocity of the wuter from the opén;ng BC, the farther back toward BC 1; this
congestion M, and conversely. Also, the steepest slope lies tpvard the exit opening.

A compression line anélogoui in our éasetis the line CC; (Fig. 11), the
wavg crest of a ;elative pressure maximum that originates by the impact of the
powder gas coming ffom the.gun againét the opposing relativelylatationary outside
eir. This plate-shaped wave crest therefore is produced by the rapid 1nqrenao of the
compressed outside air togotger with the powdér gases; depending on whether this
plate is or is not sharply projected in the pﬁofographic expoaurés, ig is-seen as
a rlaf ellipse or sﬁraight line,

Since the gases within:the angle nccl (Fig: 11) flow essentially '1fh
only longitudinal velbcify, the line Ccl is approximately vertical to the bore-exis, -

We now consider those gas particles whose flow lines lie outside the angle
MCC.e In the case of these, an apprecia‘ly larger trensverse velocity component is
present than in the case of the barticlea woving in the close vicinity of the boree
axis. This component is independent in magnitude of the.inclination of the flow lines,
es well as of the absolute value.or the flow velecity. The inclination of the flow
lines, which lie in the regions WAB and HAlﬂl (Pig. 11), however, is greater,
and consequently the tfansverae velocity component is alao'relatively large, although
the orbital vélogity of the gas particles themgeiqu is amailer at firnt. Behind the

middle of the flow pattern there exists so rapid an 1ncfeasc of the flor;velooltyl)

1) A measure for the size of the tranaverse velocity comes from the raet

" that the blast of strong air-flow from a bomb with about 10 to 18 atm. acroaa tho

P

flow fom is 3 able to exert no sppreciahle
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(see Fig. 8), that this reduction of the transverse velocity component, because of the

lower inclination of the flow lines, not only balances but even requires an increase
of the transverse velocity component. As a result, the transverse deviation which
the air particles experience is likewise increased toward the center. This transe
verse deviation reaches its maximum about at B (Fig. 11), and then quite rapidly
decreases because of the action of the compresqion crcl. The behavior of this trans=
verse deviation results in the forﬁation of curved compression lines in the same way
as in the cas2 of CPOl. Also, these linecs are wave crests, that is, geometrical pos-

itions of relative pressure maxims, origineting- through the compression of the oute

side air by the expelled powder gases, Since it is a question here of relative max-

ima, there is nothing to prefent the occurring of additional vave.cresta simultan-

eously in succession or into each othef (see Fig. 21). It may.be seen, therofore

that, in the case of the flowing out of the powder gas, the outside air because of

its inertia and elasticity plays a role similar to a piece of rubber tubing, which

is fixed tc the end of a pipe, and squeezed out at thé other, as an elastic elonga-

tion of greater cross-section, At the places at which the side compressions ABG

and AlBlc1 and the transversg compression CPc1 occur, the transverse velccity is

relatively small. As a result, the compression here is not so great, as may also

be seen from the léaser darkening of the compression lines in Fig. 2. The flow lines

thus go through these compression pleces with considerably highef velocity, and then

produce the appendages CD and clbl, which, therefore, likewise represeﬁtrcompressiona.
In the case of all these considerations, the conceuntions "Flow Lines”™ and

"Compression Lines™ must be carefully distinguished. The flow lines go through the

compression lines, in exactly the same wpy as in the case of the water flow. The

two quantities correspond in a certain sénse with the conceptions of current and

"voltage in olectricity. " The measuring or the visibility of the compreaaion lines

B

reaulta from schlieren observations, that of the flov lines from the above-deacribod

probe-mathad with the aid of Mach waves. Nothing, of course, preventa the ‘appeare -

ence o’ theao compraasion waves in the midst of -] turhulent motion, for examolo, 1n

a mztturs o’ air and turbulsnt powder gas liPo that produced 1n the case of a shogi

—p——
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.A rhotograph that ehows the compression lines es well as the flow lines, with the
latter aga;n made visible by unburned powder flekes, in the sume way as before withe
S out shooting & bullet, is reproduced in Fig. 15. Furthermore, the elasticity of fho
surrounding eir appreciebly influences the pesition of the compressicn lines, as
i{s shown by aa experiment in rhich a wooden wall is placed Selow the bore-axis and
quite near to the place whére th; compression C?él exisis. The resistancé that this
wall produces, gives the result that the part of the comprsssion line CPCy lying in
front of it toward the mu;zle is bent there, as is shown in Fig. 18, ‘

The formation of the flow pattern described above can also be obdained
similarly to'that,ot the Mach waves by means of a reversal of the experimental cone
ditions. In the case of the previous apparatus, the gases flow out from the sta-
tionary gun muzzle. If the muzzle is now moved very rapidly against the atatlonary
eir, then the seme flow pattern must be obtéined., In fact, this is aleo the cass
;f a hollow bulletl, is uéad, aﬁd this photograpued in free tlightzy. Fige. 17 ashows

thet one of the eailier, similar compression patterns is formed behind the bullet, -

