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The Flow of Gss under High Initial Pressures. Part I 

By C. Cranz and Br. Glatzel 

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

Introduction 

The phenomena of the flow of gases rrom nozzles have been the object 

of many experimental and theoretical 1i-lvestigftt1ons; especial mention 18 made 

here of the work of E. and L. Mach, Imden, Prandl, Ma7in, Meyer, Steichen. In 

' the case of all these works, it was always a question of the flow proceas ~eing 

fixed for the case of a large reservoir gradually discharged, so that atten-

t10n "as given the possibility that, within the time of obs9rvation, the pres-

aure in the roservoir did ~ change. Accordingly, Prandl and his stUdents 

always based their computations on the assumption that all flow lines come fro. 

a space in which a constant ~ressure prevailed, and in wbich the velocity of 

the total mass of gas is not · essentially different from zero. Hence there 

resulted very good agreement between theory and experiment. Baturally the ex-

perimental tests or the deducdd law8 could extend only to relativAly low pres-

Bures ot several atmospheres if the essumptions made should hold, since other-

wise the reservoir would have assumed too laree dtmenelons. On the other hand, 

it appears to us wortb~hile to investigate 'the phenomena of the flow of 8sse • 
• 

under extremely 'high pressures, of more than 100 atmosphere •• 

The apparatus would be relatively simple if a gun were used~ tor in 

this C8se the gases flow out under high pressure a ~ter the bullet. There .a. 
also the p08sibility or bringing into the~1eld of the i~ve8tigationa, at the 

same time, several problems hitherto or a ballistic nature. '!be relat1"e,l, 

' simple expsrlmental appara,tua , ha!i th.e defect, ho~ever', ' that it d~d riot· permit". 

the , rormulation: ot olear, elond1 tiona tor , " theoretiCal treatment of the question, ', -.- , 

so th~t we "ere c'ompelled to 1nvestigate, firat 1:0., B purely exPer1men~1 ~a1, 
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tbe process concerned, and frequently to give up these questions to numerical 

approx1.metion •• 

Experimental Apparat1\8 

A gun ot 13 mIll. caliber Rnd its ammunition with 81ll@keles,s powder was 

used. In general it was discharged with normal loading. Experiments with 

weaker loading and correspondingly lower pressures gave no significant differ-

ence in the behavior ot' the pbenomena. Since this process took place in ver,y 

short time intervals, it could be photographically recorded only by t he use 

of spark photogra 'lhy. Furthermore, since the flow phenomena become evident 

principally through density changes, spark photography must be combined with 

schlieren methods, 6R had already become apparent in several ~r the 8bov~eu 

tioned e&rlier works. Two methods were available tor this method, the Toepier 

echllerp,n method and socalled shadow procedure ot Dvorak and Batys. The 

latter method is one Which. without any kind ot' an interMediate lene system. 

traces out a silhouette ot' the process on a soreon brought quite close behind' 

the orifice. Hence it i8 a~vantageoue to use the smallest possible poin' 

source of light at a large distance. There ie a mo st t'avor!:l ble distanoe for 

the photographic plate which ls best round by trial.l ) The air strata that 

are produced ac~ 11ke lCH .'!::>tI, which br~tl.y refract the light, so that behind 

an optically thlck spo't the alr produces a dark shadow. whU:. the 8urrounding. 

are more or less bright. 'lllere(ore, ln the photographs en o;)tically thick 

1) In gE'neral we had 90 em. for the distance c·! the plate from the 
light source, and 10 cm. from the or1fl (:e. As 8 l1ght source, Wit used a spark' 
between magn~siua electrodes, and, o! course, the spark gap wa a Be placaltha' 
the path' of t 1e spark waa ln the direct10n or a plumb-line trom the spark gap 
to the plate, 1n order to attain a point-like action. l It spark g8~. are used 
in whlch the path ot' the spark 1e ycrtlcal to the line joIning the spark gap 
s nd plate, t hen it Is o! e~eat Importance to see that t he light glow, which al-

:- ' . 

..... 
' .. ', 

~aye forma at t he electrodes and 1s relatively slow, be covereQ up bl suitable 
d iA phral~s~ If ' t~ i e Is 'not, done, then 1 t 18 ~6Sy to ,obtain , somewhet ' lndht.ino\ , '; 
picture~ . , lntlie, CBse of, the first-mentioned 'apparatus' used ' by u's, : thla error : .": -: ' . 
dld not enter se_riously In , the phenomenon. , ", ' " ' 
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place i8 ~endered by a dark shadow, an optically thin one by a light shadow, 

From the behavior ot the shadowing, the beh~vior or the density var1ation QaD 

In ' ~urn be deduced. It the term "Shadow method", which is established in the 

literature, 1s porhaps not qu1te oorreot, then the pictures taken . must be op-

. " 

tically sb1lar w1 th h1gh approximation to the actual ones • . But since contn17 

views have been expressed whether Dvorak's method is really valid, we have made 

a large number ot photographs by the Toepler sohlieren method und~r the same 

experimental conditions, but we have not been able to establiRh any significant 

differenoes, To be sure, the Tospler schlieren method is ooosiderabip ~ore 8en-

sitive than DvoraK's, although this wes found to be a disadvantage in the pre-

sent case, since the many irregulArIties only ~~ke precise measurements more 

., 
I 

difficult. 'l11e photographs by Toepler's method are, however, more beautitul 

to the eye. Figs. 1 and 2 (see Pletes XI end XII), which were taken und.r the 

same conditions, illustrate this bettAr than longer e~planations. '1nal11. 

the electrical apparatus of the experinient. rig. 3. and the method used b1 ua 

to trigger theillum1nating spark, mn~oe given 1n ·a re~ warda. ~l 18 the illu­

minat1ne spark gap, G the gun, and P the photographic plate. F1 is connected 

in seriee to one ot two terminels 72 at the end ot a battery ot tour Leyden 

Jars, which ere charged by an influence machine. The te~1nela 72 can be pleoe4 

at any dietance from t ile gun, 'and can be ahort circuited by the bullet. For 

larger dletcnces trom the muzzle, more than 200 cm., two wooden ~rameB spann6d 

with tintoil are used, which were soruewhat smalle~ than the bullet. For the 

smaller distanqes, at which the tr6ma would be thrown ebout by tne powder ga. 

emergine from the ml1zzle in front of the lr.lllet, th~t i8 to say. the tin!"11 

p18ce8 would be torn. we used i. Mach·' 8. teChnique of crossed copper "ire, on 

the ends or whi ch were. pushed small glas8 tubes', which were sha.ttered by the 

bullet. l ) The condenser C was ' charged up by the influence machine to such • 

.. 11. llle method used perpaps first by l. and L. Mec:b .. shoot-1ng betwaen ·.two . . '. . 
::parallel bare . copper wires ' (5erlcht der. "'l1(..nol" Aic8dem~e, Abt. ' ~a~ vo," • . 98: p. · l~lO,. ... : ": 
'1889). W8S prohib1t~d :~n oUf cBse, 8i~ce . tJi'e ·.hot .p·owder- ga '~el ' eo~ld ' e~81l1 o.auaa :"':' '.:' .. :; .. 

. the dl.f;che.r~e between . the ' bare wirep. ··too . early. l'11.-th rCdP~ct to . clo ·~er . deta1-ls co~-: . .... .'. 

i 

I 
I 
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potential that the terminals F2 just prevented the sperk dlschorge, and hencW 

a ~18ch8rge through t he illuminat1~ spark '1 occurred only with the passage 

of the bullet at }P2- Since the init61 velf)city ot the bullet is known (v = 890 

m. /sec.). then by changing the. d1stanoe of Fe from the muzzle, the instant for 

the photogrfiph1c exposure may be varied or fixed in a very ·sinple ~ay. lI'rom 

the successive photogrephs. Ii picture se(iUence may be collected in 8 manner si-

mllar to the t ~3rller carried out by one of us. It . ia, of ~ourse, possible to 

use motion picture photographs instead, although \\8 have temporarily abandoned 

this reethod sinet. the pictures are relat1vely narrow, snd we ere Ijlreedy near 

• • < • 

-~ . 

. ... 

the ll~1t of observ1ng phenomena fit ~teater distances from the muzzle. Besides, 

it is also appArent th r: tthe dev1ations of dirfer8:lt fthotG 11.8 .entirely within 

the li ·~. l ts of measuring errors. 

Two adjacent spark gaps And two objectives w11l be con·s1dered later 
.. 

in the case or stereopscope bullet photographs takBn by the Toepler ~chlieren 

method_ , . 
1. Description or th8 . ?low Phenomena ot Powder Gasos from Gunsbota. 

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· velooitl d1s-

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

at tho indiVIdual gas partlcles cannot ·be made directly visible In the ca~e of . 

normal shots, nor by means of tlre schlieren method, there remains onll the pos-

sibilityof Ineaauring the velocity by indirect means. ~e therefore prooeed in 

the following manner: A fine steel p~int is placed in B vertical plane through 

the bore-axis ond in tne flow pattern, in such a w81 that its point 1s located 

at the.place at which the velocity is to be measured, and its direction eppro%-

imate11 1n agreement with that or the flow 11nes. Si~ce it was established by 

aeverale%periments that· .thesc in general emanated· trom the center of the muzzle. 

the ·above condition was "satisfied "'ithoutd1fflculty. How it the geaea flo. 

against the tine ;>oint , .; th('m at this place th('re ·are ·.f'omed Mach "head-wave.-

., . 
" ." 