Besides the provio@;y-illustratod processes outside of the muzzle there
occur peculiar contraction aud broadening phenomerna of the discharge itself, which

will be briefly conaidered, although they were, in fact, in Fig. 13, which represents

the form of the flow process at different times, While the shadow image of the dise

charge is sharply limited in the case of a photograrh without a bullet, picturellcéf

H . Fig. 13 shows a strong bulging-out which is brought ahout by the ocut-flowing gases,
} the density of these gases is so great that their shadow on the photographs cennot

be distinguished from that of the surrounding air. %This bulging, which is indicae

ted only very faintly in the beginning, increases to a maximum. There is gradually

fprmed in the center a contrzction, (beginning in picture 2), which in turn increases

for a time and attzins its maximum value about in picture 3. Later, & dark point

Vis formed in the middle of this contraction (pictures 5 and 6). until finally, at

1) after preparation of thil paper, we. 1earned of a eimilar photograph
hat Eyde in Forta america haa vaken (Ordnanco Pamphlet. Havy Dept.,. 1913).

: : 2) A mothod for tho triggering of tho apark wan uaed here whlch has been
publ‘shed by one of us 1n "Schusa und Waffe', VOI.. »< Do 400, 1913. '
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later instants when the pressure has decreased to amell valucs, the discharge agein
appears to be outlined exactly as it was before the shot was Tiredes In the beginning
of this work, in the discussion of the use of schlieren methods, it was shown that,
with the photographic methods used, every darkeuing in the schlieren image correspon=
ded to an air compression, and every brightening to an air expansion, ‘herefore, we
have on our photographs, soon after the bullet has left the barrel, a strong com=
pression of the expelled gae particles, which at first increases and then some time
later is transformed into an air expansion, lience there occurs a negative pressure
in the discherge whose presence has already been established experimentally by one
of us, If down feathers or toy (coarse and broken pert'of flax, hemp] or jute ready .

for spinning) are piled up in the first part of the bullet path all the way up to

~ the muzzle, and the shot is fired, then the light, moving pile.ie seen to progress

back toward the muzzle, After the shot, the muzzle is covered and individual down
feather particles or tow threads are drawn into the muzzle, With this result, the
sequence of ueneity variations oﬁeerued by us in the diecharge, now are entirelj
harmonized. uiso, stereoscopie photographs of the flow pattern, whichvwe have made
by using two spurk gaps placed together; likewise reveal the exietence of a ra:etec-
tion in the discharge. There stereoscopic pictures in addition show the compression
pattern as an approximately oval surfsce, and transparent as glass, In the inside,
the air striae present there appear tc be freely suspended, sc-that an extremely
delicate and bcautiful form is seen, A similer flow rigure has becn obteined by

Gﬁnther_and Kulp with foreground illumination and stereosconic photographse

We now come to the results of measurement of the pressure variation in the
outflowing gases. As already pointed out above, the migration velocity‘ot the prin- .
cipal compression line perpendiculer to the bore-axis is a measure of the course ot.

the preeeure veriation in the discharge, It is, however, not possible to calculate

~ the absolute preseure from the dietance to the compression line without further

'dcte. !er Io' proaeures and continuoue tlow of gaaee, 1n the case of which there

.

;‘occure, beceuee of elanticity, a wave structure ln the eurrounding air of euch a
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nature that the compression lines are repeated several times within the strceam, a
formula has been advanced by Emden end £hen by Prandl which permits the calculation
from the wave length———the distance between two successive compression linea or of
the first one from the muzzle--wof the pressur- yroduéed in the exit noizlo, in
good agreement with'tue results of meésurement;vhoiover, as was mentioned in the
beginning, the bssic underiying assumptions of the calculation in the case of our_
experimental arrangement are so little fulfilled that there is not much use to apply
the formuls in the_present case.- We huve, therefore, limited ourselves for the pre-
sent to the determinetion of only the relstive run of the preésuré éhangé, ﬁeaﬁured
for the time being by the distance of the compression line from the muzzle, The re-
sulé of the measures 1is grgphically represented in Fig, 18, for a shot with S-bule
let and normal loading in Curve l. It is seen from this that the distance of the
compression line in front of the mugzlo,-and therefore the pressure in the muzzle,
or, more exactly expressed, she ratio of‘the gas pressure in the tube in front of
the muzzle to the gas pressaure outside the muzzle, at firat increeses and then de-
creases relatively rapidly.