. . 
which paM1t the vel,Qoity ot the gas part+.cle.s lTl . the Vicinity of th& point ~a _~, _______ ' _. --, 

....-.. ........ --. 
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bo dotonnlnod trom tho voioci ty of sound present there, according to tl~e law 

&1n a: /2 • o/'f, where IT. is the englo ot the Mach wave. c the voloci ty a r sound. 

and v the velooity o! the gas ptirticloa. The origin or the Mach wavo 1s ex-

plainad by means ot Figs. 4 and~. The bullet point is able to run through 

the aeries of polnts 1, 2, and 3, with a velocity v. From each ot these points, 

and hence tram all intelmedi~te ones, ' sound waves go out wit~ tho 'felocity 0, 

which, it the bullet has arrived tit point 3, have reached the positions shown 

in Fig. 4. The envelope of those !~divldu8l elamentaryw8ves 18 the Mach wave, 

by which means there results tho above relation for the ratio of c and 'f. This 

origin of the waVe f'rom the individual elementsJ'y waves 1s especially well 

shown in F1::. 5 (Pl'\te XI). It is now co 'npletely immaterial tor the behav10r 

oJ a waVe Ytbether it is assumed th!Jt the bullet point is moving in stationery 

air, of whether the noving a1r nows against a point. The greater 18 the tlow 

velocity, the smoller is the angle. If the v~10c1ty deoreases to tho v610oit, 

ot sound, then ~ attains a value or 1800
• In this experiulent, of ' course, onl, 

those velocities were measured \thich were greuter thtln the veloe1 ty ot 'sound, 

which was the case, tor example, wi thin our flow pattern ,nearly out to the oo~ 

pression 11nee. The method gives, in addition to the velocity. the inclinatIon 

at the tlo. line8 whioh at the tine go through the r~int ot the probe about 

the bore-azis. so that it was possible to eSPab11&h not only the velocity 418-

tributlon within the tlow pattern, but also the charact.r of the tlow linea 

themselves. The accur6cy w1 th which the various tlow lines CO!lVergft t~war4 

the muzzle 1s qu1te goo~ (see Fig. 8), so that we may conside~ our ~etho4 ot 

measurement perhaps 88 quite accurate. iLlso other velocl~y measures, which 

91111 be furthar explained below. like.",lee aho" a high degree ot accuracy_ }Por 

. ;:"7.- " ... 

", 

the practical a~plicat ion o~ the method it is at great importance tog1v., to 

the point qui to R der1:l1 te thiCk~oss. ,If the po : nt 18 too fine, on17 very " 

taint waYes ere obta~ned, or nolio at ell 'in t.he case of ,low ve,loc1tlea. , vh11_e 

.1 th too broad a p.¢ lnt.. th,e formation 0 ',. , the w:,ves likewi.se may be ,afte~i'e4 

t 'oa much,so , that ,~n ' this 18t~er css'e l't must be considered ' that disturbance., I ' 

., 
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in the behttvior ot the rlOll 11nes· can be produced by the presence of the 

probe. 'The necess!·ry fineness of the point CHa .bORt be established by .experl-

mente Finally .• 1 t may be ment10ned thnt. cons1dering the symmetrical t'orm ot 

the flow !,sttern, it waa only nece3sary to investigato one bAlt of 1 t with 

the probe. It was inserted as close a8 possible to the b~re-8x1s, such that 

the bullet stHl could pass freely over the probe. Fig. 6· shows a photograph 

in which the prbbe 1s 10c~t~1 1n the middle part ot the tlow pattern. and 'ig. 

7 one trom whicil there resuli;e~ a measurement closest to the compression wave, 

where the velocity is considerable less than ·in the middle. Accordingly, the . 

angle OC ot the wave at the point ot the probe is considerably smaller 1n F1g. 

6 than in F1g. 7. Sinc~ the wave 1s formed not only at the point, but al80 

it 1ts rR~the: surroundlnss (seo Fig. 6), then t'rom the curvature ot' the wave 

it may also be understood that the velocity of the gas pArticles decreases with 

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

straight part ot' the wave in the 1~ediHte neighborhood or the point was ut1-

li£;od. The d1agrwn ot' P'ig. e illustrates, on the basis or the results ot' mea­

surementl ), in its u~per part, tbe .numerical Tslucs found, as well ~~ the varia­

tion of the velocity along 8 typical flow line A. The now velooi tie. :are 

given in numericsl values calculated on the basis or the vel~clty ot sound 

V & 334 m./seo. In reality this value should be different, since it would be 

considerabl, changed by the pressure prevailing within the flow pattern, a. 

well as by the higher temperature of the gas. Yor clarity, however, the ga • .. 
veloc1ties are given in absolute nW1bers. We intend to give the sizeot the 

necessary corrections ss soon as we are able to obtain closer 8at1matea ot' the 

temperatures and pressure relations within tho t'low pattern. The diagram show" 

t'irst, that the velocity ot' the gas parti.cles increnses from the muzzle out to 

ubout the ~1ddle ot' the t'low pa~tern~. and then rapidly decreases; second, that 

1) I'i.e p.oints ot' measurement were . established by means or 11 mOdel or the 
flow pattern 1n space fastened to t he rluzZle ot' t he gun • 

. 2)' In the n~c>"st .1inlIled.iote . n:el~borbood. or" ·the· ·I!tuz~l,e~: wher~ for· pra~ .~lcI11 
reasons ·no measures can be 981;r1el1, out~ cons1d~rQbl, .sriuiilar veloc1 ties· mus.t ·be 

rosen t. . . ......;..;.-_ ...... _-_: .... --'-<0_ 
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the flow lines rAdiate as div~reing straiBht lines ~rom the muzzle. These lat-

tar facts we can confirm by a photograph, reproduced in Fig. 9. in whicb we b·.ne 

made the flow lines ' directly visible. This WbS accomplished by removing the 

bullet from the cartridge nnd by replacinR It with a wed 1n order to retain the 

powder In the shell. 'l'hen .1r t rl 1s cartridge were used for ignition, the burning 

of the powder wes not all co~plete as e consequence of the eS8e~tielly lower 

pressure, and e large n'..U'nber ot unburned powder particles flowed out or the muz-

zlo, mHk1ng the flo- linea recogn17~blo. 

The prob~ method mey elso bo used to demonstrate the pressure dlrfer-

ence in the ~low . patte~u in o~ntraat with the surrounding eire It . the probe 

Is brought .very close to on6 of the comprp.ssion lines et the aide. then the 

waves originating at t~e point of the probe are formed not only w1thin the com-· 

preGs10n line but also outside it, the waves being broken In the menner shown 

1n Fig. 10. Measurement of the interior wave-anc:;le c:;( and the exterior engle~' 

gives tho ratio of the velooities or prop~gation or the gus partioles with1n 

(v) and without (v t ) the flow pattern: 

~=.!!. srr;--tI.{i y , 

This ratio of the velooities or propagation probably offers the possIbI11tJ Of 

obtaIning the prensure .withln the flow patte~, which in turn would per.mit an 

inference of the ges pressure at the muzzle. We intend to treat these question. 

in a special paper • . For the production of the flo~ pattern, whos~ investi~8tlon 

is o~ the no~t i~portBnce to us In the present work, it 1s important. since it 

agrees with the rest of the results. that t he pressure dir~erence et the compres-

sion lines is quite large, and that these lines should re~r53ent 8 really sharp 

boundar:,- of the flow pattern. 

We cen now proceed to e~laln in detail the origin of the flow pattern 

as it is sohematic:! lly represented In11g. 11. ' .. 

oompres8ed .to . about 300 ··a·tlDQsphere:s a~e · I!le~b~n1-cBl1.)" n~('es'~ary to take i~e "path . . . .. 

--

.' .. 
.'" 
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indioated by the arrows, because ot the resistance which the bullet otters to 

them. Wo will designate a velocIty vertlcbl to the longitudInal bore-asis a. 

the traD!Sverse or cross velocity. and one .1n the direction MNP ot the bore-

axls (FiE. 11) as the longitudinal velooity. As eoon as the bullet ls awa, 

trom t~e muzzle, the gas particles tlow treoly into the sir. Since the gas prea-

sure . thereupon talls, ~d at first little energy has been lost by triction etc., 

then the velooity ot the gas perticls8 inoreases until, as 'a consequonce of the 

energy 108s becoming stronger partly because 'ot triction on the surroundin~ 

air particles and partly because ot doine work ot compression, it gradually de-

cresses. This work ot compression, which requires the greater port otthe en­

ergy, is used up it the flowing powder gases co~pres8 the air in trotttct them. 

'This occurs until the gBS pressure produced by the existing elastic air compre8-

sion prevents a further acceleration or the air particles. The air i. there-

tore dammed up at the place CPC1 (the so-called Stodola compression-shock),' and 

this dam or piling-up lies farther trom the muzzla in the case ot hlgh presaure 

than for low pressure. As a result of thIs the darn always moves baok toward. 

the muzzle with gradually decreasing pressure. and flnally ftpparentlY ' d18ap-

pears in it. The migration velooity or the dam is therefore a direct moasure 

ot the pressure variation in the muzzle. The series or photogra~h8 ot Fig. 13 

shows this ~henomenon for the time interval during which the bullet hed mo~ed 

from the muz~le out a distance ot 3 m. The numbers indicated in the individual 

pictures denote the dIstance C?t the trim~ering spark '82 (Fig. 3) trom the mu-z­

zle in decimeters. In all or the photographs 1t may also be noticed that the 

-
imaee of the cor.'lpression line 18 shadowed dark toward the muzzle, and bright 

away trom 1t. Accordingly. the density or congestion or air ia gre~ter on the 

8ide of the compression l1ne faCing the muzzle. The increa .. e in pressura 1. 

steeper here, and outside gradually decreases. It is parhaps useful to draw an 

. analogy. for the ex~lantrt1on of the compreo8ion line CPC1 , _Wh1~h 1.8<?b8erv~~ .,in 

, the ~Qse 'or ~i~~1.11g .~ate~t . 
- . 