Associated with this phenomenon is thg question of under which circume
stances the velocity of the bullet a®ter leaving fhe muzzle is still further accele
erated a distan;e by the pressure of the outflowing powder gases. Tor cannon, C.
Crehore and O. Sqﬁier,‘fdr guns W, Wolf, M. Rodakovie, end especially recently M,
Okochi, have concerned themselves with this quéut;on. We intend to return to this
in Part 2 of the vorkl)o

Earlier velocity measurements by the probe method lead to the same restlt:

that the pressure ratio, and hence the ratio of the Tlow velocity to the velocity
of sound, at firﬁt increases and then decreases; in this case, the experiment ial
carried out in such a way thaet the probe wus placed at a fixed distance from the
nuzzle, and AF difforént timo 1ntefvala arter the shot the 1nstant6peoud veloecity
vashobtgined from.thguMAchzygvgﬁ‘th@;_fbtseq. .Curve'z in ?Lg..la sb6w§ thefrun

'°frt554'91°°1tfi*8rfat10#6-,The:vploéity.ié'ai‘firat'small-—-the'cufvchtheu extrae -
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of the flow pgttsrn. In thia 'ay crossed wavea originate within tho principal rlo'

‘- Page 14 -

polhted runs to the point of the ordinate axis which corresponds to the velceity of

sound, 324 n./bec.-—»then increases and later graduslly decreascs., ‘To the small inie
tiel velocity, in the case of initislly constant energy, there corresponds a high
pressure which then hecreéses-with increasing velocity, snd finaliy, if a further
consumption of energy occurs, diminishes still more., If a Maxim silencer 1s now
rlaced on the muzzle of the gun‘(Curve 3), then the velocity of the powder gases in
the spiral turns of the silencer is appreciably reduced, and at the scme time a con=-
siderable part of the energy of the ﬁowder casas ia consuﬁed. !ﬁe result of this is
that tha pressures occurring at the muzzle of the silencer are much less thun in the
case‘of.shots without the silencer. ¥rom tiils it is also evident that the pressure
variation is not nearly so shern s in quve 1. As a consequence the surrounding
air gets no sharp b}ow as in the case of shots wiphout & silencer, which is the
prineipal cause for the reduction of sound by the Maxim silencer. Cuyve 4 finally

was obtained with dccreased loading of 2 giams (zompered with 3.2 grams in the nore-

‘mal cartridge), and shows a run similar to the other curves,

Along with these experiments with the silencer, we heve mado several others
with tubg attachments of'greater.d&ameter thanvthe bore, shich, however, are not
yet completed. Nevertheless, severul results heve been obtained.thatraoem to us
worth mentioniug.. The waves -cross inside the tube, as Prandl and his students ale
resdy have observed, snd have used for purposes of measurement. furthermore, the pow-
der éanea flowing out strike against the sharply cut-off edge of the attached tude
and produce Mach waves thenms, which,'as indicated in the schematic Fig. 19, can re-
sult in infersecting cdmpression:lines in the interior of the flow pattern, similar
to those monfionéd sarlier. '‘hese uaéh waves at the edge of the attached tube are
especially pdlain in the schlieren photograph of Fig. 20. These compression lines are
s0 pronounced--—-a fact which depends pﬂrticularlf on the length and diameter of the

attached tube=—=that they run far into the 9r;ncipa1 flow pettern &nd there étriko

. against the outside compression lihela Since'ih theée'therdtsido air is strongli

comprossed they auffor a roflection here, and theu run back agaln to the lnsido ;
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pattern, which can be repeated, under these circumstépea, many times vitiin the
gas stream, If the length of the attached tube is changed, or if"the shot 1s ob=
served at different times, then since the angle of incidence of the flow lines to the
edge of the attached tube is thereby changed, the crossed waves proceed from the
muzzle with ditfereﬁt angles, occaaionail} with such angles that a crossing no lon-
ger occurs, as is the case, for example, in fig; 21, These crossed waves déscribed
here also can cccur with automatic guns, in which the barrel slips back'in the bar-
rel-casing after the shot. ;n this case the extended barrel-casing plays the role
of the attached tube. Crossed waves of this kind in the flow pattern have previously -
been observed in this connection, withouf, héwever, theicause of them being explainsd.
While the preceding results concerning the outflow of powder éasaa refer
for the most part'to relatively late time intervels at which the bullet nas alresdy
left the barrel, we shail sonsider in Part II of.thla wark chiefly the phgnomenh
which pertain to the outflow of those gases which leave the barrel before the bule
let. 8ince thése iﬁvaotigationl, however, are more of a ballistic nature, and also
'fequiro special new arrangements for tfiggering the spark, we have separated thlnh
from the presceding published Part I.
The investigations were carried out in the ballistic. laboratory of the

Military academy at €harlottenburg,.

Berlin-Charlqttenburs, Dec, 1913,
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