--

~--------~~~--~----~----~~--~~--~-.! ~---! ~------~------~--~----~----. , ! 1.) OUr ' attention 1I'as brought ~o th1s: ·analo.gy· by. Baurat -~eyerhilU •. ·: · 
.'.: "- (Ver.such~u8ttilt -rur :sch"irr's wid ':las8 '!r15 u.:in. Cho rLott~ b I ~ ." . ..... -

....:=:::::::::::::=:::::===-' .............. - . 
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At a watergate M; (F1g. 14s.-b). the water above stands at .the height hl' 

~.d below at lt2- '!he eluioa gate is pulled up so tar that water from the opening 

Be (Fig. 14b) flows out. It no friction were present, then the wat er 1n the region 

BODE would floll' f Brther undernent h t he sta tionary water GBDF'. In teot, however, 

. - ;: -

. .' ~.: .: 

rrict10n exi~ts be t~een the rlowing ~6~cr end the stationary whter. As 8 consequence 

stationary water above BD 1s dragged alt)!lg by t ,le flowi ng wa t er below Bl>, and the 

r es ult is that the water-level is lowersd 80me distance from G, so that 8 piling-up 

15 seen at M. 'Ihe SIT\aller 18 the pressure-head dH'terBn08 hl-h2 , the smaller is the 

exi t velocity ot the wliter rrom t he 9pening ac. the tar1;her back toward EO 1s thi~ 

oongestion M, and conversely. AlSQ, the s t eepest slope lies toward the exit opening. 
. . 

A compression line analogous in our case is the l1ne 001 (Flg. 11), the 

wave crest ot a relative pressure maximum that originates by the l rl1p8ct ot the ' 

powder gas coming from the gun against the opposing relatively stationary out8id~ 

a1r. This plRte-shaped wave crest t~eretore' is produced by the rapid increAse ot the 

compressed outside air together with the powder gases; depending on whether this 

plate is or 18 not sharply projected in the photographic exposures, it le~! 8eea a. 

a tlat ellipse or streight line. 

Since the ga ses *ithln~ the' angle KOOl ('ig_ 11) tlow essentlally with 
• 

only longltudinal velocity. the line COl i8 approximately vertical to the bore-exie e . 

We now consider those ga8 partlcles whose tlow lines lle outside the angle 

MOOle In the oase at these, an appreciably larger transverse velooity component i. 

present thaD in the ' case o~ the particles Moving in the close vicin1ty ot the bore-

axis. This oomponent 113 independent in magnltude ot the inclination ot the flow line •• 

as well as ot the absolute value of the flo_ velmcity. The inclination ot ·the tlow 

lines. wh!ch lie in the reglon~ MAB and MAl~ (Iig. 11), ·however, is greater, 

end consequently the transverse velocity component is alaoreletively large, although 

the orbital velocity ot the gae particles th~8elv~8 i8 smaller at rlrat~ Behind the 

mlddle of the flow patter~ there ox18ta 80 rap'1d an iriorea.tt or the rio. : velocitY'-' 

1) A mea8ure for t h' si.ze ot the transverse velocl ty. c.omes from the tact 
that t he blast .ot I:l a.troJIC alr-f.low froI:ls bo~b with about ' 10 to l~ atm. ecro88. the ' 
flow fom ·is abl.e to exert no a reeiab1.e . .. , \ IA '" . )" ......... ..., .... - .... ..l- ~ . 

'~----------~---
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(see 'ig. 8), that this reduction of the transverse velocity component, because ot the 

lower inclination of the flow lines, not only balances but even requl.,es an increase 

ot the transverse velocity component. Ae a resulte the transverse deviation which 

the air partIcles experience ia l1kewise increased toward the center. Thie trane-

verse deviat10n reaches 1ts maximum about at B ('ig. 11), and then quite 'rapidly 

decreases because ot the action ot th~ compression CPC1• The behavior ot tnis trane­

verse dev1ation results in the formation ot curved compression lines, in the same way 

as in the Qas~ ot CP01• Also, these llnc8 are WAve creets, that is, geometrical pos­

itions of rel~tive pressure maxims, originating - through the compression ot the out-

side air by the expelled powder gases. Since It 1s a question here ot relatIve max-

1ma, there is nothing ,to prevent the occurring of additional wave crests aimultan-

eously in succession or into each o~her (see Fig. 21). It may be seen, therotore 

that, in the case of the flowing out of the powder g8S, the outside air because ot 

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

{- i. tixed to the end or a pipe, and squeezed out at t he other, as an elastic elonga-

tion ot greeter cross-section. At the places at which the side compressions ABC 

and AlBlC1 and the transverse compression CPOl occur, the transverse velOCity 1. 

relatively small. As a result, the compression ,here is not so great, ae may a1eo 

be aeen ~rom the lesser darkening ot the compression linea in Pig. 2. The ~low linea 

thus go througb t~eBe compression p16ceB with considerably higher velocity, and theu 

produce the appendages CD and C1Dl , which, therefore, 11kewise representcompressione. 

In the case ot all these considerations, the conce~tions ~10. Llnea- and 

"Compression Lines- must be carefully distin~lished. The tlow lines go through the 

compression lines, in exactly the same w~y es in the case ot the water tlow. The 

two quantities correspond in e certein stnse with the conoeptions ot current and 

' voltage in eleotricity. ' The measuring or the visibility ot the compression line. 

l"esults from 8chl1erHn observations, that ot the tlow l.~nee from the above-descrl~ed " , 

probe-me~hvd w1th ' the 814 ot ,MaCh woves."" Noth1~, ot course,~ "prevents the" appear­

encs or these compreBsi.on WAyeS ,in the mtda.t or 8 turbulent motion, tor '"ex8!J1ple," in " 
'. .. . . '. ' 

a in'iiturs of air and turbulent "P9wder, gas 11J~e th8~ produced in the c.ase " or a shot. 
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A ~hotograph that shows the cornpreMsion lines as well as .the flow linen, wlth the 

latter again made visible by unburned powder flekas, In the sume way 8S before with-

out shooting .s bullet, is reproduced in Flg. l~. Furthermore, the 6lasticlt~ or the 

surroundIng alrapprec 1ebly influences the positIon o~ the compression lInes, a. 

Ie shown by a~ experiment in ~hich a wooden wall is pla~ed below the bore-axis nnd 

quIto near to the place whtre th3 compression cpel exists. The r~Ristdn~e that this 

wall produces, gives the result that the part of the cornpr~8s1on line cpel lyi~ 1n 

front of it toward th6 muzzle Is bent there, as is shown In Fig. lee 

nle formation of the flow pattern described above con also be ob~ained 

similarly to that . of the Mach waves by means or a reversal at the experimental con-

ditions. In the case ot the previous apparatus, the gases floW out trom the .sta-

tlonary gun muzzle. If the muzzle is now moved very rapidly against the ~tationarJ 

air, then the same flow pattern must be obt'ined. In fact, thia i8 also the case 

1f a hollow bulletl ) is usad, a~d this photographed in free fllght2t• Flg. 17 ahow. 

that one of the earller, simIlar compression patterns is formed behind the bullet. 

Bes!des the pr8vi~~ly-illustratod processes outside ot the muzzle there 

occur peculiar -c.ontraction s ud broadening phenomena of tha dtscherge 1 tselt, whiob 

will be briefly considered, although they ware, 1n fact, in Fig. 13, which represent. 

the form of the flow process at dLtterent times. ~blle the ~hl:l"ow image ot the d18-

charge 1s sharply limited in the Oa8e of a photograph without a bullet, picturel l odt 

Fig. 13 shows a strong bulging-out which 1s brought about by the out-flowlng gases. 

the density of these gases 1s so great that t heir shadow on the photographs cannot 

be distinguished from that of' the surrounding air. this bulging, which Is In41ca-

tod only yery faintly in the beginning, increases to a. rnaximnm. There ls gradual11 

fD~med in the center a contrect1on, (beginning in picture 2). which in turn increase. 

for a time and attains its maxi~um v61ue about In plcturt: 3. Later, a dark point 

is formed 1n the middle o~ this contraction (plctures 5 and 0), untl1 flnall7. at 

1) Atter prep8rI1Uo'l .of th1a Pflper, we . learned of a e1n1llar photograph. 
thet · Hyde 1n North ~arica ha" ';aken (Ordnance Pamphiet,·· Navy ·Dept.· t . 19l5)._ 

'. .. . . . 2) :. meth~d f~r th~ tr-tege.rlng 'of" the' spark ·~aa u~edh~~e ' whf~{:has" b~en 
pUblish.~d .· b:f on~ or ·us ' ln ."Schuss .und ·Klitte~, ·vol • .. 6, .' p" 400~ 19~3~ ' '. : . ..: .' .. '. 
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leter instants when the pressure has decressed to small values. the dischnrge again 

appears ·to be outlined exactly as it was bef ore the shot w8s , ~ire4. In the beginning 

of this work, in the discussion or tho use or schlieren methods. it was ehown that, 

with the photographic methods used. every darkening in the schlieren image correspon-

ded to an oir compression. and every briPfltening to an air expansion. 1beretore. we 

have on our photographs. soon after tLe bullet hRa left the barrel, a strong com-

pr~ss1on ot the expelled ga8 particles. which at first increa5ea and then soma time 

later 1s tran8form~d into an air expansion. lIenc9 there occurs R negative pressure 

in the diAcharge whose presence has already been established e~periment8l1y by one 

of us. If down feathers or tow (coarse Rnd br oken part of flax. hemp~ or Jute ready . 

fo~ spinning) are piled up in the first part of ' the bullet path all the .way up to 

the muzzle, and the shot is tired, then the light, moving pile Is sean to progress 

back toward the . mu~zle. ~fter the shot, the muzzle is covered and individual down 

feother particles or tow threads are drawn into the muzZle. With this result, the 

sequence of densi ty varia.tions observed by us in t.he discharge, now are entirel7 

harmonized. "lso. stereoscopic photographs of the flow pattern, which we have made 

by using two spurk gaps placed toeether, likewise reveAl the existence of a raretao-

tion in the discharge. There stereoscopic pictures 1n addition show the compres8ion 

pattern as an approxImately ovel surfscp.. snd transparent S8 glass. In the inside, 

the air striae present there appear to be trealy suspended. so ·that anextreme17 

delicate and beautiful form is seen. A similer flow rigure has been obtained b7 

GUnther and Kiilp with foreground 1l1umi:1ation and s·tereosco:)ic photograph •• 

We now come to the re8ults of measurement ot the pressure v~riatioD 1n .the 

outrlowing gSBea. AS already pointed out above; the migration velocity of the prin-

cipal oompression line perpendicular to the bore-axis 18 a measure or the course of 

the pressure variation in the diacha.rge. It is, however, not possible to calculate 

the absolute p~e8sure . rrom the distance. to the co~pre8s~on .line without further 
, ' . 

: . d~t8. 'or 'low pl'p.B8Ures. end continuO·u. ' flO'. o.f gases. in the c'Bse ot wh~ch th~rt" 

. occurs.' , beee~se :of 'elRot'lC1iy, a. wave ·· 'Rtructure 1n the ~~rro.Undi~8 sIr of su,Ch': a 
. - . -, : . . ': . .. 
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nature that the co~pressinn lines are repeated several t~l es within the 8tr~em, a 

formulo has been advanced by Emden and then by Prandl which permita the calculation 

from the wave length---the distance between two successive com,ression l~nes or of 

the first one from the muzzle-of the pressur"l produced in the edt nozzle, in 

good agreement w1 th tue results of J'!lP8SUrement; howover, 8S was ' mentioned in the' 

beginning, the basic anderlylng ass~ptions or the calculation in the caS8 ot our 

experimental arrangement are 80 little fulfilled thnt there is not much use to apply 

the ror~ula in the present CBse. ~e h~vo, therefore, limited ourselves for the pre-

sent to the determination of only the rele tlv~ run of ' the pressure change, measured 

for the time being by the d1stRnce of ~he compression line trom the muzzle, The re-

suIt or the measures 1s gr8ph1~8~ly represented in Fig. 18, for a shot with S-bul-

let and normal loading in Curve 1. It 1e seen fram this that the d1stance of the 

compression 11ne in front of the muzzls:end therefore the pressure in the muzzle, 

or, more exactly expressed, .he retio of the ges prsssure in the tube In front ot 

the muzzle to the gas pres8ur~ outside the muzzle, at tirat increases and then de-

creases relatively rapldl,. 

AssocifJted w1 th this phenomenon is the question of under which circum-

stances the volocity of the bullet a~ter leaving the muzzle 18 stlll rurther eccel-

ereted 8 distance by the pressure of the outflowlng powder gases. ~or cannon. c. 

Crehore and O. Squier. for guns W. Wolf, M. Rodakovio, end especially recently M. 

Okocbi, heTH concerned themselVes with th1s qu8Btion. We intend to return to this 

in Part 2 ot the workl ). 

Earlier velocity measurement a by ,the prob~ method lead to the 8ame result: 

that the pressure ratiO, end hsnce the retio or the flow velocity to the velocity 

'of sound. at first increases and then decreases; 1n this cese, the e~ertment wa. 

carried out in s~cb a way that the probe w~ s pleced at e fixed distance from the 

muzzle, and et different time intervals a~ter the shot tpe ' ~nstanta~eous' veloelt~ 

1'Ies obtained froe the Mach :waves' t hat f'~l'r!led.' Curve 2 in.&!lg. 18 stlows ~he r'Jl1 . ' 

,of tb~ veloe1-ty ' :vari8t1on~ ,, !!'he nlo'cay Is' at first amell---the 'eu~ve 'wh~n extra~ 
" , , . .: ';'. 
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.,oleted runs to the point or the o!'dln l1 te axia which corresponds to the velooity of . 

sound, 334 1I1./B6c.-then inoreases and lat~r gradutllly deoreases. '1'0 the small Ini-

tial veloclty, In th~ ca se of initially constant energy, the~e corresponds a high 

presaure whioh then deorea ses with increl:l3inB velocity, Bnd !'inally, if 8 fUrther 

consumption .ot energy occurs, diminishes still roor". It' a Max1m silenoer 1s now 

placed on the muzzle ot' the gun (Curve 3), then the veloc1ty of the powder gases 1n 

the spiral turns of the silenoer is appreci8bly reduced, and at the scme 'time a con-

siderable ~6rt ot the enerey ot the powder ~aseD Is oonsumed. !he result ot this 18 
. 

that th3 pressures occurr i ng at the muzzle of the silen~er are much ~eso th"n in the 

cosP. of shots without the silencer. Yrom t his it Is also evl~ent that the pressure 

variati on is not nearly so sherr) 88 in liurve 1. Aa a conllequence the surrounding 

air gets no sharp blow 8S in the case of shots without e silencer, wh1ch 1s the 

principal cause for the reduction of sound by the Max1m sllencer. Ourve 4 r1nally 

was obtained with dec reasod loading of 2 grams ( ,~ornpered wl th 3.2 grams 1n the nor-

mal cartr1dge). and snows 8 run s1:n1l!ir to ·the other curvss. 

Al~ng with these Bxperi~ents with the Silencer, we heve madeseverel othere 

with tube attuchmenta ot"greater ' d1amet~r than': the bore, ' which', " howover. are 'not 

yot com~leted. Neverthele3s, severul rdsulta have been obtained . that seem to us 

• 
worth mantlon1n~. 'J.he wave e 'cross inside the tu ~e, b 'S Prandl and hi s students al-

r eedy have observed, and have used for purposes of mAasurement. 'urthermore, the pow-

dar gase8 flowing out s tri ke against the sha rply cut-o~t edge or the 8t~8ched tube 

and produce Mach w~veS the~ which, as 1nd1cated in t he sche~atlc rig. 19,. can re­

sult 1n 1ntorsect ing c~mpress1on'lines 1n th~ interior of the flow pattern, simIlar 

to those mention'ed earlier. These Mach waves at the edge or the attached tube are 

eapeoially pl oin 1n the schlieren photogreph of 1"1g. 20. These cbmpress1o~ lines are 

so pronounced-a f act which depends pRr.t1cularly on t he l-ength and dlameter o"r the 

att fl chet1 tube~that t her run f ar into the principal flow pattern 6nd 'there strike 

. agalns~ the outa1d~ }~oJ:!lpI'e5sion linea. Sinc'e i~ the~e ·the '(nitside air .is atrong1, 

c~m;>res8·ed, . they Burter a reflection here, and then ' run back 8881n" to' the InsIde 
. . 

. or the flow pattern. II: this Wa7 crossed waves ori.gl.n.~i·e within. the · prIncIpal ~lo~. 
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pat~ern. which caD he repeated, under the •• circumst~oes, mapy times wIthin the 

gas 8tre~ It the length ot the attached .tube is changed, or lt~the shot 16 Db-

':,.:. 
. ; 

served at ditferent tim6s, then since the angle ot incidence ot the flow lines to the 

edge ot the attached tube 1a thereby changed, tha crossed ?,aVes prooeed trom the 

muzzle with d1fterent angles, occasioDsllywlth 8uch angles that 8 crossing no lon-

ger occurs, os is ~he oas6, for exam~le, in tig. 21. these croased. weves de3cr1bed 

here also can occur with automatic guns, ·In which the barrel slip. back in the bar­

rel-c8sing after the shot. 1n thia case the ex~ended barrel-ca8ing plays ths role 

ot the a·ttached tube. Crossed waves ot this kind in the tloli pattern haye previo~81J 

been observed in this connection, without, however, the causs ot them being explainsd. 

~bile the preceding results concerning the outflow ot powder geses reter 

for the most part to relatively late time interv&la at which the bullet he. already 

lett the barrel, we Bh~l: Jonsider in Part II ot .this wark chiefly the phenomena 

which pertain to the outflow ot tho.se gasos which leave the barrel before the hul-

let. aince these invostigations, however, are more ot 8 ballistic nature, end 8180 

requ1re spec1al new arrangements tor triggering tho spark, we have separated thea 

from the prsoedlng published Part I. 

The investigations were carried out 1n the ballistic l iaborator,r ot the 

MIl1tary Academy at eharlottenburg. 
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